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Abstract

The demand for metal powders have increased with the recent advancements in additive
manufacturing technology and this increase in demand has led to atight powder size
distribution constraint. The production of powders through CCGA is a complicated process
and the relationship between various process and geometrical parameters is not completely
understood. Few features of CCGA process cannot be analyskin depth experimentally. The
high temperature of melt prevents the interaction between the melt and the gas from being
analysed. The pressure developed in front of the melt nozzlei.e., the aspiration pressure with
the presence of melt in the chamber camot be studied due to the high temperature of the melt.
The flow features such as recirculation zone also cannot be analysed in detail. A three
dimensional model of the whole CCGA process is computationally intensive and requires
appropriate approximation s. The thesis can be divided into two parts In the first part, the
axisymmetric nature of the annular slit nozzle has been taken advantage and a twe
dimensional model has been developed This model has been validaed against the Schlieren
images of gas fow pattern produced by a conventional discrete-jet atomizer nozzle. This model
is used to analyse the flow features in Eulerian approach and the melt-gas interaction in
Lagrangian approach. The relationship between flow features (shocks, stagnation point, Mach
disk) and melt droplet movement have been analysed in depth for the annular slit atomizer.
The pulsation phenomenon observed in CCGA has also been analysed. Finally, the aspiration
pressure has been analysed cmprehensively in flow fields with and wit hout melt. In the
second part, flow features around two discrete-jet atomizer nozzles has been analysed in
Eulerian approach. Periodic models have been implemented to overcome high computational
requirements. The wake condition and aspiration pressure has been found for all the pressures

considered for these both nozzles. Few of the main results obtained in this study are as follows.

1 Presence of melt affects the aspiration pressure and hence gasnly flow field
aspiration pressures are not good guide for canmercial atomizers.

1 Movement of particles depends on the relative position of shocks and the expansion
waves. This in turn affects the residence times and the velocity possessed by the
particles which influences the final particle size.

1 A three-dimensional model is required to model the flow features in discrete -jet

atomizers due to the presence of intermittent spacing between the discrete jets.

Vi



Vii



CONTENTS

1 INTRODUCTION i e eeeeeaae e 1
1.1 CRAlENGES. ...t e e e e 2
1.2 OBJECHVES. ...ttt e e e et et e e e e e e e e e et e e e e e e e e e e a e 3
1.3 Outling Of the tNESIS ......ceeiiieeee e 3

2 BACKGROUND SCIENCE .ot ettt eeeeee aeveeeaeeaens 5
2.1 GAS ALOMUZALION ....eeeeeeiiiee e e et et et e e et e e e e e e e e e e e e e e s e e e bbb e e e e e e e nrrnneeees 6
2.2 FIOW PRYSICS. ...ttt e e e e e e e e e e e e 7

2.2.1  ComPresSibility: ....oooiii e 8
2.2.2 [ 112 Lo T= 1S PP TP TP PPPPR T PPPPON 10
2.2.3 Different Kinds Of fIOWS: .........uuiiiiiiiiiiiie e 11
2.2.4  Reflection and intersection of shocks and expansion waves:....................c....... 13
2.25 MUItIPNASE FIOW: ..o e e e e 15
2.3 Computational FIuid DYNAMICS: .......uuuuuiuiiiiiiiieiiee et e e e e e e e e e e raeaes 16
2.3.1  Single phase floOWS:.......uuuiiiiiei e 16
2.3.2 Boussinesq APProXimatioN:...........cooiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeserrranr e eeeeeeeessene 23
2.3.3  Different turbulence MOEIS ...........c.oeviiiiiiiiiii 23
2.3.4  Multiphase phase flIoWS: ..........oooiiiiiiiie e 26
2.3.5 Discrete phase method..........cooiiiiiiiic e, 29
2.3.6  SOIUtION MELNOAS ..o 31

3  LITERATURE REVIEW it ettt eevveniaans 33

3.1 Fundamental SCIENCE.........cociiiiuiiiiiieiiiie et e e e e e 33
311 Breakup MeChaniSM: ... 33
3.1.2 Primary Dreakup: ..o 35
3.1.3  Secondary Breakup:. ... .. 39

3.2 Wake CloSUIre PRENOMENONN......ciiiiiiiiieie it e e e e e e e e e e e e e 40

3.3  Design parameters affecting the performance..............cccccccvviiiiivvicviiiiiiiiieeeeeenn . A4
3.3. 1  Gas jet deliVery deSIgN.. ...ttt a4

viii



3.3.2 Melt delivery NOZZIe ..........ooeviviiiiiiiiiie e A8
3.4  Effect of the atOMIZING GASES......ciiiiiiiiiiiiiiiii e e e e e e e e 51
3.5 GAS Metal RALIO. .....uueieiiiiiiiieeei ettt n s 52
3.6 Powder size diStrDULION ... 53
3.7 Review of NUMENICAl WOTKS .........ooiiiiiiiiiiiieeeeee e 55

4 TWO -DIMENSIONAL SINGLE PHASE (GAS) ANALYSIS e, 59
4.1  METHODOLOGY ...ttt e e et e e e e e be e bbb e e e 59

41.1 Establishing a numerical domain ...........ccccceeeeiiiiiiiicic e 59

4.1.2 MESH QENEIALION ... e e e 62

4.1.3  MALEIIAI USEA .....oiiiiiiiiiiiiie ittt nne s 63

414 Boundary condition ... 63
4.2 RESULTS AND DISCUSSION. ...ttt e et e e e e eeeneand 64

4.2.1 Mesh INdependence STUAY............oovuiiiiiiiiiiiiie e eeeeeeeerereaaaad 64

4.2.2 Boundary Independence StUAY:.........coeeeeeeeiiiiiiiieeeccee e 68

4.2.3  Turbulence model sensitivity StUAY: ..........oooviiiiiiiiiiiiiiie e 71

4.2.4  AOMIZEr Profile. ..o 73
4.3 FLOW DYNAMICS OF VARIOUS ATOMIZING PRESSURES ..........cccooiiiiiiiiiinnn. 75

431 1 MP@ @tOMIZING PrESSUIE:....eeeiiiiiieeeeeeeieieae bbbt r e e e e e e e e e e e aeeeeaeeeesaaanns 75

4.3.2  3MPa atOMiIZiNg PrESSUIE: .....eeiiiiieeeeeeteeiiiiiii st r e e et e e e e e e e e aeeeaaeaaeaaaaanns 77

4.3.3 4.5 MPa alOMIZING PrESSUIE: ....ciiieiiiitieeeeeeeee e e e e e e et ee e e e e e e e e s s s s eeenneeeeeeeeees 79

4.3.4 5 MPa atOMIZING PrESSUIE: . .oiiiiiieeeeei i ittt r e e et e e e e e e e e s s aaae e e e e e e aaaannes 81

5 TWO -DIMENSIONAL TWO  -PHASE ANALYSIS .. e, 85
5.1 METHODOLOGY ..ottt sttt e e e et s e e et e e e e e eetaa s e e eeeesenaennes 86

5.1.1 Eulerian settings and aSSUMPLIONS: .........ccuuviiiiiiiiiiieeeee e 87

5.1.2 Lagrangian settings and aSSUMPLIONS: .......ccieiiieiriiiiiiiiiiiiiiereee e 87

5.1.3 Use of Stochastic Modelling...........ooooriiiiiiiiiiie e 92

5.1.4  Particle Mass GNCENIIALION ........cccuuviiiiiiiiiiiiiee e 93

5.1.5  ASPIrAtION PrESSUIE .....ettiiieiaa et e e e e e e e e ettt a e e e e e e e e e e e e e e e e em e e e e e e e e aaaaaeaeeeees 94
5.2 RESULTS AND DISCUSSION.....uuuiiiiiiiiiiii ettt e et eeeees 95




521 Particle Mass CONCENIIALION ......venieeieeee ettt e e e e e e e e enaeenees 95

5.2.2 Volumetricflowrat e at reci rcul.at.i.oan..z.0neds88 eye

5.2.3 PartiCle TrajECIOMES ......uuiiiiiiiiiie e e e e e 99
5.2.4  Changes in flow field............ooooiiiiiiie e 121
5.25 Residence time Of PartiCIES. .........ccooii i 126
5.2.6  Velocity of the partiCles...........ooviieeriiiice e 130
A A AN o1 v (o] I o (=TT (= 135
THREE -DIMENSIONAL SINGLE PH ASE (GAS) ANALYSIS ... 139
6.1 METHODOLOGY ...ttt e ettt e et e et e e e e e e eaba e e e e eeenea s 141
6.1.1 Establishing the numerical domain ..........ccccoeeeiiiiiiiiii i, 141
6.1.2  MESN GENEIALION. .....cciiiiiiiiie ettt 143
6.1.3  Material USEA: ......ueiiiiieiiiieee et 145
6.1.4 Boundary CoNditioNS: ......coooeiiiiiii e 145
B.1.5  GENEIAl SEIUP.......coi i i 145
6.2 RESULTS AND DISCUSSION......uiiiiiiiiiieie ettt e ee e e eeees 145
6.2.1 Mesh INdependenCe STUAY. ........coueeriiiiiiiiiiii e 145
6.2.2  Flow dynamics for the conventional discrete jet atomizer .........ccccccoevvviiiinnes 147
6.2.3  Flow dynamics for the novel discrete jet atomizer ............cccccvvvvviviiieeeeniennnn. 153
NEED FOR THREE -DIMENSIONAL MODEL .. v, 161
7.1 METHODOLOGY ..ottt e et e e e et et e e et e e e e e eeabn e e e e e erena e 161
7.2 RESULTS AND DISCUSSION.....uuiiiiiiiiiiiii ettt s eeia e e e eeees 163
DISCUSSION oo et aeeeeeeeerrr e 169
8.1 FIOW EAIUIES .. ..ot e e e e e e e 169
8.2 Influence of geometrical PArameters .............ueeeiiiiiiiiiiiiiieeee e 179
8.2.1 INEErMITLENT SPACING ..vvvveieiiiiiiie e e e e e 179
8.2.2  OffSEL AIStANCE ....oeiiiiiiiiiiiie e 180
8.3  The particle movement and GMR dependence...........cooouuuuuuuiiiiainieieeieeeeeeieiiiiinnnns 182
8.4  VelocCity Of the PArtiCIES .....coeeieiiiee e 183
8.5 Residence time of thepartiCles ..........cooooo e 185




8.6  Aspiration pressure

8.7  PUISALIE MOUEI ... ..o 192
8.8  Critical assessment of the MOdEIS............oooiiiiiiiiiii e 193
O CONCLUSION i e ee s eeeeee e 197
REFER ENCES ..ot it e ees e [
A, APPENDIX o e e e . Vi

Xi



Xii



Xiii



LIST OF FIGURES

Figure 1.1 Different types of powder production techniques [6]. .......cccovveeiiiiiieeiiiieeeee e s 1
Figure 2.1 Schematic representation of free-fall and confined atomizer. [22] ......cccccciviiieeeiiiiieeeeeens 6
Figure 2.2 Flow separation over the plate (a) Initial flow over the plate (b) Flow just before

separation (€) separated flOW. [27] eeiiiiiiiii e e a e r e e ranre e e e e e 8
Figure 2.3 Flow changes in nozzle and diffuser. [22] ..o 11
Figure 2.4 Behaviour of shock at concave point (recompression shocks) and convex points

(EXPANSION WAVES). [26] ...uvvereeiiiiiieeiiiiieeessieiitee e e s stteeeessste e e e e ssaataeeaessssteeeeessnteeeeesnsranaeeesaasssneeesanseneessnns 12
Figure 2.5 Shock waves formed in an over-expanded flow field. [26] ......ccccocceeeiiiiieee e, 14
Figure 2.6 Shock-waves formed in an under -expanded flow field with the Mach disk [26] ................ 14
Figure 2.7 Schematic representation of fluid ele ment with mass flowing in and out of it. [29] ........... 16
Figure 2.8 Schematic representation of stress components on the fluid element [29] ........ccccceveeeen. 18
Figure 2.9 Fluid element with x -component of pressure forces and viscousforces...........ccccocvveeeeenn. 18
Figure 3.1 Schematic representation of melt and the N0zzle............ccceeeveeee e, 34
Figure 3.2 Schematic representation of the melt breakup.[54] ....oevvvveeiiiiiiiciie e 35
Figure 3.3 Various type s of liquid column breakup mechanism. [74] .......cccccviiieieiee e, 37
Figure 3.4 vario us types of liquid film breakup. [55] ... e 37

Figure 3.5 different types of secondary breakup. ( a) Twi ns: 10. 70We (b) b
(c) Film stripping 1000We0350..(.d.)...Ca.t.a.s.t..0.p.h.i.39

Figure 3.6 Gas flow field in the nearfield region. [22] ..o 40
Figure 3.7 Schematic representation of open and closed wake conditions. [22] .........cccccceeveeeeiiiiinnnn. 41
Figure 3.8 Schematic representation of the pulsation seen during atomization. [23] ........ccccccveeeeennn. 43

Figure 3.9 schematic representation of bottom view of annular slit confined feed (left) and discrete

jet confined feed (FGNt). [92] ..o e bbb 44
Figure 3.10 cross-sectional view of the USGA atomization nozzle(a) and HPGA nozzle(b). [93] ....... 45
Figure 3.11 schematic representation of CD NOZzIe. [96]........ccooiiiriiiiiiiiiiiiie e 46
Figure 3.12 schematic representation of HPGA 111 atomizer. [93].....cceeviieiiiieriiieenieieeeniee e A7
Figure 3.13 cross-sectional View Of an atOMIZEr .........cooiiiiiiiiiiiiie e 48
Figure 3.14 schematic representation of different protuberance lengt hs. [91]] ....ccccoviiiiiiiiiiiienninen 49
Figure 3.15 Crosssectional view of the atomizer with concave melt tip. [91] .....ooovviviiiiiiiieiieeee 50

Figure 3.16 Bottom view of the conventional gas die and gas die with increased diameter. [100] ..... 51

Figure 3.17 Designs considered by Motaman that produced low WCPS. [101].......cccccovviiiiiieiiineennne 51
Figure 3.18 powders with different morphologies. [L06] .......cccceiiiieiiiieiiiiee e 54
Figure 3.19 a distribution curve highlight ing A v, p @Nd A W.TLOT] ..cveveviiiriiiiceiee e 55
Figure 4.1 Schematic representation of the nozzle with dimensions ...........ccccoceiieniiiccnc e 60
Figure 4.2 Schematic representation of the domain ............ccoocieiiiiiici e 60
Figure 4.3 schematic representation of the domain with melt delivery tube ..........cccoviiiiiiiiiiennne 61

Figure 4.4 Velocity vector plots for the melt delivery tube modelled as outlet (top) and inlet(bottom)

fOr IMP@ @tOMIZING PrESSUIE ....eiiiiiiiitiee ittt ettt e ettt et e st et e e e e e e sttt e sbb e e e sbteeesbbeeebeeeaesnbeeesnneeesnneesd 61

ag brea
350 O0We




Figure 4.5 Schematic representation of boundary conditions .........cccccevviiie e 63

Figure 4.6 Schematic representation of compartmentalized domains ..........cccccceevivieeeviciiieee e, 65
Figure 4.7 Schematic representation of the mesh considered in this study (18000 elements) ............ 65
Figure 4.8 Location of rakes in the flo W domain ...........coooiiiiii e 66
Figure 4.9 Velocity magnitudes across the rake 1 near the gas jet expansion...........ccccoecveveevicvineennn. 66
Figure 4.10 Velocity magnitudes across rake 2 near the melt delivery tube ..........ccccoeveiiiiiee e, 67
Figure 4.11 velocity contour plots for IMPa atomizing pressure for all three meshes considered. .....68
Figure 4.12 velocity contour plots for domains with lengths 50mm and 70mm along z direction ..... 69
Figur e 4.13 Variation of velocity magnitude in the Z -direCtion ...........ccccceviiiiiee e 69
Figure 4.14 velocity contours for various domain lengths inr -direction ...........ccccoceveiviiiee e ciciieeees 70
Figure 4.15 Comparisons of various turbulence models for IMPa atomizing pressure .........c.cccccouee... 71
Figure 4.16 Velocity magnitude along the axis using the three turbulence mod els considered........... 72

Figure 4.17 Velocity contour plots for 4.5 MPa operating pressure in all the turbu lence models
considered iNthiS STUAY .........uuiiiiiiiie e e e e e e e e e s e s s snnsrraeseenseeeseeaeessssnsnsnsnnnneeed 2
Figure 4.18 Comparison of 4.5 MPa velocity contour plots with Schlieren photograph produced by

1Y o] =10 0 F=Y o [ PP PP PPRPRP 73
Figure 4.19 velocity contour plots showing the flow separation for a longer protuberance length

S 700 0 31 1.2 1) SO 74
Figure 4.20 Velocity contour plots for 1IMPa atomizing pressure for the whole d omain and the

(= To T (o101 F= o] 1o ] 1= SRR 75
Figure 4.21 Velocity vector plots for LMPa atomizing pressure for the whole domain and the

(= To T (o101 F= o] o ] o 1= USRS 76
Figure 4.22 pressure plots of the recirculation zone for 1IMPa atomizing pressure ..........ccccceeveveeen . 46
Figure 4.23 Velocity conto ur plots for 3MPa atomizing pressure for the whole domain and the

(= ToT (o1 0] F= o] o ] o 1= SR 77
Figure 4.24 Velocity vector plots for 3MPa atomi zing pressure for the whole domain and the

L= ToT (o101 F= o) o o o 1= SRR 78
Figure 4.25 pressure plots of the recirculation zone for 3MPa atomizing pressure ..........cccccevvveenne 78
Figure 4.26 Velocity contour plots for 4.5MPa atomizing pressure for the whole domain and the

(= ToT (o1 0] F= o) o ] o 1= SR 79
Figure 4.27 Velocity vector plots for 4.5MPa atomizing pressure for the whole domain and the

L= ToT (o101 F= o) o o ] o 1= SR 80
Figure 4.28 pressure plots of the recirculation zone for 4.5 MPa atomizing pressure ..........cccccevue... 80
Figure 4.29 Velocity contour plots for 5SMPa atomizing pressure for the whole domain and the

= ToT (o101 F= o) o ] 1 1= SR 81

Figure 4.30 Velocity vector plots for 5SMPa atomizing pressure for the whole domain and the

FECITCUIALION  ZONE......eiitiie ittt ettt et e e e sttt e e bt e e bt e e e b et e e be e e e e ket e e bt e e e beeesbeeeenbeeeeenee 82
Figure 4.31 pressure plots of the recirculation zone at 5SMPa atomizing pressure .........ccccoceceevveeenene. 82
Figure 5.1 schamatic representation of the melt nozzle and the melt. ..., 88
Figur e 5.2 different types of injection Systems CONSIAEred...........oooviiiiiiiiiie i 90

XV



Figure 5.3 The injections with their corresponding numbers as used in study.. .....cccccccviverviciineennnn. 92

Figure 5.4 compariso n of particle trajectories between model s with and without stochasticity ........ 93
Figure 5.5 Location of the plane in the recirculation ZONE .........ccccceeiiiiiie e 93
Figure 5.6 Location of rake (with 20 points) where aspiration pressure is calculated. ..................... 94
Figure 5.7 Graph showing particle mass concentration (mgmm -3) vs time steps (MS).........cccceeeenneee 96

Figure 5.8 the vector plots of recirculation zone for 3MPa atomizing pressure showing the eye of
(=Tol [ (o T | F= o] o o] o =T PRSP 97

Figure 5.9 Velocity vector plots for the 5 MPa case with the line along which the volumetric flow rate

(SR LST= L] (T T PRSPPI 98
Figure 5.10 Velocity vector plots and particle trajectories for flow timet=0ms  ........ccccceevvvvereennnn 99
Figure 5.11 Velocity vector plots and particle trajectories for flow time t=0.1msS ......c.ccccevvvveeernnnen. 99
Figure 5.12 Velocity vector plots and particle traje ctories for flow timet=0.5 ms ..........cccccvvveeeenn. 100
Figure 5.13 Velocity vector plots and particle trajectories for flow timet=1 MS .....ccccceeeeeeiiiiiiinnnns 100
Figure 5.14 Velocity vector plots and parti cle trajectories for flow time t=1.5ms ............cceecnvnnnen. 101
Figure 5.15 Velocity vector plots and particle trajectories for flow timet=2ms  ......cccccceeiiiiiiiiinneen, 101

Figure 5.16 Velocity vector plots and particle trajectories at vari ous flow times t= 5ms, 8ms 10ms102
Figure 5.17 Velocity vector plots and particle trajectories at various flow times t= 12 ms and 15 ms

.............................................................................................................................................................. 104
Figure 5.18 Velocity vector plots and particle trajectori es at various flow times t= 18 ms and 20 ms
............................................................................................................................................................... 105
Figure 5.19 Vdocity vector plots and particle trajectories for various flow times t =22 ms and t =25

[0 TP PP TPPPPPTPTTPTTPPN 106
Figure 5.20 Velocity vector plots and pa rticle trajectories for variou s flow times t=28 ms and t= 30
[0 T PP PPPPPPOTTPTTRPRN 107
Figure 5.21 Velocity vector plots and particle trajectories for various flow times t=32 ms and t= 35

[0 T PP PPPPPPOTTPTTRPRN 108
Figure 5.22 Velocity v ector plots and particle trajectories for various flow times t=38 ms and t= 40

[0 T PP PPPPPPOTTPTTRPRN 109
Figure 5.23 Particle trajectories and velocity vectors plots for flow time t= 42 ms and t=45ms ..... 110
Figure 5.24 patrticle trajectories and velocity vector pl ots for flow time t= 48ms and t=50ms ......... 111
Figure 5.25 Velocity vector plots for flow time t= 0 MS  ......ooiiiiiiii e 112
Figure 5.26 Particle trajectories and velocity vect or plots for flow ..., 112
Figure 5.27 Particle trajectories and ve locity vector plots fo r flow time t=0.5ms ........ccccoecviriernn 112
Figure 5.28 Particle trajectories and velocity vector plots for flow time t=1ms .......cccccoceivieennenne 113
Figure 5.29 Particle trajectories and velocity vector plots for flow time t=1.5mMs .......ccccocceevinnennn 113
Figure 5.30 Particle trajectories and velocity vector plots for flow timet =2 ms  ........cccccviiiinieenne 114

Figure 5.31 Particle trajectories and velocity vector plots for flow time t =5ms,t= 8 msandt=10 ms

............................................................................................................................................................... 115
Figure 5.32 Particle trajectories and velocity vector plots for flow time t=12 ms  .......ccccccevvieiienns 116
Figure 5.33 Particle trajectories and velocity vector plots for t=15ms, t =18 msand 20 ms........... 117

XVi



Figure 5.34 particle trajectories and velocity vector plots for t= 22 ms, t=25 msand t=28 ms ....... 118

Figure 5.35 Particle trajectories and velocity vector plots for flow time t=30ms  ........cccceevevvcnenen, 119
Figure 5.36 Particle trajectories and velocity vector plots for flow time t=35 ms and t=40 ms  ........ 119
Figure 5.37 Particle trajectories and velocity vector plots for flow time t=45 ms and t=50 ms ...... 120

Figure 5.38 Velocity contour plots of the recirculation zone for flow times from t= 0 ms to t= 50 ms

fOr 1.5 MPa OPErating PrESSUIE ....uuvveieeiiiieieeiiieereeseesitteeeessasteeeeessnteeeesseasssaeeessssnteseessnteseessnsssreeeessnns 121
Figure 5.39 Velocity contour plots of the recirculation zone f or flow times from t= 0 ms to t= 50 ms

fOr BMPa OPEIAtiNG PrESSUIE ....uvvieeiiiiieieeeiiteteeeieestieeeeesstaeeeesasteaeeesasaastaaeaesaseaeaesasteeeeesaannraeeeesnnreneens 123
Figure 5.40 Velocity contour plots of the recirculation zone for f low times fromt=0mstot= 50 ms
fOr 4.5 MPa OPErating PrESSUIE .....vvveieeiiiieieeiiiteereeseesisteeeeesasteeeeeaatteeeeseessstaeeesassnteseessntereessnssssreeeesanns 124
Figure 5.41 Velocity contour plots of the recirculation zone for flow times from t= 0 ms to t= 50 ms

fOr 5 MPa OPEIAtING P FESSUIE .. .uuieiiiiieeieeeee e e e et e st ae e e e eeee e e e s s s aan e e aaeteeaeeeeeaeeseesaaasssessasennbaneeaeaaeeanans 125
Figure 5.42 Graph showing the Maximum Particle Residence Time (ms) vs Timesteps (ms) ........... 126

Figure 5.43 Particles coloured according to their residence time in a velocity vector plots at 1.5 MPa
ST LSESST U (= PP PP PPPPRRPPPP 127
Figure 5.44 Particles coloured according to their residence time in a veloci ty vector plots at 3 MPa
[STLSESST UL (= PP PP 128
Figure 5.45 Patrticles coloured according to their residence time in a velocity vector plots at 4. 5 MPa
L STSE] U | PP P TP PP 129
Figure 5.46 Particles coloured according t o their residence time in a velocity v ector plots at 5 MPa

L STSE] U PO P PP 130
Figure 5.47 Particles coloured according to their velocities in a velocity vector plots at 1.5 MPa
OPETALING PIESSUIE ....eiiitieeiitiee ittt rttee e e et e e sbe e e sabeeesabe e e sabe e e s e be e e abe e e aabeeeaabe e e aabeee s ebeeesbeeesnbeeesnbeeesnbeeenens 131
Figure 5.48 Particles coloured according to their velocities in a velocity vector plots at 3 MPa
OPETALING PIESSUIE ....eieitieeiitieeitteeeattee e sttt eabe e e st e e e sabeeesabe e e s abeeeabe e e aabeeeaabeeeaabeeesebeeesbeeesnbeeesnbeeesnbeeenens 132
Figure 5.49 Particl es coloured according to their velocities in a velocity vector plots at 4.5 MPa
OPETALING P FESSUIE ...ttt ettt et ee ettt e e e ettt e st et e s bt e e sa bt e e sab e e e e e ke e e eabe e e eabe e e sab e e e sabe e e s ebeeeeabeeesnbeeesnbeeesnbeeenens 132
Figure 5.50 Particles coloured according to their velocities in a velocity vector plots at 5 MPa

OPETALING PIESSUIE ....eieitieeiitieeitteeeattee e sttt eabe e e st e e e sabeeesabe e e s abeeeabe e e aabeeeaabeeeaabeeesebeeesbeeesnbeeesnbeeesnbeeenens 133
Figure 5.51 Graph showing the maximum velocity of the particles (m s71) vs Timesteps (ms)............ 134
Figure 5.52 Graph showing the Aspiration pressure (KPa) vs TIMmesteps (US) ...ccovvvveereeerneeenieeennnn 136
Figure 5.53 Graph showing the Aspiration pressure (kPa) vs TiImesteps (MS) ......ccccocveverieeinieenninen 136

Figure 6.1 three-dimensional rendering of the conventional discrete jet atomizer in bottom view and
ISOMIEBITIC VIBW ..uviiieiiieee e e e i e ittt ettt et e e e e e e e e et e bt a e e e e e eeeeeeeeeeeeseebabbaaeeeeeeaeeaaeaeesaesaassbasaeaeeeseeesaaeeseesannes 139

Figure 6.2 three-dimensional rendering of the novel discrete jet atomizer in bottom view and

ST 0= oY TSRS 140
Figure 6.3 Schematic representation of conventional discrete jet atomizer with all dimensions ..... 140
Figure 6.4 Schematic representation of novel discrete jet atomizer with all dimens ions.................. 141
Figure 6.5 Schematic representation of the flow domain for both the designs in isometric view. ..... 142

Figure 6.6 Schematic representation of the flow domain overlapped with a period of the noz zles...142

XVii



Figure 6.7 cross-section of mesh through the gas-chamber, gas delivery tube and area surrounding
tNE MBI NOZZIE ... et e e et e et e e as b e e s s be e e nnbe e e e enbeeeanes 143
Figure 6.8 Schematic representation of the side-view of the flow domain and the location of the rake

............................................................................................................................................................... 143
Figure 6.9 Schematic representation of the side-view of the flow domain and the location of the rake

............................................................................................................................................................... 144
Figure 6.10 Schematic representation showing different bound aries used in this study ................... 144
Figure 6.11 Graph showing the variation of velocity along the rake in all the four meshes. .............. 146

Figure 6.12 Velocity contour plots for IMPa atomizing pressure in side -view and isometric view ..148
Figure 6.13 Velocity vector plots for 1MPa atomizing pressure in side - VIEW ........ccccceevvvieeeeviciveeenen. 149
Figure 6.14 Velocity contour plots for 3MPa atomizing pressure in side - view and isometric vi ew.149
Figure 6.15 Velocity vector plots for 3 MPa atomizing pressure in side - VIEW .........cccccvvveveeeeeeeeinennn, 150
Figure 6.16 Velocity contour plots for 4.5 MPa atomizing pressure in side -view and isometric view

Figure 6.17 velocity vector plots for 4.5 MPa atomizing pressure in side -VIieW.........cccccccveveeeeeeieinnnn, 152
Figure 6.18 Velocity contour plot s for 5 MPa atomizing pressure in side - view and isometric view 152
Figure 6.19 velocity vector plots for 5 MPa atomizing pressure in side - VIEW .........ccccccvvveeeeeeeeeninennn, 153
Figure 6.20 Velocity contour plots for 1 MPa atom izing pressure in cross-sectional and isometric

Figur e 6.21 Velocity vector plots for 1 MPa atomizing pressure in Side-VieW ..........cccocceevieeenieeene. 155
Figure 6.22 Velocity contour plots for 3 MPa atomizing pressu re in cross-sectional and isometric

LY PP 155
Figure 6.23 Velocity vector plots for 1 MPa atomizing pressure in side -VIeW ..........cccocceevieeinieeenne. 156
Figure 6.24 Velocity vector plots for 4.5 MPa operating pressure in side -VIieW ..........ccccooveeerieeennnen. 156

Figure 6.25 Velocity contour plots for 4.5 MPa atomiz ing pressure in cross-sectional and isometric

AL TP 157
Figure 6.26 Velocity contour plots for 5 MPa atomizing pressure in cross -sectional and isometric

VIBWW ittt ettt e e oo oo oo e e oot e e et e ettt e et et oo e oo e e e e e e e eeeeeeeeee et ettt e e e e e e e e e e e eeeeeeeeeeeeaaa b b e e e eeas 158
Figure 6.27 Velocity vector plots for 5 MPa operating pressure in Side -VIeW ..........cccoceevvieeinieeene. 158
Figure 7.1 Bottom view of annular -slit design and discrete-jet design .........cccccveeiiienii v 161
Figure 7.2 Schematic representation of the numerical domain used in this study. .........c.ccccceevieens 162

Figure 7.3 Velocity contour plots for the (a) periodic model and (b) axisymmetric model with gas

tube width = 0.5 mm at 3 MPa operat iNQ PreSSUIE ......cocuiiiiiiiiiiieiiiee ettt siee et e e e e snaeeesaaees 164
Figure 7.4 Velocity contour plots for the (a) periodic model and (b) axisymmetric model with gas
tube width = 0.1 mm at 3 MPa OpErating PreSSUIE .......cciouiiiiieieiiiieriieeesieeesieeesteeeseeeesereeeesneeesneeas 165
Figure 7.5 Velocity contour plo ts for the (a) periodic model and (b) axisymmetric model with gas
tube width = 0.21 mm at 3 MPa OPErating PrESSUIE ........ueiiiiiiiiiieeeiteieeriieeesiteeesiteeesteeeesreeessebeeesneeens 166
Figure 8.1 Velocity contour plots for all the three nozzle at 1 MPa operating pressure .............c........ 169

Figure 8.2 Cross-sectional velocity contour plots for 1 MPa atomizing pressure in the conventional
(oIS ol (=1 (T =1 0] 01T PSRRI 171




Figure 8.3 Cross-sectional velocity contour plots for 1 MPa atomizing pressure in the nov el discrete-
JTL= 0] 1214~ SRS 171
Figure 8.4 Velocity contour plots for all the three nozzles at 3 MPa operating pressure ................... 172
Figure 8.5 Cross-sectional velocity contour plots for 3 MPa atomizing pressur e in the conventional

(o [IYel (= (SR [ A= Lo ) 0] -] PR 173
Figure 8.6 Cro ss-sectional velocity contour plots for 3 MPa atomizing pressure in the novel discrete -
JTL= 0] 12174~ S 173
Figure 8.7 Velocity contour plot s for all the three nozzles at 4.5 MPa operating pressure................. 174
Figure 8.8 Cross-sectional velocity contour plots for 4.5 MPa atomizing pressure in the conventional

(o [IYe (= (SR 1= A= 1o ) 0= TR 176
Figure 8.9 Cross-sectional velocity contour plots for 4.5 MPa atomizing pressure in the novel

(o[ IYo (=Y (T 1T A= L 0] o 11 ] SRR 176
Figure 8.10 Velocity contour plots for all the three nozzle at 5 MPa operating pressure ................... 177
Figure 8.11 Crosssectional velocity contour plots for 5 MPa atomizing pressure in the conventional

Lo [IYo (=) (=TT A= 1 0] 1 ] P EREERRS 178
Figure 8.12 Cross-sectional velocity contour plots for 5 MPa atomizing pressure in the novel

Lo 1Yo £ (SR 1] A= L (0] 011 T SRR 178
Figure 8.13 Velocity contour plots of expansion around the nozzle for both the discrete jet designs 181
Figure 8.14 Particles coloured by velocity and velocity Vector PIOtS. ........cccccevieiiiieiiiiiee e 184
Figure 8.15 Variation of aspiration pressure (kPa) wrt oper ating pressures (MPa) .........ccccocueeennee. 188
Figure 8.16 Variation in aspiration pressure(kPa) wrt operating pressure (MPa) with and without

1= L 1Tod [ PP PP PRSP RPPPOP 191
Figure A.1 Velocity vector plots for flow time t = 0 MS .....oiiiiiiiiie e Vi
Figure A.2 particle trajectories and veloc ity vector plots for flow timet=0.1ms .......ccccceviiierinennn Vi
Figure A.3 particle tra jectories and velocity vector plots for flow time t=0.5ms .......cccceviiiiinenn vii
Figure A.4 particle trajectories and velocity vector plots for flow time t= 1ms  .......cccoiiiiiiiiiieenne vii
Figure A.5 particle tr ajectories and velocity vector plots for flow time t=1.5msS ......c.cccvviviennincnd Viii
Figure A.6 Particle traj ectories and velocity vector plots for flow time t =2ms  .......cccccviiininenn. viii

Figure A.7 Particle trajectories and velocity vector plots for flow times t=5ms,t=8 ms and t =10

Figure A.8 Particle trajecto ries and velocity vector plots for flow time t= 12 ms ........cccccevviiiiiiiennnen X
Figure A.9 Parti cle trajectories and velocity vector plots for flow times t=15 ms, t= 18 ms and t= 20

Figure A.10 Particle trajectori esand velocity vector plots for flow tim e t= 22 ms and t=25 ms........ Xii
Figure A.11 Particle trajectories and velocity vector plots for flow timest =28 ms and t= 30 ms.... Xiii
Figure A.12 Particle traject ories and velocity vector plots for t= 32 MsS .......cccocceiiieiniie e Xiii
Figure A.13 Particle trajector ies and velocity vector plots for t= 35 ms, t=38 msand t=40 ms ....... Xiv

Figure A.14 Particle trajectories and velocity ve ctor plots for t=42 ms and, t=45ms ........c.cccceeeueene XV
Figure A.15 Particle trajectories and velocity vector plots for t=50 MsS .......ccccccceiiieiiiininieee e XVi
Figure A.16 Velocity vector plots for flow time t= 0 MS ..o XVi

XiX



Figure A.17 Particle trajectories and velocity vector plots for flow time t=0.1 ms ......cccccccccvvverrnnen. XVii

Figure A.18 Particle trajectories and velocity vector plots for flow time t =0.5ms ........ccccceeverrnnen. XVii
Figure A.19 Particle trajectories and velocity vector plots for flow timet=1ms .........ccccceeevvienenns XVii
Figure A.20 Particle trajectories and velocity vector plots for flow timet=1.5ms..........ccccvvernnee. Xviii
Figure A.21 Particle trajectorie s and velocity vector plots for flow timet=2ms .......ccccccoeceeeennnne XViii
Figure A.22 Particle trajectories and velocity vector plots fort=5ms,t=8m sandt=10ms............ XiX
Figure A.23 Particle trajectories and veloc ity ve ctor plots for flow time t=12ms ..........ccccceveeveineen, XXi
Figure A.24 Particle trajectories and velocity vector plots for flow tile t=15 mMS.......ccccveeiiieeeeninne XXi

Figure A.25 Particle trajectories and velocity vector plots for flo wtimes t= 18 ms and t= 20 ms .....xxii
Figure A.26 Particle trajectories and velocity vector plots for flow times t= 22 ms and t=25 ms .. xxiii
Figure A.27 Particle traject ories and velocity vector plots f or the flowtimes t= 28 ms and t= 30 ms

Figure A.28 Particle trajectories and velocity vector plots for flowtimes t= 32 ms and, t=3 5 ms....xxv
Figure A.29 Particle trajectories and velocity vector plots for flow time t= 38 ms and t=40 ms ...xxvi
Figure A.30 Particle trajectories and velocity vector plots fo r flow time t=45 ms and t = 50 ms... Xxvii

XX



XXi



LIST OF TABLES

Table 4.1 Various elements used in the mesh in this StUAY..........ccccoviiiiiiiiie e 68
Table 4.2 Table listing all the settings used in Ansys Fluent to generate results............ccccccoceveevinneen. 74
Table 5.1 Settings used to define INJECHIONS..........c.viiie i e e e e nere e e e anes 91
Table 5.2 Settings used in Ansys Fluent in thisS StUAY ...........ccoeiiiiiiiiiiie e 94
Table 5.3 Various pressures considered in this study and the corresponding GMRS ...........ccceveenneee. 95
Table 5.4 Volumetric fl ow rate inside the recirculation zone for all pressures .........cccccceevvveeeeecivnene, 98

Table 6.1 Element size and the corresponding number of elements and the degree of fineness of all

the meshes considered iNthIS STUAY ........coooiiiiiiiiii e 146
Table 6.2 Settings used to generate results in this StUAY ........coooiiiiiiii e, 147
Table 7.1 Settings used to generate results in this StUAY..........cccveriiiiiiie i 162
Table 8.1 Table containing aspiration pressures for all operating preSSures .........ccccevevieeeniieeennen 188

XXii



XXxiii



Abbreviations used in this thesis.

AS-CF
CCGA
CFD
CD nozzle
DJ-CF
DNS
GMR
HPGA
LES
PM
RANS
VOF

WCP

kPa
MPa

ms

us

Annular Slit Confined Feed
Close-Coupled Gas Atomization
Computational Fluid Dynamics
Convergent-Divergent Nozzle
Discrete-Jet Confined Feed
Direct Numerical Simulation
Gas Melt Ratio

High Pressure GasAtomization
Large Eddy Simulation

Powder Metallurgy

Reynolds Averaged Navier Stokes
Volume of Fluid

Wake Closure Pressure

Weber Number

Units used in this thesis

Kilopascal
Megapascal
millisecond

microsecond

XXV



XXV



Introduction

1 INTRODUCTION

Powder Metallurgy (P M) is the study of the production techniques, characteristics of metal
powders and their utilization in the manufacturing of engineering components. These
processes areeconomical and environmentally clean as the end products have a satisfactoy
surface finish and dimensional tolerance.[1] PM generally include powder manufacturing,
sintering, isostatic compaction, and finishing oper ations. Few applications which use metal
powders are Thermal Spray Forming, Metal Injection Moulding, Additive manufacturing. [2,
3]

A major challenge faced by the BV industries is that the recent developments in surface
technologies has led to an industrial demand for metal powders with specific characteristics.
Two constraints on the demand are as follows:
1 anarrow sizedistribution with averageparticle size of 1 Onh resulting in high energy
utilization and product wastage leading to high costs.

1 Powders with high degree of purity since impurities in melt can affect the
solidification and hence the quality of the final product.[4]
Metal powders can be produced by various techniques. The production technique of fine
powders can be broadly categorized as mechanical (. milling), chemical (e.g. decomposition
of compounds), electrolytic and atomization techniques. [5]
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Figure 1.1 shows the different powder metallurgy processes involved in powder production .
[6]

Atomization techniques produce metal powders with better properties than those produced
by conventional methods due to the rapid solidification of the drople ts. The powders produced
by the rapid solidification have better uniform ity leading to decreased segregation, better
microstructure and increased grain size homogeneity, workability and reproducibility. Also,
rapid solidification offers production of new a lloys by allowing new phases to ke formed by
extending the equilibrium p hase fields. Rapid solidification is brought about by high cooling
rates of about 10"5 Ks1. These effects of rapid solidification on powders is achieved only when

the droplet size is as small as possible, and the heatransfer is high. [7, 8]

Atomization is the technique in which mo Iten metal is disintegrated by gas or water. The high
cooling rates in gas atomization are brought about by convective cooling through atomizing
gases. Gas atomization is widely used to manufacture powders of aluminum, super alloys,
copper, iron, tin and |ow-alloy powders.[9] The efficiency of atomization process can be
improv ed by understanding the gas flow, melt break up, movement of melt and the influence

of process parameters on particle size.

1.1 Challenges

Atomization is a complicated process and is considered an art as itis not completely
understood. A lot of research about CloseCoupled Gas Atomization is focused on ga-only
analysis as the presence of melt results in unfavorable environment for experimental analysis.
It is difficult to observe the gas atomization and me asure the continuous changesin melt and
gas properties due to high temperature and high velocities within the com plex flow field
structures. The presence of melt influences the flow features inside the atomizer. Therefore, it
is necessary to understand the interaction between the melt and gas jets in order to improve

the efficiency of the process.

The development in the computational fluid dynamics in the recent times have led to an
increased research interest in multiphase flow analysis of CCGA. The proces of CCGA involves
melt break-up, melt movement and solidification of droplets . It is computationall y intensive
to create a numerical model to simulate all these processes. Also, due to rapid changes in
temperature and velocity, it is difficult to develop a model to simulate the process effectively.
Therefore, several models have been developed to simule each process separately as it

reduces the computational requirement.
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1.2 Objectives

This thesis investigates the CCGA process through numerical modelling. The aims of the
project are given below:

9 To establish a two-dimensional flow domain and validate it with experimental data
available.
To analyse the flow featuresand particle trajectories for a range of atomizing pressures
To analyse particle trajectories along with the changes in te flow for a range of
pressures

1 To study the influence of the particles on various process parameters such as aspiration
pressure and particle residence time for the considered pressures.

i To establish a three-dimensional periodic flow domain for a conventional discrete jet
atomizer and a novel discrete jet atomizer in order to analyse the flow features for a

range of atomizing pressures.

1.3 Outline of the thesis

Chapter 1 presents the general introduction to the close-coupled gas atomization and the
motivat ion for the project. Chapter 2 discusses the general literature related to powers and
computation al fluid dynamics. Chapter 3 discusses the literature related to CCGA. Chapter 4
presents and discusses the resuls of the two-dimensional gas-only flow analysis for a range of
pressuresin an annular-slit nozzle. Chapter 5investigates the met interaction with atomizing

gases in Lagrangian approach for a range of pressure in an annulasslit nozzle. Chapter 6 deals
with two discrete-jet nozzle designs and presats the results for a three-dimensional analysis
for a range of pressures. Chapter 7 presents the need for three-dimensional analysis by
studying three different cases. Chapter 8 gives an overall discussion of he project. Chapter 9

presents conclusion and possible future investigation.
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2 BACKGROUND SCIENCE

Powder Metallurgy is the art and science of metal powder production and manufacturing
semi-finished and finished objects from powders with or without addition of non -metallic
constituents. Powder Metallurgy [PM] methods were initially used to manufacture m aterials
with high melting temperatures which were difficult to produce by traditional methods such

as ingot metallurgy methods and fusion metallurgy methods. PM methods have high material
utilizat ion and hence can be less expensive compared to ingot metéirgy methods. The parts
manufactured by this method have up to 90% of materials theoretical density and reasonable
strengths. [10, 11]

The raw material for parts manufactured by PM methods is powders. These powdersare

bespoke engineered materials as they are manufactured to precise specification to aid
subsequent processing and can be made of pure elements, elemental blends or pralloyed

ingots. The metal powders are characterized by theirmorphology and powder size. It can also
be characterised by physical properties such as hardness and ductility, chemical properties
such as reactivity and impurities and bulk properties such as flow properties, density and

compressibility. [12]

A wide range of structural and functional materials require high quality fine powders with no
refractory and oxide contaminants and narrow particle distribution. Several PM methods
ensure very fine microstructure of materials which influences the physical properties of
materials. The materials obtained by other metallurgical processes such as fusion metallurgy
have warse microstructures due to slow cooling and segregation d impurities during
solidification. [13]

Overall, PM processes have more advantages than other fabrication processes such as casting
or machining. PM is the preferred method for high strength and wear resistance or high
temperature requirements. It also offers greater precision thereby eliminating defects and the
need for finishing operations. However as the tooling cost is high, PM methods are economical

only when the production rates are higher. [14]

Powders used in PM can be obtained by atomization, chemical reduction, mechanicalcrushing
and electrolysis. [15] The atomization and reduction processes are widely used for producing
powders in large quantities while mechanical crushing and electrolysis is used for producing
bespoke materials in small quantities. Most common method is atomization which produces

nearly 80% of the total volume of powders.
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2.1 Gas Atomization

The process of atomization involves disintegration of liquid metal by high -speed jet into
droplets and rapid solidification of droplets into metal powders. The disintegration of melt
droplets is achieved through water or gas jets. Water is the most economical method of
atomization but it is not suitable for the production of clean spherical particles. [16] Gas
atomization is the most commonly utilized technique to produce ultrafine metal and alloy
powder. Gas atomization can be used toproduce alloy powders that cannot be produced by
other conventional manufacturing methods. This technique produces highly spherical and fine
powders which are conventionally used in application with dense packing and good flow
characteristics requirement. [17] Rapid solidification of powders results in high cooling rates
which in turn produces many favourable properti es. Some of the notable properties include
but not limited to decrease h segregation, higher solid solubility, and a finer microstr ucture
which in turn gives better chemical homogeneity, a more corrosion-resistant end product
and more favourable hot- and cold-working properties. [18-20] Rapid solidification also can
be used to produce amorphous powders with unique properties. [17] The powders obtained

by gas domization have a patrticle size range between 1um to 1 mm in diameter[21]

Gas atomization is achieved through two methods: free-fall gas atomization and close
coupled gas atomization. Figure 2.1 shows a sclematic representation of free-fall atomizer

and confined atomizer. [22]

In free-fall atomiz ation, the melt flows freely for a short distance due to gravity and is

METAL

FREE FALL CONFINED

Figure 2.1 Schematic representation of free-fall and confined atomizer. [22]
atomized by impinging gas jets. Though gasmetal interaction is much easier to control as it
is a simple process, there is not much control over powder size distribution. The process
efficiency is also much lower compared to Close coupled gas atomizers[23] In close coupled
gas abmization, the free-fall distance is eliminated thereby enabling the gas jets to

disintegrate the melt more efficiently due to close proximity. Also, th ere is a reduction in
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energy dissipation in gas jets resulting in finer particle size distr ibution and r eduction in

energy consumption compared to free fall atomization. [24]

CCGA is the preferred method of powder production in most of the commercial atomizer

companies due to the abovementioned reasons.

2.2 Flow Physics

Fluid movement in a physical domain is due to various properties of it and forces acting on it.
Fluid flow can be broadly classified based on a nondimensional number called Reynolds
number.[25] Reynolds number is the ratio of inertial forces to the viscous force of the fluid
and given by

00 eq2.1

0 is the density of the fluid.
u is the velocity of the fluid.
L is a characteristic linear dimension.
1 is the dynamic viscosity of the fluid.

Fluid flow can be classified as laminar and turbulent flow depending on the Reynolds number.
Laminar flows are characterised by no eddies, swirls or currents and have low Reynold
number. On the other hand, turbulent flows have flow instabilities, eddies an d swirls.
Reynolds number depends on the properties of the fluid such as density, viscosityand whether
the flow is external or internal. There exists a critical Reynolds number where the flow
undergoes transition between laminar and turbulent regimes. The flow belongs to laminar
regime when the Reynolds number is less than 2300 (Re < 2300). The flow belongs to the
transition regime when the Reynolds number is between 2300 and 4000 (2300 < Re<4000).
The flow is in turbulent regime when the Reynolds number i s greater than 4000 (Re>4000) .
[26]

Flow separation is another important aspect of flows. Flow separation occurs when the fluid
comes in contact with a wall or free boundary. The fluid nearest to the boundary experiences
momentum lose resulting in loss in velocity due to viscosity. This layer of fluid affects the
surrounding layers of fluid which in turn affects its surroundings. Therefore, the flow will be

characterised by layers of fluid with a decreasing order of momentum lose starting from the

7
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Figure 2.2 Flow separation over the plate (a) | nitial flow over the plate (b) Flow just before separation (c)
separated flow. [27]

boundary towards the centre of the flow. This region of fluid with decreased velocity and
momentum is termed as boundary layer. [27]. Figure 2.2 shows the flow separation over a
plate. [27]

Generally, fluids flow through a pressure gradient i.e., from a region of high pressure to low
pressure. Adverse pressure gradient causes sepation in flow. When the fluid in the boundary
layer region experiences an adverse pressure gradient, the fluid moving with reduced velocity
will lose more momentum and velocity. If the gradient is sufficiently high, it can cause the fluid

in the boundary layer to flow in the opposite direction. This is termed as recirculation.

Recirculating flow deteriorates while flowing in the opposite direction to the flow and

reattaches to the flow when it experiences a favourable pressure gradient.

The point in the flu id flow where the flow undergoes a change in direction is characterised by
zero-velocity and is called stagnation point. Presaure at the stagnation point is the highest in

the flow. Both laminar and turbulent flows can experience boundary layer separation. [27]

2.2.1 Compressibility:

Compressibility of the fluid is defined as the change in density of the fluid due to forces acting
on it. Based on compressibility constraint, fluids are classified as incompressible and
compressible. When the fluid is moving, volume flow rate is constant in incompressible flow

and mass flow rate is @nstant in compressible flow.

The speed & which the sound waves travel in a medium is known as the speed of the sound in
that medium. A dimensionless quantity called Mach number is used to classify the moving
fluid based on the relative speed to the speedof the sound waves in the medium[26] Mach

number is defined as
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eq2.2

el c

Where M is the Mach number of the flow.
v is the velocity of the moving fluid in the medium
a is the speed of the sound waves in the medium
The classification is as follows:

i Subsonic flows areflows with 0<M< 0.8.

1 Transonic flows are flows with 0.8<M< 1.2.

1 Supersonic flows are flows with 1.2<M<5.

1 Hypersonic flows are flows with M>5.

Subsonic flows are generally considered as incompressible flows as density changes are
negligible even for high forces applied tothe fluid . Also, the thermodynamic constraints are
not needed as the kinetic energy possesed by the flow is very small and negligible to the heat
content of the fluid. [26]

In transonic and supersonic flows, the kinetic energy of the flow is substantial in comp arison
to the heat content of the flow. Therefore, thermodynamic constraints are of great importance

for these flows. [26]
Few thermodynamics concepts related to this stud y has been discussed here

A thermodynamics system is a fixed quantity of matter with defined boundaries. A process is

defined as the change in the sytem from an initial state to a final state.

A process which is accompanied with no heat transfer is caled as adiabatic process. A process
can be adiabatic if the boundary of the system is well insulated that heat transfer from the
system to the surroundings is negligible or the system and the surroundings are at the same
temperature. A reversible process isa process in which the system can be reversed from the
final state to the initial state without leaving any trace on the surroundings. A process which
is adiabatic and reversible is called isentropic process. Generally isentropic processes are
considered as idealised process as in real life situations, the system and the surroundings never
return to the initial states at the end of the process. Isentropic processes can be used to model
actual processes involving adiabatic devices like nozzles, diffusers ad turbines when the
factors affecting their reversibility such as friction are minimised. [28]
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2.2.2 ldeal gas:
Gas that satisfies thermal equation of state and caloric equation of state is termed as ideabas.

Thermal equation of state is given by 0 @ £ 'Y Where P is the pressure of the gas,V is the
volume of the gas,R is the gas constant, T is the temperature of the gas andn is the number of

moles per unit volume.

Caloric equation of state is givenby®d —,® — where @ is the specific heat constant at

constant volume is given by change in enthalpy, h per unittemperature T and @ is the specific

heat constant at constant pressure given bychange in internal energy & per unit temperature
T.

Gases like air, nitrogen, oxygen and noble gases such as helium, argon, neon and krypton can

be treated as ideal with negligible errors for a wide range of applications. [16]

For isentropic flow processes, density and pressure are related by a constantas— @& &€ i 0 Q& 0

where p is the pressure,d is the density of the gas andAis the specific heat ratio given byw G-

The compressible Bernoulli equation for an ideal gas
Compressible Bernaulli equation is given by

] ¥ ooy 1 s eq2.3
— T weEEiQi O

C T
Pressure, density and emperature are fluid properties that can be defined as static properties
and stagnation properties of the fluid. Static properties are flow propertie s i.e. they are
measured at a point in the flow. Stagnation properties are defined by constraints at a point |
the flow. Stagnation properties are the static properties of the fluid measured when the fluid

is brought to stop isentropically at that point. [26]

Stagnation and static properties at a point is related by the following equations:

0 rop. T eq24
T P
Y [ P, eq2.5
~ P c 0
" — eq2.6
G

10
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Where P, T and 0 are the static properties and the 0 ,"Yand” are the stagnation properties.

Generally, stagnation properties are denoted by a subscript0. [26]

2.2.3 Different kinds of flows:

Gas flow through pipe, nozzle and diffusers can be brought about by pressure gradient between
the initial point and the exit point. As me ntioned before, mass flow rate is constant in the
compressible flow at every point in the flow. Mass flow rate is given by

a "o00v eq2.7

0 is the density of the fluid
A is the area of the pipe

v is the velocity of the fluid .

a is the mass flow rate of the fluid.

As the pressure difference between initial point and exit point increases, mass flow rate
increases in a pipe. Every pipe with a constant areaA has a maximum pressure difference
above which the mass flow rate does not increase which is specific to the design and this is

called choked flow.

Subsonic M<1 Supersonic M>1

Converging Duct

As P increases, then v

As P decreases, then v
decreases

increases

—_—M
. Supersonic diffuser
M Subsonic nozzle

Diverging Duct

As P increases, thenv As P decreases, then v
decreases increases
— M

Subsonic diffuser Supersonic nozzle

Figure 2.3 Flow changes in nozzle and diffuser. [22]

In nozzle and diffu ser, the pressure of the flowing fluid changes according to the flow area. For
subsonic flows, the pressure at the inlet is lessthan the pressure at the exit in a nozzle whereas
the inlet pressure is higher than the exit pressure in the diffuser. For the supersonic flows, it

is vice versa. The change in flow parameters are shown irFigure 2.3 [22]

11
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In supersonic flows, when the fluid exits at a pressure higher than the surrounding pressure
(also called backpressure), t is called under expanded jets and when the fluid exits at a
pressure lower than the surrounding pressure, it is called over expanded jet. These

mismatched pressures result in shock develogment in supersonic flows. [28]

Generally, shocks are considered as a compressed region in the supersonic flow where flow
properties such as pressure, temperature and density undergo abrupt change. Shcks have
high temperature gradient and velocity gradient that provide heat conduction and viscous
dissipation which makes shocks irreversible. Therefore, flow through shock wavesis adiabatic
and irreversible. In most of the physical situations, shock waves are always inclined at an angle

to the flow. Such shock waves are called oblique shok waves.[26]

When the flow encounters a change in flow direction, it experiences shocks or expansion
depending on the directional change. Figure 2.4 shows the schematic representation of the
inclined flow in two situations. [26]

My >1

(a) Concave corner (b) Convex corner

Figure 2.4 Behaviour of shock at concave point (recompression shocks) and convex points
(expansion waves). [26]

In the case of the concave corner, the supersonic flow turns into itself resulting in an oblique

shock as a compression region is formed near the inclined wall. The flow decelerates in this
case and the static properties such as density and temperature crease while the pressure
decreases. Oblique shocks are classified as weak shocks and strong shocké/hen the Mach

number of the flow after the shock is greater than unity, the shock wave is termed weak oblique
wave. Most of the physical situations encounter weak oblique waves. On the other hand, when
the Mach number of the flow after the shock wave is less than unity, the oblique shocks are
termed as strong oblique wave. Normally special arrangements are necessary to produce

strong oblique shock waves.

On the other hand, if the flow encounters a convex corner, supersonic flow turns away i.e.
expands. This flow experiences expansion waves where the flow accelerates. The static

properties such as density and temperature decrease, and the pressure increase€xpansion

12
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waves are isentropic everywhere except at the vertex denoted by A in theFigure 2.4.
Supersonic flow undergoes small yet finite changes in flow properties across each expansion
wave and hence the overall change in flow poperties will be smooth and gradual across an
expansion fan. Prandtl Meyer expansion in a supersonic flow consist of an infinite number of
expansion waves sharing a vertex Through which the flow changes gradually and smoothly
with reduced losses.[26]

2.2.4 Reflection and intersection of shocks and expansion waves:

When an oblique shock comes across a solid wall, it gets reflected. If the shock is adequately
weak, the incident shock and the reflected shock are of same strength. If tre oblique shock is
strong, it changes the flow direction towards the wall. An additional shock of opposite but
equal strength is required to change the flow direction back to initial state.

Whentwoobl i que shocks i nteract, tohaelye secietdh edre pfiepnadsi sn gt
interacting obliqgue shock. Oblique shocks originating from the same vertex are termed as

shocks of same family. When the two oblique shocks are from different families of shods, the

shocks pass through each other but gets deflead in the process. When the oblique shocks are

from the same family, they all coalesce into one strong oblique wave. The oblique wave shown

in the Figure 2.4 consists o infini te number of weak oblique waves also called as Mach lines

that coalesced into a strong oblique wave[26]

In some problems in fluid mechanics, boundaries are defined by the viscous and pressure
forces possessed by the fluid flow. Such boundaries are called fredooundaries and the shape
of free-boundaries must be solved in order to solve the flow. When an oblique shock wave
interacts with a free boundary condition, it is reflected as an expansion wave. When an
expansion fan interacts with a free boundary condition, they are reflected as compression
waves which coalesce as an oblique wavdg26]

There are two kinds of expansion observed when the exiting gases interacts with the
surrounding gases. When the pressure of the exiting gases is lesser than the ambient pressure,
it is called over-expanded. The gases turn inward due to this higherambient pressure and
undergo compression to form weak oblique shocks. The oblique shocks form expansion waves
on interaction with the free boundary. These expansion waves move towards the free boundary
where they are reflected back as oblique shocks. Thes weak dlique shocks continue to move

towards the free boundary and form expansion waves on interaction and the process repeats

13
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itself till the gas jets deteriorate . Figure 2.5 shows the shockwaves formed in an overexpanded
flow field. [26]

When the pressure of the exiting gases is greater than the ambient pressure, it is called under

expanded. When a gas jet exits an orifice, it expands through expansion waves while losing

Nozzle Exit Free Jet

Central
Streamline

Expansion

Obligue Fans

Shock
Figure 2.5 Shock waves formed in an over-expanded flow field. [26]
pressure till it reaches the jet boundary where the pressure is equal to the ambient pressure.
The expansion waves get slightly deflected and pass through the expansion waves from the

other sides of the flow.

Flow g
Parallel to

Centerline

= ‘/-,(CT.IE’IESSB" _F:T.-l"'."“

—_—

Oblique ;
Shock Waves<——7" >4

Isolator

boundary ExpansionFan

Figure 2.6 Shock-waves formed in an under -expanded flow field with the Mach disk [26]

Since it is a free baindary condition, the expansion waves are reflected as compression waves
and these form the barrel shocks. When the ratio of the gas jet pressure and the ambient
pressure is high, the compression waves are strong enough to merge and form a normal shock
wave called the Mach disk. The oblique shock waves get reflected and continue moving
towards the free boundary where they are reflected as expansion waves. The process repeats

itself till the expanding gas jets have deteriorated. This pattern of expansion and compression
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waves along with Mach disk is called diamond shock.[26] Figure 2.6 shows the shockwaves
formed in an under -expanded flow field. The Mach disk is highlighted in it. [26]

In CCGA, adiamond shock forms downstream the melt nozzle at high atomizing pressures.

This is called a closed wake ands an area of interest for a lot of researchers.

2.2.5 Multiphase flow:

Multiphase flows in CCGA are a complicated process. Two dimensionless numbers that play

an important role in multiphase flow analysis are discussed below.
Weber number

Weber number is a dimensionless number used for analysing the deformation. Weber number

is the ratio of inertial forces to the cohesive forces acting on a fliid. Weber number is given by

"0 0 eq2.8
wo =Y a

”

Where We is the weber number
" is the density of the fluid.
1 is the velocity at which the fluid is flowing.
U isthe surface tension of the fluid.
L is the characteristic length of the flow.

When the inertial forces are high, (We>>1) the fluid can be easily deformed and dispersed. A
low weber number denotes that the cohesive forces are high. Cohesive forces preve the fluid
deformation. Therefore, fluids cannot be deformed easily. This number plays a major role in

determining the final droplet size of a fluid. [25]
Ohnesorge number

Ohnesorge number is the ratio of internal viscosity dissipation to the surface tension energy.

This is the dimensionless quantity used to quantify the droplet formation. Ohnesorge number

can also be expressed as the squareoot of Weber number divided by Reynolds number.[25]
R Ye) eq2.9
© Vo

Where Z is the Ohnesorge number
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We is the weber number

Re is the Reynolds number

2.3 Computational  Fluid Dynamics:

This project involves single phase flows and multiphase phase flows. The numerical models

used for both have been reviewed here.
2.3.1 Single phase flows:

The governing equations of fluid flow must obey the mass, momentum and energy

conservation laws i.e.

The mass of a fluid is conserved
The rate of change of momentum equals the sum of the forces on a fluid particle
(Newtonbés second | aw) .

1 The rate of change of energy is equal to the sum of the rate oheat addition to and the

rate of work done on a fluid particle (first law of thermodynamics). [29]
Mass conservation

The continuity equation is based on the mass conservation law. As the fluid is considered a
continuum, the mass of the fluid flowing through a reference control volume (RCV) must be

conserved.
YOEME O BEHGRREMYS 0 0 Oi'DE "Qaa diéioo Qaow
0 QO i "Qa & 0 o ¢ EXMMYO w
Let us consider an infinitesimal fluid element with sides | & ¢ dnd density d as the RCV.
Mass flowing through the RCV is shown in Figure 2.7. [29]

TIPS

o dz 2
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pv Ay Y
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£
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Figure 2.7 Schematic representation of fluid element with mass flowing in and out of it. [29]
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The rate of increase of mass in RCV is given by

T eq2.10
S

The net mass flow rate through RCV is given by

, .1 706p ., ., .,V o6p . ., ., . 0V7"0p ., .., eq2l1
0 ——-— W a” o —] @ W a4 ——1] ] ] &
Twc‘]ﬂ‘]. TQCTWT.UT(DCWWT.
, .1 7op ., V" 0p .,
—=] W W « —=] ] ®] ©
UTU)J ] W] a” U qu’l A W]
R N
0 — = 0] ®
chjqﬂ‘]
'L’T”C'J T70 17 a n eq2.12
To Tw T ® T a
" noe eq2.13
T o

This is the compressible, three-dimensional continuity equation. [29]
Momentum conservation

Navier Stokes equation is based on momentum conservationi.e. rate of change ofmomentum

of a fluid particle is equal to the forces acting on the patrticle.
YOEMME a'QE I QOVEE ME | GDIO VEW QG B'QQ

The rates of momentum increase inx, y, zdirection is given by

06, 00, 00
00 00 00
Where” QW U 'QA ¢ @D PE £ Q& O

The forces acting on the body can beclassified into surface forces (pressure force, viscous

force, gravity) and body forces (centrifu gal force, EM force).

The surface forces acting on the fluid can be defined in terms of pressurep and nine viscous
stress components (L,) Let us consider aninfinitesimal fluid element with sides| & ¢ @and
density 0 as the RCV.
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Figure 2.8 shows the stress component acting on the fluid element.[29]

Figure 2.8 Schematic representation of stress components on the fluid element [29]

Figure 2.9 shows the xcomponents of the pressure forces and viscous forces[29] The
magnitude of force due to viscous stress is the product of stress and area

ot, 1
+2.28§
dz 2 dr, 1
I 1 Ty~ == =
r},+a—y 3 y gy 2
| a L
|
Jp 1 \ T p+£.76x
P 2% Ao | w2
I |
I L f e —
Tax a; -%5 ____________ _"\\ Txx+i[ %6
X z [ ==-— 'R" T
\
y . 1
X sz,l.75
dz 2

Figure 2.9 Fluid element with x -component of pressure forces and viscous forces

In the x-direction,

n ;—fgw o 1 TTLO)% &1 G & eq2.14
i ;—% ot TTT—O)% o1 o & ;—w”—ww ol W
In the y-direction,
t TTT—@% G oo at TTT—M% & o aTTT—(J o & €q2.15
In the z-direction,
t TTLG% # o ot TTLG% & Gl J%w o @ G eq2.16
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The total x-component forces per unit volume is

T Tt o1t eq2.17
w Tw 1 a

The body forces acting on the fluid element is given by"Y ,°Y and"Y .

Now, the x-component of momentum equation is given as

T Tt o1t . eq2.18
S ; ; Y
® Tw Ta

00 1 N
0o )

Similarly,

y-component of momentum equation is given as

oottt oot Tt "Y eq2.19
00 1T w T T a
z-component of momentum equation is given as
,00 1t 1t 1 ot " eq2.20
00 Tw Tow T a

In Newtoni an fluids, the viscous stresses are proportional to the rates of deformation (strain
S).

Ty Y eq2.21
Where p is the dynamic viscosity, "Y is the linear strain, "Y is the volumetric strain and 1 is

the second viscosity. Thisi is not well researched as its influence is small.

The stress component acting normal to the fluid element surface produces elongating

deformation:

—a

0 eq2.22

T a

<
o
S
2
n
o
_<

€
€
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The stress component acting along the fluid element surface produces shearing deformation

as follows
o] . 0 ) .
wooy RLOT D RTOT O L pTOT
¢T 0! w ¢Tal w ¢rTatl w
eq2.23
Also, volumetric deformation is given by
o . .
T_‘ T_U T_U Q" eq2.24
Tol of a
Viscous stresses in terms ofdeformation rates are given as follow
+ ‘ T_O OXOI + ‘ T_U 0O + . T_U Q00 eq2.25
o= o= ‘T -
Tot o Toto ToT o0 eq2.26
tof o — ottt ==
Tw! w Tael w Tal w

Substituting the stress components in the momentum equation yields the Navier-Stokes

equations.

16 ; o 1OTO 16T eq2.27
,06 1l ¢y Q00 Fofo Faf o v
06 T T o T o T

. 1010 VR T 010 eq2.28
0D rRl ToTe T c‘;—(%:QQU L i
%o T o T o T o T a Y

T 1610 : T 010 'O eq2.29

00 1 Tal w Tar o T ¢y Q0 »
00 T a T ® R T a

Rearranging the above equations, the Navier Stokesequations can be expressed as follows:

0o s .
Y — T—n QQUQI @WQ Y €q2.30
0o T
(o]\} ; .
— T—n QQUQ WwQ Y eq231
0o T w
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.00 TN
06 T«
These are the threedimensional Navier Stokes. [29] In most of the scenarios, the flow field

QQUQ WO Y €q2.32

can be solved by considering only the conthuity (mass conservation) and Navier Stokes
equation (momentum conservation).

As mentioned in section 2.2, turbulent flows are characterised by randomness and chaos

caused byinstabilities, eddies and swirls and this makes it impossible to describe the motion

of all the fluid particles in the flow. The velocity component of the turbulence can be defined

by Reynolds decomposition in which a steady mean value is superimposed with a fluctuating

time-depen d a n't component . This Reynod lublev pebpediesmp osi t i
such as density, pressure and temperature. The flow property at a point in the flow can be

defined as

. =] eq2.33

Where ( is the flow property at a point in the flow
0 is the steady mean value component
6 i s t he f ldeperdentcompongnt.t i me

The Reynolds-averaged NavierStokes equations fa compressible flows is given as follow

Continuity:
T_'._ AE”OjY T eq2.34
T o
Reynolds equations
1y - TO o eq2.35
o A E'Q¥% T—wQQ‘UQI (A)'0)
T "be T "Pae T "Pame
T w T w T a
(N 7 T 'O i eq2.36
o A E'Qor 1_—®QQUQ|om£2
T "Ppae 1 "Pe 1 "Pre

T o I w T a
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i T0 o s eq2.37
AE®F 4 QQLQL G
I "Page T "Dage T "Dee

I w T w T a

TR

T o

Scala transport equations

rt

T O

eq2.38

AEQ T
AEGCOAA ! Tﬁezee ! TDe,Zee ! Tl'daeee oy

Where the overbar indicates a time-averaged variable and the tilde indicates a density
weighted variable. [29]

These Reynolds equations mentioned above have three normal stresse¢t , t ,t ) and

three shear stressest ,t 1 ) calledthe Reynolds stresses. These Reynolds stresses are the

properties of the flow and [2ZFonb6t have any avail a
T né .'. nl‘) -'- "0,‘ eq239
T T "ou T t "0U0 T T "0 0, eq2.40

Turbulence models are necessary to solve the turbulent flows with RANS equations.
Turbulence models predict the Reynolds stresses and the unknown terms in the scalar
transport equations. Most of the turbulence models require additional transport equations to
solve the flow. Industry -standard models such as ke model and k-w models require two

additional transport equations to solve the turbulent flows. [29]

These two-equation models are based on Boussinescapproximation to predict the Reynolds
stresses and the scalar transport terms.
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2.3.2 Boussinesq Approximation:

Boussinesq proposed that the Reynolds stresses areproportional to the mean velocity
gradients (strain rates) through the turbulent viscosity * . Using suffix notation, the Reynolds

stress can be expressed as

eq2.41

g <
el <

T " Oadee (0]

aln»

Where U is the Kronecker delta used to predict the normal Reynolds stresses accurately. In the

last term, k is the kinetic energy per unit mass.

The transport equations utilize this approximation to relate the scalar terms to the gradient of

the mean value of the flow property proportionally. The scalar can be expressed in sufix

notation as
» T %o eq2.42
O wW——
.T w
Where @ is the turbulent diffusivity. [29]
2.3.3 Different turbulence model S

Three different models are considered in the single-phase study to determine the best model

for predicting results similar to the real atomizer.[30] The three models are explained below.
K-U RNG

Thek-U t ur bul e-equation modal and iw commonly used in the industry. This model
utilized kinetic energy k and turbulent dissipation Uas the scalars for the two transport

equations. There are threedifferenttypesof k-0 mo d e | s andarcied ymosde |l |,
k-U moah@é RNG kU model . -BAnm&&N&I khas been consi
turbulence model sensitivity study. The RNGk-U model is based on t

theory and utilizes a different form of epsilon equation to model the eddy viscosity for various

scales of motions[31] The two transport equations are given as

ra . eq2.43
| ¢ _()J @] o T Y

T
o tw T®

—a

I

2.44
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In eq 2.43 and eq 2.44,

‘O and "O are the generation of turbulence kinetic energy due to mean velocity

gradients and buoyancy.

@ is the contribution of the fluctuating dilatation in compressible turbulence to the

overall dissipation rate .

‘ is the effective turbulent vicosity .

“Y and Y are user-defined source terms.

0 p8& cnd 6 p® yare model constants.

| and| are inverse effective Prandtl numbers.

Y ——where— "¥-,— = 4.38 and3lfa= 0.012.

This method is suitable for rapidly strained flows and swirling flows. This model provides a

differential vis cosity model for low Reynolds number flows and also has an analytically derived

model for turbulent Prandtl numbers. Also, this model was derived through a rigorous

statistical technique. Generallyk-U model s are used bnotperfotmaveln al f |
with no-slip walls, adverse pressure gradients, strong curvature into flow and jet flows.

[29] ,[31]

standardk -R model

This is also a commonly used turbulence model and requires two equations to solve the flow.
The first transported variable is turbulent kinetic energy k and specific dissipaton R s peci f i ¢

dissipation rate is the dissipation rate per unit kinetic energy

1 = eq 2.45
Q
The two transport equations are given as
- - o] eq2.46
T_‘n 'Q T_‘ ” '@ T_‘ 3 T_‘ no (I) “Y q
T o Tw Two Tw

T ” T ” 4 T T 7Q o o o~ eq 2.47

7o 1 T 10 o 3 o 0O w Y
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Ineq 2.46 and eq 2.47,
"0 is the generation of turbulence kinetic energy due to mean velocity gradients
"Orepresents the generation of R
3 and3 are the effective diffusivityof kand R.
® and & are the dissipationofkand R.
“Y and Y are user-defined source terms

A Different modification has been applied to this model over time by different researchers
such as Saiy (1974)[32] Spalding (1979), [33] Wilcox (1988), [34] Speziale et al. (1990)[35]
and Menter (1993). [36] This model predicts the flow separation due to adverse pressure
gradient accurately. This model is sensitive to the inlet free stream turbulence properties
which can be solved by using the kR S @ddel. [30] , [31].

k-R SST

k-R shear stress transport model utilises a

to deal with the principal turbulent shear stress. The two transport equations are given by

! T N ! TQ - . eq2.48

.10 , . eq2.49

In eq 2.48 and eq 2.49,

"O is the generation of turbulence kinetic energy due to mean velocity gradients.
Orepresents the generation of R

3 and 3 are the effective diffusivityof kand R.

® and & are the dissipatonofkand R.

'O represents the crossdiffusion term.

"Y and Y are user-defined source terms.

It is useful for flow separation and stagnation region prediction. This model predicts the

separation form a smooth surface and transonic shock waves accurately compared to all other
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models. As this model usesthe kR f or mul ati on i n tboundary lyeeit part s
could be used to predict the flow without any additional damping functions. In high Reynolds

number flows, the model switchestothek-U f unction in the free stream
to the inlet turbulence properties. This model is utilized in problems with separated flows and

jets but is difficult to converge. [30], [31]

2.3.4 Multiphase phase flows:

Two types of models are used to solve a large variety afhulti phase flows. They are EulerEuler
and Euler-Lagrangian model. In Euler-Euler model, the motion of the group of suspended
particles and the gas that carries t are modelled as a continuum and the solution is obtained.
In Euler -Lagrangian model, the gas phase is solved as a continuumand the motion of the
suspended particles are solved by Lagrangian equations which are integrated along their
trajectories. [37]

Euler -Euler approach

The same set turbulent equations can be utilized to solve both the motion of the gas phase and
the motion of the group of suspended particles in Euler-Euler model. Closure problem in CFD
modelling is the presence of terms in the flow equations that do not have any relations. This
problem is solved by introduction of assumptions in the flow equations. Different types of
closure assumptions are made for gasphase and suspended phase. The properties of the
dispersed phase such as velocity, mass transfer, momentum transfer and energy transér are
obtained by averaging over a control volume. The mass of particles per unit volume is also a
continuous property in this ap proach. A major drawback in this approach is that the
information about the motion of the individual particle cannot be obtain ed. Also, this model
give rise to problems in constructing the boundary conditions of the dispersed phase on the
surfaces enclosirg the flow. In order to model the group of particles as a continuum, the
geometric scale of the particles must be minor compared to the scale of variation of the flow
parameters and also there should be a significant number of particles in order to obtain an
accurate determination of the averaged parameters. [37] Generally, flows with high
concentration of particles are solved using this approach. Gosman et al[38], Ishii [39-42],
Delhaye [43], Drew [44, 45], Hirt [46], Enwald et al [47] carried out important works in

Eulerian -Eulerian models.
Lagrangian approach

Detailed information about the motion of the individual particles is obtained in Euler-
Lagrangian approach as the equation of motion of the particles is integrated in a solved gas

field. The gas field is solved with RANS equation with appropriate turbulent models. The
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equation of motion of particles along with the forces acting on it as well as the mass,
momentum and energy transfer are solved for the dispersed phase. The flow around the
individual particle is not solved and the finite dimensions of the particle are not considered.
Therefore, a constraint of this approach is that the particle dimensions must be smaller than
the grid size. This approach can be utilised for flows ranging from dilute phase to dense phase.
Concentration of particles play as major role in obtained the solution through this approach.
An increase in concentration influences the gas flow parameters thereby requiring additional
iterations to solve the flow. Also, the possibility of particle -particle collision increases with
increase in concentration leading to entangled trajectories. When the particle size is very
small, there will be many particles for the same concentration. In this circumst ance,
entanglement complicates the computations as it is essential to obtain the interaction between
the particles and all the turbulent eddies in the flow to calculate the average of the dispersed

phase parameters.

There are different kinds of Lagrangian approach. A classical Lagrangian approach utilises a
parcels method for the dispersed phase modelling. Both DPM (Discrete Phasemodel) and
DEM (Discrete Element Model) tracks individual particles in the flow. In parcel method, the
parcels represent a defnite number of real particles of same properties. The particle mass flux

is realised in this approach.

The DPM and DEM method tracks all the individual particles in the system and therefore has

system size constraints. In DEM, particle-particle interactio n and particle-wall interactions

are tracked. These interactions are considered as &ontinuous process that occurs over a finite
time and the contact force is calculated as a continuous function of the distance between
colliding particle or distance betwe en particle and the wall. This model gives accurate results
for flows with high volu me of dispersed phase but requires a lot of computational resources.
DPM can be utilised for flows with dispersed phase accounting for less than 10% of the total
volume of the flow. An advantage of this model is that it accepts high mass loading i.e.

a a . DPM allows us to solve the flow for various degrees of coupling. In an

uncoupled approach, the pressure and viscous stresses due to the particles are neglected when
constructing the gas phase equations. The gasléw field is not influenced by the presence of
the particle. In one -way coupling, the influence of the particles on the gas field is considered.
The interaction between the particles is not considered in this approach. In two -way coupling,
the particle-particle interaction is also considered. Though the two-way coupled approach

provides a much accurate results, it is computationally intensive. [37]

In a dilute flow, particles are in fluenced by gas transport effects i.e. dragforces, lift forces and

turbulence. The interaction between the particles is not very high. On the other hand, flows
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with dense dispersed phases are characterised by high interparticle collisions and the gas
tran sport effects are negligible compared to the effect of the inter-particle collision. The flows
with dilute dispersed phase and dense dispersed phase can be classified based on the ratio of

the particle response time t to the average time between collisionst as follows:

Dilute two -phased flow:

+ Til:_ o eq2.50

Dense two-phased flow:

+ T*Tr_ 0 eq2.51

In a dense dispersed phase flows, the collision time lesser than the particle response time and
therefore the particle cannot respond to the fluid flow between collisions. This type of flow will
contain dispersed phase with large number of particles with | ow density or small number of
particles with high density. Hence gas transport effects are negligible compared to the force
due to inter-particle collision. In dilute dispersed phase flows, the inter -particle collision
occurs but the particles will have time to respond to the gas transport effects. In this flow, gas
transport effects will be the dominant effect. [37]

In the DPM model, the parti cle trajectory is predicted by integrating the force balance on the
particle. The force balance is computed by summing the forces acting on the particle and is
given by

Q6 . o T eq2.52

"Ois an additional acceleration.
'O 6 0O isthe drag force per unit particle mass given by

pWOYQ eq2.53
” ’Q c T

u is the fluid phase velocity.

0 is the particle velocity.
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is the molecular viscosity.
0 is the fluid density

is the density of the patrticle.

‘Q is the particle diameter.

Re is the relative velocity given by'Y Q

2.3.5 Discrete phase method

A discrete phase methodhas been used in this study. Different aspects related to this method

are discussed below.
Forces on the particle:
The main forces acting on the dispersed phase are as follows

Aerodynamic drag force: This force arises due to the shearing forces experiened by the
particles due to the gas. Numerous drag laws are available. Spherical drag law has been utilised
in this study.

Gravity force: This is an important force acting on the particles. This plays a major role in

flows with free falling particles.

Saffman force: This is a lift force arising due to the variations in the average velocity of the
carrier gas. This force will have a significant effect on particles in flows where the gradients of

the average velocity is high.

Magnus force: This is a lifting f orce arising due to the particle rotation. A rotating particle
entrains the gas. The side where the force due to thdlow past the particle and the rotational

force coincide, a lifting force develops acting on the particle.

Turbophoresis force: This force arises due to the variation in the fluctuating velocity
component of the gas phasei.e. the variation in the turbulen ce of the flow. This force is

significant during the near wall interaction of the patrticles.

Thermophoresis: This force arises due to thevariation in the temperature profile of the gas
field.

Only aerodynamic drag force has been considered in this studyand spherical drag law has

been applied. [31]

29



Background Science

Turbulent dispersion of particles:

Turbulent flow parameters can be expressed as a sum of mean steady componenand
fluctuating component. Stochastic models utilise probability density function to estimate the
instantaneous components. The distribution of concentration of the particles about the mean
trajectory path can be obtained through a gaussian probability density function whose
variance is based on the extent of the particle dispersion due to the turbulent fluctuations. In
order to predict the particle dispersion, integral time scale T is required. Integral time scale T
is the total time spent by the particl e in the turbulent motion and is given by

C eq2.54
0,000 i
y '
o=
Where T is the integral time scale.
O 0 is the fluctuating component of velocity of the particle at the time t.
02 0 | isthe fluctuating component of velocity of the particle at the time t+s .

oeis the root mean square of the fluctuating component of velocity at time t.

Considering a small particle moving along the fluid, the integral time “Y is approximated in k -

U model s as

., Q 2.55
e eq

Where 6 is unknown and needs to be determined.

Ink-R model s, suistitued as - Byand integral time Y is approximated as

y 0 eq2.56

1

In Discrete Random walk model (also known as stochastic model), the particles interaction is
simulated as an interaction with turbulent eddies in the gas flow. The eddies are defined by
fluctuating component of the velocities governed by Gaussian probability density function and
timescale. The only input required in stochastic modelling is the timescale constant 0 . [31,
37]
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2.3.6 Solution methods

Flows are described by partial differential equations and obtaining solutions by solving them

is impossible for most complex problems. Discretization methods are used to solve complex
problems by approximation. There are three different types of discretization methods namely

Finite Difference method, Finite element method an d Finite Volume method.

Finite difference method [FDM] is a straightforward method in discretizing partial differential
equations. In FDM, the flow at the point is replaced by a set of discrete equations and these
equations are solved for obtaining a solution. This is a very efficient solution method for
structured grids. Therefore, this method cannot be used for irregular geometries to obtain high
fidelity results.

Finite element method [FEM] is suitable for a wide variety of multi -physics problems. FEM
divides the geometry into smaller domains called elements. The partial differential equations
(PDEs) are set up for each element by introducing approxmations in the form of simple linear

or quadratic polynomial equations. When the PDEs over all elements are combined, they give

rise to a matrix of equation systems which can be solved by welknown solvers.

Finite Volume Method [FVM] also involves divid ing geometry into smaller domains. FVM
method utilizes the conservation laws to solve theflow, and this gives rise to flux conservation
equations averaged over the cells. ANSYS and other commercial software utilize this method
to solve the equations. Secad order discretization schemes of FVM methods are utilized in

this project to generate results.[31]
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3 LITERATURE REVIEW

The literature review presented in this chapter has been divided into three parts. The

fundamental science behind the closecoupled gas atomization has been reviewed in first
chapter. The second pat deals with the design aspects of the atomizer. The third part reviews
the numerical works related to close-coupled gas atomization. In the beginning, the research
about CCGA was only through experiments as the computational resources were limited. As
the computational power advanced, research through modelling activity increased as the
extreme conditions of CCGA such as high temperature and high pressures unfavourable for

thorough experimental analysis.

3.1 Fundamental Science

Close-Coupled Gas Atomization (CCGA) is a complex, chaotic and turbulent interaction
between gas jets of high velocity and melt. The earliest work on CCGA was done by Thompson
in 1948 in which the influence of process parameters and different nozzle designs were
studied.[48] Most of the early works concentrated on the influence of process parameter such
as gasmelt ratio, gas pressure, flow rate on patticle sizes[49, 50] However, it was only during
1980s, the research activity increased due to increased interest in powder microstructure and
powder properties. This section consists of breakup mechanism, design parameters affecting

the atomization and wake closure phenomenon.
3.1.1 Breakup mechanism:

In CCGA, the atomization of melt is obtained by the transfer of kinetic energy from high
velocity gas jet to the stream of molten metal resulting in ligands and then melt droplets. [51]
The size of the melt droplets is affected by density, surface tension and viscosity. Generallya
large average particle size distribution is the result of higher surface tension and higher
viscosity. [5, 24, 52] The melt exiting the nozzle is destabilized by the aerodynamic forces
exerted by the gas jets. Duing the primary breakup, the internal resistance provided by
surface tension and the viscosity acts against this destabilization and damps the unstable
perturbation. The force distribution on the melt droplet surface changes with deformation. As
the aerodynamic forces exceed the internal resistance result in disruption of melt into small er

droplets. The breakup of melt continues till these forces balance each other.[53]
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In the CCGA process, the atomizing gases form a recirculation zone in front if the nozzle and
the melt exiting the nozzle enters the recirculation zone. Figure 3.1 shows the schematic

representation of melt with the noz zle.

gas jets melt gas jets

:f—‘_\/_’_\

S—p — — —

Recirculating gases

Figure 3.1Schematic representation of melt and the nozzle

The recirculating gases push the melt against the nozzle surface as a film and this is termed as
pre-filming. [54] The melt break-up can be broadly categorised as primary breakup, secondary
breakup and solidification of melt droplets.

The melt break-up can be broadly categorised as primary breakup, secondary breakup and
solidification of melt droplets. The melt f ilm is broken into ligands in primary atomization and
the ligands are broken into melt droplets in secondary atomization which solidify . Figure 3.2
shows the melt breakup to droplets.[54]

a) During the pre-filming step, the melt exiting the delivery tube is acted upon by the
forces exerted by the recirculating gas resulting in stagnation pressure ystream and
an ambient pressure downstream. This forces the melt to spread across the nozzle exit
area in the form of thin film. [55]

b) In primary breakup step, the film is broken into ligaments due to the perturbations
and instability induced by the aerodynamic forces.

¢) In secondary breakup step, the ligaments are further atomized by the high-speed gas

flow into droplets which solidify to form powders eventually.

34



Literature review

(a) &
(b)

(<)

Figure 3.2 Schematic representation of the melt breakup .[54]

3.1.2 Primary breakup:

Savart conducted the earliest analysis on dropkt formation in 1833. Plateau investigated the
influence of surface tension on |liquid disintegrt
rid of gravity effect in his study. [56, 57] This was followed by Lord Rayleigh who proposed

that the liquid breakup is due to the hydrodynamic instability in 1879. [58] Rayleigh&
investigations were developed by other people such as Eotvos (1886)[59] Quincke (1877),

[60] Lenard (1887),[61] and Bohr (1909). [62]

Dombrowski and John developed the earliest model of liquid jet disintegration .[63] A more

refined model was developed by Bradley in whichcompressible gas with uniform velocity was

flowing over horizontal liquid sheet of zero velocity. [50,64]. Br adl eyb6s model di d
the influence of process parameters such as nozzle geometry, Gas to metal ratio and melt
properties. Data obtained from this model was found to match with experimental data

obtained by See within a factor of 2. [65] Most of the models developed initially did not

consider the normal component of gas velocity on melt and assumed that gas and meltflowed

in parallel.
Primary breakup of melt o ccurs through one of the four mechanisms listed below:

Liquid dripping

1
9 Liguid column breakup
9 Liquid film breakup

1

Ligament breakup
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Liquid dripping

At this stage in atomization (primary breakup), force of gravi ty is less effective on the melt

breakup therefore this mechanism is highly unlikely to occur.
Liquid column breakup

Rayleigh noticed this mechanism for the first time which is commonly observed in low

pressure conditions in free fall gas atomization.

Then this mechanism was expanded through different methods by Kuehn (1925), [66] Weber
(1931), [67] and DeJuhasz et al. (1931) [68] Laufer (1950) [69] and Ranz (1956) [70]

investigated the behaviour of turbulent jet on liquid column b reak-up. Tennekes & Lumley
(1972), [71] Hinze (1975) [72] and Schlichting (1979) [73] also investigated the same.
Moreover, Fargo & Chigier (1992) [74] used high speed imaging technique to reveal various

breakup mechanism based on weber number.

Based on theWeber number, three types of column breakup is observed as shown inFigure
3.3[74]

(a) Rayleigh type breakup also normal pulsing is observed betweennm = ® Cu
(b) Membrane type breakup observed betweeng v ® X Tt
(c) Fibre type breakup also known as super pulsing observed betweery ™ ® U TTTT

Liquid film breakup

Film breakup happens through a pre-filming mechanism and is observed throughout the
CCGA process. The aerodynamic forces exerted by the gases on the melt exiting the debry
tube causes the melt to spread into a thin film across the nozzle exit surface. This leads to the
atomization of melt film across the nozzle edges. Prefilming mechanism is affected by gas,
melt properties, internal resistance and aerodynamic forces. Frazer et al.[55] reported a model
of three steps for film break-up during gas atomization process at the air blast atomizer which
was also observed by Mansour and Chigier [75] These are (a)rim disintegration, (b) wave
disintegration, and (c) perforated film break -up. Figure 3.4 shows the types of breakup

mechanism. [55]

Rim disintegration is observed in fluids with high viscosity and hig h surface tension. In this
type, the fluid becomes thicker around the free edges and break into larger droplets which
further break into smaller droplets. In wave disintegration, fluid bre akup is brought about by
fluctuations in the film that are in distin ct wavelengths. The waves breakup the film into

whole or half wavelength sections and these sections disintegrate into smaller droplets. In
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&

Rayleigh-type Membrane-type Fiber-type breakup
breakup breakup (Marmottant (Marmottant and
(Farago and and Villermaux, 2004) Villermaux, 2004)

Chigier. 1992)

Figure 3.3 Various types of liquid column breakup mechanism . [74]
perforated film breakup, droplets of various sizes are formed due to holes developed in the

liquid sheet. As the size of the holes increases, the rims get thicker. The holes continue to

increase in their sizes until they encounter other rims to coalesce.[55]

Carvalho and Heitor (1998) [76] establisheda relationship between the liquid breakup and the
aerodynamic forces causing it. They studied the liquid film breakup of water with an air blasted
chamber using shadowgraph technique and found that the air velocity affects the breakup.

()

Figure 3.4 various types of liquid film breakup . [55]
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Liqu id ligament breakup

The liquid ligament breakup follows the film breakup method. Frazer et all [55] established
the Rayleigh mode of ligament breakup which is the main mechanism of melt breakup. Based
on the experimental results, they reported the relationship between mean particle diameter
and the melt film thickness in CCGA. As a wide range of droplet sizes were observed, they
concluded that more control must be exerted in this method.

During the filming process, the thickness of flmdepends on the contact
to delivery tube orifice. The minimum thickness of the flm "¢ & & is related to the contact
angl e[77¢ by

(Q p Q& & eq3.1

The diameter of ligament ‘Q obtained from the melt film is determined by the film thickness

H and the maximum instable wave number K [78]

" eq3.2
o 2P
V]
. w eq3.3
U —
G,
where” s the gas density,V is the gas to melt flow velocity.
» 1S the melt surface tension and is a function of temperature T[79]:
A S A 4 eq3.4
where, i s the meltods sur f ac’Y,ktissamaonstantrelated to nredetiat |

property.

Obeying the Rayleigh instability, liquid ligament is broken into fine droplets. And the diameter

of these droplets’Q can be calculated with the following equation:

Q py@p ovQ” eq3.5

where Q is diameter of droplet,

angl

ng
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Oh is Ohnesorge number.

However, this breakup process is random in nature due to Rayleigh instability leading to
random distribution of droplet diameter.

3.1.3 Secondary breakup:

The melt is further atomi zed to finer droplets through secondary breakup and heavily
influences the final particle size distribution in CCGA. Hsiang and Faeth (1992)80] revealed
some similarities between this mechanism and liquid column break -up. Therefore, weber
number plays an important rol e in this breakup mechanism.

Different modes of breakup observed are: (a) twin breakup (b) bag breakup (c) film stripping
(d) catastrophic breakup. Figure 3.5 shows the different breakup modes. [81]

Each breakup mode is characterised by different deformation process and themicrostructure
of the powder is determined by the initial cooling rate. [81]

. 0
(a) Flow O G 8 o

1 Flow i SRR
(0) =0 Ul @ @

() Flow O 0 Qﬂ: G: t

£

a o0
ooo
¢

PNLY e (00

= 0 ,;C R = S

d 3 E . 2
@ C '4 ’;-. i W

Figure 3.5di f ferent types o

f sec y breakup. (a) Tw
stripping 1000W

ar
50 (d[Bl Catastrophic 3500We

The first type of breakup is the twin breakup denoted by (a) in the Figure 3.5. The type of
breakup is seen for the néxttgwoflbréakupisthedbagb@aiep< 12 . 0 .
and is denoted by (b) in the Figure 3.5. Bag breakup is seen for the
where the ring edge breaks into larger droplets. The film stripping breakup is seen for flows

wi t h 100 OWe O3 5dfes ardidsimtegratedingo fireer droplets. Catastrophic breakup

is a complicated process that is not well understood yet, but it yields ultrafine and uniform

sized powder s . I't occurs for [he flow with 350 O We.
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3.2 Wake Closure Phenomenon

The characteristic feature of CCGA is the compex gasflow field surrounding the melt delivery
nozzle. The efficiency and powder size distribution can be increased by understanding this
complex gas flow field.[22, 81-83] The gasflow field can be divided into near field and far field.
The area downstream the melt nozzle about 34D lengths is termed as near field area. Here, D
is the diameter of the melt nozzle. The gas jets in the near field areaare characterised by high
kinetic energy and a great degree of aimization happens in this region. The area further
downstream is termed as far field region. [82]

The gas flow field has been studied comprehensively through Salieren method. It has been
concluded from these studies that the melt disintegration occurs not only through shearing of
melt by the gas jets but also occurs in recirculation zone.Figure 3.6 shows the near field of the
CCGA for aconvergent divergent nozzle.[22]

\ Circumferential

Convergent-
divergent edge
jet exit
Recirculation
Melt discharge eddies
orifice '
- Stagnation pressure
Recirculation zone N 7 point located at the
(wake) \\!, wake front
Y

Figure 3.6 Gas flow field in the nearf ield region . [22]

The melt stream entering the recirculation zone in front of the melt nozzle is acted upon by
the recirculating gases which pushes the melt into a thin film around the melt nozzle tip. [22]
This phenomenon of melt breakup in the recirculation zone is chaotic and not well-

understood. Different hypotheses have been published by various researchers[22, 83, 84]

One of the popular hypotheses about the recirculation mechanism proposes aspiration
pressure as the reason for its formation. Also, aspiration pressure influences the volume of
melt entering inside the recirculation zone. Aspiration pressure is the pressure measured at
the melt orifice and is the time/average mass balance of the gas entering and exiting the

control volume. Aspiration pressure depends on the operating gas pressure.[22, 85]
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In choked nozzles, the gas jets undergo expansion on exiting the gs die and lose energy. They
continue to expand till the free boundary while producing shocks. The expanding gas jets meet
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the other expanding gas jets at the focal point. The part of the flow turns towards the melt

nozzle tip forming the recirculation zon e. This recirculation zone is entrained by the wake

boundary of expanding gas jets which is formed by the recompression shock waves formed by

the flow at subsonic speeds.[23] Figure 3.6 shows the wake boundary region with the

recirculation zone. [22]

The operating gaspressure of the atomizer decides the type of the wake formed. The wake can
be either open or closed. A closed wake occurs at higher pressures (>4.5 MPa) and is caused

by the obligue shock waves crossing each other in front of the melt nozzle forming a Mach

disk. Anopenwakeisf or med at

ower

pressures wher e

each other and hence no Mach disk is formed.[22, 23] The recirculation zone in both the cases

has a stagnation point which moves downstream as the operating pressure increases. This in

turn leads to increased gas flow into the recirculation zone. The primary breakup in the

recirculation zone was studied by Settles and Mates through schlieren images of prefilming

of molten tin in front of the melt delivery nozzle tip. [85] The melt stream entering the

recirculation zone is forced across the melt nozzle surface to form a thin film by the radial

forces due to the recirculating flow through pre -filming. It was found t hat the thickness of the

film formed in this stage influences the particle size. [84]

Nozzle
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Figure 3.7 Schematic representation of open and closed wake conditions . [22]

Figure 3.7 shows the gas flow field for open and closed wake conditions in an atomizer with

square tipped melt delivery tube. [22]
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The size and the shape of the recirculation zone is influenced by the gas die design, atorzing
pressure and melt delivery system design. TheMach disk has been discussed in section 2.2.4.
In the single-phase analysis (gasonly), a stable Mach disk is observed in all the atomizing
pressures that produce a closed wake. Also, the flow exhibits steady behaviour in the absence
of melt. In physical process, the Mach disk deteriorates and the flow exhibits unsteady
behaviour for all pressures that produce a closed wake[86] Ting et al analysed the open and
close wake conditions and proposed a pulsation model[87] They analysed a range of pressures

in a atomizer with a tapered tipped melt delivery tube.

In this model, the melt spreads in the recirculation zone due to shallow aspiration pressure
when the atomizing pressure is less than 4.95 MPa in the considered atomizer design. As the
wake region increases for the ogn wake condition, gas flow into the recirculation zone
increases leading to a significant increase in aspiation pressure. This significant increase in
aspiration pressure causes disruption in melt flow as the gas forces the melt into the melt
orifice. The wake returns to the original shape when the melt flow into the recirculation zone
decreases. In closed wak condition, the melt flows in the recirculation zone causing the closed
wake to change to open wake. The Mach disk disappears and the gas flows iot the
recirculation zone resulting in an increase in aspiration pressure and decrease in melt flow.
The wakereturns to the original shape. This phenomenon is observedat a frequency of 1650
Hz and can be seen as flickering in the CCGA process. This pulgen of the recirculation zone

controls the primary breakup. [22, 23]

Ting et. al. carried out their analysis through high-speedimaging. The captured images were
digitised and the number of pixels representing the melt area was used as the input datafor
discrete Fourier transform. The solution spectrum contained many high -amplitude peaks in
the low frequency range which corresponds to the fluctuations in melt flow in the recirculation
zone.[21]

Mullis et al also carried out high speed imaging of the melt plume movement in recirculation
zone. They also carried out Fourier transform of the pixel data obtained from the images
containing the melt mov ement in the recirculation zone. They found that the plume oscillates
at afrequency lessthan 25Hz and precesses at a higher frequency at about 360 Hz. They also
analysed an analogue atomizer where the melt was replaced with water to analyse the
precessian. They concluded that the precession exhibited by the melt plume is not influenced
by the operating gas pressure and depends on the gas die design and melt delivery system
design. [88] .
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Another notable extensive study about CCGA was carried out by Mates and Settles. They
studied gas flow field around various converging and converging-diverging nozzles for both
annular slit atomizer and discrete jet atomizer. They disputed the pulsation model and
suggested that wake closure does not affect the melt movement into the recirculation zone.
[[84, 85]

Melt

Wake Melt is drawn

into the wake
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the wake by the high gas pressure
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Figure 3.8 Schematic representation of the pulsation seen durin g atomization. [23]

Figure 3.8 shows the schematic representation of a pulsation model for a closed wake

conditions. [23]

The pressure at which the wake transitions between operrwake condition and closed-wake
condition is called the Wake Closure Pressure.Gas die designmelt delivery design and the
operating pressure influence the wake closure pressure (WCP). Ting et al analysed the
influence of WCP on powder size of Nickel based alloyj21] They concluded that the powders
obtained by operating the atomizer at a pressure slightly higher than the WCP were 42% finer
than the powders obtained through open-wake. [21, 89, 90] These results were disputed by
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Mates and Settles who suggested that the WCPdoes not affect the powder size. They also

concluded that closed wake conditions are not preserved in CCGA[84]

3.3 Desig n parameters affecting the performance.

Various parameters of atomizer design such as gas jet delivery design, melt delivery tube
design and gas die design influences the powder size distribution and efficiency. A lot of
research has been focussed on incrasing efficiency. [89-91] Optimising these process
parameters will result in increased efficiency and higher yield of fine powders. Various factors

affecting these process parameters are discussed in this section.

3.3.1 Gas jet delivery design

In CCGA, the melt droplets are formed by kinetic transfer energy between melt and the gas
jets. An optimised gas jet die will lead to better kinetic energy transfer which in turn affects
the powder size distribution. Gas die system design and gas jet tube design are two aspects
influencing the efficiency of the gas jet die that are discussed here.

I/GQ;C;\/\Q\\. \\“\.
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/ \
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Figure 3.9 schematic representation of bottom view of annular slit confined feed (left) and discrete jet confined
feed (right). [92]

Gas die design system:

The design profile of the gas die such as apex angle and gas delivery arrangement affe the
gas-melt interaction. There are two types of gas delivery arrangemen- Annular Slit Confined
Feed (ASCF) and Discrete Jet Confined Feed (DJCF). ASCF have parallevalled gas passage
for the gas delivery surrounding the melt delivery tube in the form of circular slit. The outer
wall of the melt nozzle forms the inner gas die surface. DJCF has a system of discrete jets
placed strategically around the melt delivery tube. Figure 3.9 shows the front view of the ASCF
and DJCF.[92]

ASCEF is the most commonly usedatomizer design in industries but has high gas consumption.

This affects the efficiency of the atomizer negatively. Therefore, theseatomizers operate at 2
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4 MPa pressure. Also, asymmetric flow field and alignment of the focal point of gas flow with

the melt nozzle axis are oher two key issues in this design that affects the efficiency[91, 93]

DJCF is a newatomizer design developed recentl to offset the drawbacks in ASCF. This design
is known for producing fine and spherical powders. The ring of discrete jets is placed at a
distance from the melt nozzle. The gas consumption in this method is less compared b ASCF
for the same operating pressure as the gas exit surface area is lesser than ASCRA high-
pressure difference between the entry and exit of the choked gas delivery tube influences the
velocity of the gas which in turn affects the gas mass flow rate nto the atomization chamber.
Therefore, the DJ nozzle with choked delivery tube needs to be operated at a pressure higher
than the operating pressure of AS nozzle to achieve the same gas mass flow rate, to compensate
for the reduced exit surface area. Thisis due to the conservation of mass (continuity equation).
Therefore, it is possible to increase the operating pressure to obtain finer particles. [49][91]
DJCF nozzle is intricate indesignandd i f f i cult t o manufacture and t|

used in industries.

Two famous discrete jet gas die designs are the Ultrasonic Gasatomizer (USGA) and High -
Pressure Gas Atomizer (HPGA). USGA is the earliest model and utilised ultrasonic sound
waveswhich is not yet completely understood. This gas die had a special cavity in which high
frequency ultrasonic sound waves with sufficient kinetic energy is produced when atomizing
gasespassed through it. Ultrasonic waves are produced due to boundary layerexpansion.[93,
94] Ting et al discovered that increasing operating pressure decreases the particle size

melt path

}
a) USGA Atomization
Nazzle

melt path

gas ~
path —

b) Ames HPGA nozzle

Figure 3.10 cross-sectional view of the USGA atomization nozzle(a) and HPGA nozzle(b). [93]
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distribution. The model analysed by Ting has 18 cylindrical gas jets and an apex angle of 45
degree[93] HPGA was devel@ed by Ting and Anderson in Ames laboratory. This design has
20 cylindrical gas jets and an apex angle of 45 degree. The characteristic feature of HPGA is
the ability to operate at high pressure without increasing the gas consumption. Figure 3.10
shows HPGA system[93]

Mates et al [95] found that the dynamic pressure of the gas jets influence the melt breakup by
analysing annular slit atomizers and discrete jetatomizers. The supersonic gas jets exitinghe
gas die at high velocity will have a large dynamic pressure and on interaction with melt result
in fine droplets. When the gas exit surface area of discrete jetatomizer and annular slit
atomizer was matched, the annular slit atomizer produced gas jets with higher dynamic
pressure compared to discrete jet atomizer for the same pressure as the former required

smaller perimeter than discrete holes.
Gas jet tube design

The design of the gas jet tube influences he velocity of the gas jets. A gas jet exihg with higher

velocity will have higher energy and momentum to expend which affects the particle size. Ames
laboratory studied the design of gas jet profile in HPGA to optimise it. A traditional atomizer
uses acylindrical choked die and the gas jets acelerating through it reaches only subsonic
speeds. An innovative design introduced into HGPA was convergentdivergent nozzle. Gas jets
can be accelerated to supersonic speeds through CD nozzlerigure 3.11shows a schematic
representation of CD nozzle. [96]

—
=1

Converging section Diverging section

Figure 3.11schematic representation of CD nozzle. [96]

The ratio of throat to the exit area determines the ideal operating pressure of the gas die for
an isentropic flow condition. Therefore, each operating pressure requires a unique gas die
design with the specific throat to exit area. When the gas jets exit at ambient pressure, shock
waves are not produced. When the operating pressure is lesser than the ideal operating
pressure, it leads to overexpansion resulting in subsonic shockwaves. When the operating
pressure is higherthan the design pressure, it leads to underexpansion resulting in supersonic

shockwaves. Shockwaves caies energy lose across them which affects the powder size

distribution of the yield. [93, 97] In real situations, the calculated design operating pressure
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will not be same as the measured design operating pressure due to machining tolerance.[88,
98]

It has been found that the CD nozzle produces vyield with better mean particle size and
standard deviation of the powder obtained. [88, 97] Ames laboratory produced a series of
HPGA atomizers called HPGA 1 which was designed to produce gas jets at subsongpeed. The
next series of HPGAatomizers called HPGA 11 was designed to produce gas jets at supersonic
speed. Both theseatomizers had an apex angle of 45 degree. Another series of HPGA gas
atomizers called HPGA 111 was produced on further optimization ofHPGA 11. HPGA 111
atomizers had an apex angle of 22.5 degree instead of 45 degree as in the case of previous
series. Also, the number of discrete jets were decreased from 22 holes to 18 holes. Gas dies in
this series was able to produce supersonic gas jet at Mach 3 and operate at presures higher
than 7 MPa. The powder size distribution improved considerably from 41 um in HPGA 11 to
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Figure 3.12 schematic representation of HPGA 111atomizer. [93]

35 umin HPGA 111. HPGA 111 also has a lower gas consumption compared to HPGA 11 which
increases the efficiency of this atomizer. Figure 3.12 schematic representation of HPGA 111
atomizer. [93] shows the schematic representation of a HPGA 111 atomizer. The reduced apex

angle also resulted in an increase inthe efficiency of this atomizer. [93]

Cui et al [99] analysed a converging and convergingdiverging nozzle geometries for different
operating pressures and found that the converging nozzle was more sensitive to operating

pressures and changes in geometry. They also found that converging nozzle was able to
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produce a sub-ambient aspiration pressure avoiding the dynamic energy lose due to jet impact
and deflection.

3.3.2 Melt delivery nozzle

In free-fall atomizers, the melt is allowed to fall for a certain distance where it meets the
atomizing gas jets but in closecoupled gas atomizers, this distance is eliminated. An
inefficient design of the melt delivery system could result in the failure of the atomizer.
Therefore, the design of melt nozzle plays a major role in influencing the efficiency of the

atomizer.

\ /

protuberance lensth

melt internal profile

Figure 3.13cross-sectional view of an atomizer

The profile of the melt nozzle can be changed by altering the protuberance length or the

internal de sign of the tube. Figure 3.13shows the crosssectional view of an atomizer.

Aydin et al studied the nozzle deformation problem due to sub-ambient pressure occurring in
the recirculation zone during closed-wake conditions. A sub-ambient pressure in front of the
melt nozzle is required for the melt to be drawn into the recirculation zone. This sub -ambient
pressure also causes issues to the nozzle geometry. The extreme temperature difference
between the melt and the gas jetsleads to solidification and accumulation of metal resulting

in nozzle deformation. This deformation is detrimental to the atomization process and affects
the efficiency adversely.[17]

Protuberance le ngth:

The protuberance length plays a major role in operating the atomizer stably. An important
problem caused by incorrect nozzle design is the melt freezeoff caused by rapid cooling of
melt by high pressure gas inside the nozzle. When the melt deliverydesign results in a melt

flow rate lesser than the optimal melt flow rate for the given gas flow rate, melt freeze-off
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happens resulting in a blocked nozzle orifice. This problem could be alleviated by using a gas

die system designed for subambient pressure. [88, 91, 93]

Anderson et al studied the influence of the nozzle tip length on the efficiency of the gas
atomization . [91] They studied a set of nozzles of different geometriesFigure 3.14 shows the

nozzles considered.[91]

Figure 3.14 schematic representation of different protuberanc elengths. [91]]

In nozzle 1, as seen in figure 3.14the gas die and the melt nozzle tipdoes notcome in contact
with each other. It was found that this design provided the most control over the atomization
process compared to the other geometries. The nozzle design 2 has a square edged melt
delivery tube extending further than the gas die. This design had the strongest interaction
between the melt and the gas jets as the melt stream is closer to théocal point of the gas jets.
In design 3 and 4, the tapered ends allow a better expansion of gas jets. It wa concluded that
the melt tip design played a major role in influencing the gas flow pattern in front of the nozzle

tip and that in order to improve efficiency, the gas die must be carefully aligned with the melt

nozzle.[91]

Unal studied the gas flow field produced by supersonic jets using Schlieren photogrgphy in a
discrete jet atomizer with converging-diverging nozzle.[51, 90] It was found that the
protuberance length affects the particle size. A longer protuberance length resulted in
expansion waves that decelerated the flow to subsonic speed at a distare of few diameters
downstream the melt nozzle. Unal concluded that process efficiency depends on the dynamic
pressure possessed by the supersonic s and a supersonic jet with large dynamic pressure

produced finer particles.
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Internal design

Internal design of the melt delivery tube affects the disintegration of the melt entering the
atomization chamber. A wide variety of internal designs are used in CCGA process for different
application. A flat tip is the most commonly used design in the commercial atomizers. Another
commonly used design is the concave tip. The concave tip directs the gas jets in front of the
recirculation zone thereby increasing the melt-gas interaction. This model was first developed
by Miller and further improved by Anders on et all. [91, 97] Figure 3.15shows the concave melt
tip of the atomizer. [91]

Anderson et al carried out an extensive study on the melt nozzle designs and their influence
on particle size distribution. The melt is broken into tiny droplets due to kinetic energy transfer
from the gas jets to the melt. The gas jets exitingthe gas diewill undergo expansion while
losing energy. They found that in order to obtain a higher yield of fine particles, the melt must
be disintegrated in the primary recirculation zone where the kinetic energy is high. As the melt

stream moves downstream where the gas energy decreases, coarser particles are produced.

Figure 3.15Cross-sectional view of the atomizer with concave melt tip . [91]

[91] They decided to increase the melt orifice diameter in a discrete jet system as shown in he
Figure 3.15. This lead to an increased spread of the melt film which maximised the melt-gas
interaction. [100] Figure 3.16 shows the bottom view of the conventional gas die and gas die
with increased diameter. [100] They also attempted to stabilise the chaotic melt flow by
introducing slots or channels inside the melt delivery tube which directed the melt from the

centre to the nozzle edge where the gas jets atonzied it. Another type of melt nozzle called
AfBessel hornodo or ATrumpet b eé inak noazeasrsimilat th &
trumpet bell. This design can be optimized further by introducing slots. Anderson et al

designed a trumpet bell shaped melt nozzle with extended slots to facilitate better
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disintegration of melt by high-speedjets. One of the major problem with this model was the
correct alignment of discrete jets with the slots. [91]

McCarthy et al also studied various designs and concluded that internal and external designs

of the melt delivery tube plays a crucial role in pulsation phenomenon. [88, 98]

Figure 3.16 Bottom view of the conventional gas die and gas die with increased diameter. [100]

Also, Motaman found that designs with increased melt nozzle surface produced closed wake
at significantly lower pressures such as 3 MPa and 3.5 MPa. Two designs were considered with
a slanted nozzle surface(3.5 MPa) and a curved nozzle surface (3 MPa) Figure 3.17shows the

two designs considered by Motaman[101]
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Figure 3.17Designs considered by Motaman that produced low WCPs. [101]

3.4 Effect of the atomizing gases

Strauss et al investigated the influence of preheated gas in gas atomization. They concluded
that the gas temperature affects bigger droplets. They established a new parameter called
normalised gas energy rate which is the kinetic energy of the gas normalsed by mass flow rate
of melt. This parameter involved three other process parameters namely gas velocity mass
flow rate of melt and gas kinetic energy and provided a better correlation with experimental
data.[70].

Unal also investigated the various influence of the atomizing gases on the particle size
distribution. The influence of the atomi zing gas on particle size distribution was analysed by
considering three different gases- Helium, Argon and nitrogen. Helium produced the finest
particles and argon vyielded the coarsest particles. Nitrogen produced intermediate
particles.[68]
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3.5 Gas Metal Ratio

Gas Metal Ratio also known as GMR is an important parameter in determining the powder
size distribution. GMR is the ratio of the mass flow rate of the melt atom ized to the ratio of the
mass flow rate of the atomizing gas. [48, 89] The first empirical relationship between the

particle size and the process parameters was given by Wiggl02]Wi ggés r el ati onship
by

eq3.6
Q o tr 8, 8 7Y p

o:l c:

Where U is the liquid kinematic viscosity (m 2s9),
M is the melt flow rate (kgs-)
A is the gas mass flow rate (kgs)
dso is the mass median diameter (m)

The term M/A is the gas metal ratio. This equation was modified was Lubanska who also
studied the influence of process parameters in particle size distribution. [103] Her empirical

relationship is given by

eq3.7

Where d is diameter of the nozzle (m)

dso is the mass median diameter (m)

1. is kinematic viscosity of melt (m 2s%)

14 is kinematic viscosity of gas (m2s%)

b is constant which depends on atomization situation.
We is Weber number.

Both these relationships were established by focussing on freef a | | atomi zati on. L
relationship has exhibited good results for certain gas atomization process. From Lubanskad s
relationship, it is clear that GMR influences the patrticle size for a given nozzle design and melt

composition. A high GMR will help in obtaining a yield with higher percentage of fine powders.
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Therefore, GMR is directly related to the producti on costsand its optimization is an important
factor in atomization. For a given GMR, CCGA produces higher yield and has a better efficiency
compared to free-fall atomizer. [104]

A general form of the relationship between GMR and mass median particle size reported by

some researchers can be given as

eq3.8

3
C=| o: |

Where D is the mean particle diameter.

Another empirical relationship rel ated to GMR was given by Strauss and Miller [105] by
relating the GMR to the ratio of input and output power. This equation is

T®0 0

37 I3

01i” eq3.9

C~z| ca

Where — is the ratio of the input power to the output power of the system

Ugis the gas velocity(m2s)

r is the average powder radius (m)

3.6 Powder size distribution

The size and the shape of powder plays a major role in influencing the powder properties such
as flowability and compaction. Powders produced by gas atomization are not always spherical.
Figure 3.18 shows powders with different shapes.[106]

A spherical powder can be characterised by just the diameter of the powder. On the other hand,
the powders with non-spherical shapes can be defined by multiple chaacteristic dimensions
such as length and width. Though, these provide a high degree of accuracy, it complicates the
characterization process. Therefore, many techniques often utilize the concept of equivalent
spheres. In these cases, the particles size islefined by the diameter of an equivalent sphere
whose properties such as volume or mas s

measurement techniques use different equivalent spheres and thereforegive different results.

In industrial practice, a single diameter is not sufficient to define the quality of the batch of
powder produced. A better approach is to report the size distribution with the central point of

the distribution along with few more values in the distribution. Generally, the particle size
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distribution can be defined by Q , 'Q and Q . [107] Figure 3.19 shows an example

distribution curve. [107]

The median diameter’Q is the 50% siz of a cumulative distribution curve of the powder sizes.
This is the value at which half of the particles are finer than the expressed diameter and the

rest are coarser. In a symmetric distribution, this is the mid -point of the curve.

The diameter 'Q is the value in the distribution below which diameters of 90% of powder in
the batch occur. Similarly, Q is the value in the distribut ion below which diameter of 10% of
powder in the batch occur. The spread of the powder size distribution can be ddined by the

span of the distribution.
Span of the powder size distribution is defined as

L. Q eq3.10

The increase in the demand for fine and ultra-fine powders has led to anincreased demand
for narrow powder size distribution i.e. a distribution with shorter span. A powder size
distribution with wider span will lead to an increased quantity of powders that are not within
the required range. In close-coupled gas atomization, one of the main problems in the industry
is the wide spanof the powder size distribution. It is found that about 65% of powder produced

in CCGA are outside the requirement range and has to be melked againto be utilized as the
raw material for the further batch. [86]
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The consequences of a wide span of the powder size distribution are high remelt rate and low
guantity of final products which increases the cost of production.

Median 'Q

Figure 3.19 a distribution curve highlighting Q ,Q and'Q .[107]

3.7 Review of numerical works

Numerical works related to close-coupled gas atomization can be analysed broadly in three
categories 1 design parameters such as protuberance length and gadie designs, process

parameter such as GMR and aspiration pressure, flow features and interaction between melt
and gases.

The efficiency of the CCGA process can be improved by understanding the flow features inside
the atomizer. Mi et al carried out numer ical analysis of gas flow field around melt nozzle and
compared the results with the experimental data. They found that the num erical results were
in good agreement with the experimental data by investigating the recirculation zone, shock
waves and Mach dsk formation.[108] Ting and Anderson studied the wake conditions for a
range of pressure in depth in an annular slit atomizer. They proposed the pulsatile model
where the wake region oscillated between open wake and closed wake at a frequency &b-

50um. They analysed the wake closure pressure and the existence of Mach disj1] Espina et
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al also found the same results as Ting and Anderson ly studying the wake conditions and Mach
disk formation. [109]

The process paameters such as GMR and aspiration pressure are influenced by the atomizing
pressure. XinMing et al studied the relationship between aspiration pressure and the
operating pressure. As the operating pressure is increased, they found that the aspiration
pressure decreases and then increases. They also observed that the Mach disk moved further
away from the melt tip as the operating pressure was increased.110] Similarly, Xu et al
analysed the aspiration pressure of a conveging nozzle in an annular slit atomizer with an
apex angle of 45 degrees. They concluded that the aspiration pessure is influenced by the

recirculating gas and the protuberance length.[111]

The design of the gas die melt nozzle and apex angle has an impact on the flow features in the
near field region. Mi et al also studied the influence of atomizer geometry on the gas flow field
by comparing a range of apex angles and protuberance lengths. They concluded that aspiratia

pressure is greatly influenced by the protuberance length. A fully retracted nozzle resulted in
over-ambient pressure at the melt nozzle which affects stability of the atomization. A fully

extended nozzle provided a subambient pressure and sucked the mdt into the recirculation

zone. The apex angle affects the melt movement into the recirculation zone. They predicted
that a large apex angle results in the melt being drawn into the melt tube. [112] Zeoli et al
studied the flow field pr oduced by two different nozzle types with different protuberance

length. One nozzle was the isentropic plug nozzle and the otherhas a shorter protuberance
length. They carried out this analysis to attempt reduction of shock waves and to increase the
gas kinetic energy.[113] Ridder et al analysed the influence of the mdt pour tube shape on the
flow field. They considered two designs for this analysis. The first geometry was a straight
surface with no taper angle. The second geometry had a tapering feeding tube that aligns with
the tapering angle of the discrete jets. The former geometry resulted in a strong shock wave

leading to energy loses.[114]

The chaotic interaction between the melt and the gas jets is very challenging to simulate and
the computational resources required for it is quite high. As mention ed in chapter 2, different
modelling approaches such as DNS, LES and RANS are available to generate numerical

results. Different two-phase analysis carried out are mentioned below.

Tong et al modelled the melt-gas interaction in the recirculation zone usin g direct numerical
simulation method (DNS). Strong hydrodynamic interactions were predicted between the
melt and gas jets. They concluded that the process is unsteady and steadgtate simulations
are not effective in modelling it. Also, the computational r equirement for DNS modelling is

intensive and it is not easy to develop a robust model.[115]
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Neumann et al analysed the primary breakup process in order to understand the subsequent
secondary breakup by using a choked nozzle and convergingliverging nozzle. They utilized
LES model with VOF method to generate the results. They studied the influence of process

parameters and the nozzle designs on the primary breakup in the nearfield area. [116]

The gas and the melt interaction in CCGA is a complex interaction between two immiscible
phases. The Volume of Fluid method can beutilised to solve this interaction, but the
computation requirement is again quite high to sufficiently model a droplet. Most of the two-
phase flow analysis of CCGA use discrete phase method. This is Euler-Lagrangian method

where the gas flow field is solved, and the melt is modelled as discrete particles

The first numerical mo del to predict the powder size distribution in a CCGA was developed by
Kuntz and Payne.[117]Gas flow field and melt phase was decoupled in this model. They solved
the gas flow field without the melt initially and then modelled the movement of melt stream
based on the gas flow path. The predicted results were in agreement with experimental data
with a slight discrepancy. This discrepancy was attributed to the one-way coupling approach
of this model. Similarly, Figliola et al [118] modelled gas flow field with discrete particles in
two-dimensional axisymmetric domain. The numerical results did not agree with the

experimental data due to the axisymmetric assumption.

A two-dimensional axisymmetric model was developed by Underhill et al in which the

particles were introduced into the flow fiel d. They analysed the droplet trajectory and the
temperature and found that the cooling rate was higher for smaller droplets. The results were
in agreement with experimental data. [119] The momentum and thermal behaviour of droplets

were analysed by Li et al. They modelled a velocity flow field with equations using the previous
experimental data. The atomization process was notmodelled, and droplets of different sizes
were introduced into the flow. They predicted the in-flight conditions, temperature,

solidification behaviour and cooling rates of the droplets. [18] Grant et al also modelled the
thermodynami ¢ behaviour of droplets. They found that the particle movement and thermal

history is greatly influenced by droplet diameters and melt distribution. [120-122]

A model called Surface Wave Formation was proposed by Atipas et al. in which the melt
breakup was modelled through a series of sinusoidal waves on the melt surface. The only forces
acting on the melt are the aerodynamic force due to gas jets and surface tension of the melt.
The results obtained through this model was in good agreement with the experiment. [123]
Also, they analysed the size ofthe ligands formed downstream for various atomizing gases.
They found the ligands sizeto be about 550 microns for nitrogen and 600 microns for argon

in the primary atomization zone. [124]
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4 TWO -DIMENSIONAL SINGLE PHASE (GAS)
ANALYSIS

Methodology, research and discussion.

Close-coupled gas atomization is a complicated powder production process nvolving high
temperature and high velocities. In order to analyse the interaction between melt and the gases
in the atomizing chamber during CCGA, the first step is to study the gasdynamic behaviour
for a range of operating pressures. Understanding the gas flow field in the nearfield area will
assist in improving the efficiency of the process as a substantial quantity of melt breakup

occurs in this region.

An annular slit gas atomizer has been chosen for this studyFigure 3.1shows the gas atomizer
along with melt and recirculating gases. Annular slit gas atomizers are axisymmetric. There

are variations in radial direction(r) and vertical direction(z) but not in the angular direction

(e) in the axial s y ndimensional. flowTdbneain és fsufficient themeby t w o

reducing the computational power requirement.

The methodology involved in developing a single-phase two-dimensional model and results
obtained from it are discussed it.

41 METHODOLOGY

Developing a numerical model of CCGA typically includes establishing a numerical domain,
meshing the numerical domain, applying the boundary condition s, solving the governing
equations over the numerical domain and postprocessing the results obtained. The steps

involved in developing a two-dimensional domain is discussed here.

4.1.1 Establishing a numerical domain

The first step in developing a robust model is defining the geometry of problem. A close
coupled gas atomizer with annular slit jet type is chosen for the two-dimensional study. Figure
4.1 shows the schematic representation of the nozzle with an apex angle of 45 degrees.

Figure 4.2 shows the axial section of the atomizer and the numerical domain considered. The
domain was created in cylindrical coordinate system due to the axial symmetry. The flow field
extended about 1D lengths in radial direction (r -direction) and about 20D lengths in vertical

direction (z-direction) where D is the melt nozzle diameter. The dimensions of flow field are
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chosen such that there is a sufficient far field area, and the flow is not affected by the boundary

conditions. Domain sensitivity has been investigated in section 4.2.

10 mm

ww g

}’ld—-nm:m: ..... ;
. — 2mm
45

—

Figure 4.1 Schematic representation of the nozzle with dimensions

The part of the atomizer considered in this study has been highlighted in Figure 4.2. A choked
gas die has been chosen for this numerical study as it is commonly used inndustrial atomizer.
A gas chamber has been included in this study as it was found out in the analysis carried out
by Motaman that flow field obtained through a domain with gas chamber produced results
similar to the experimental results. [L01] The model is based on the experimental setup
adapted from the CERAM PSI atomizer design which is a discrete jet atomizer with 18 jets. As
the model considered in this study is annular slit atomizer, the gas flow rates will not be the
same and hence the vidth of the annular slit is reduced in order to match the gas flow rate of
the discrete jet atomizer. The gas flow rate of the CERAM PSI discree jet atomizer was found
to be 2502 gmin-l at 3MPa atomizing pressure. A range of annular slit width lengths were
considered at 3MPa atomizing pressure, and it was found that a width of 0.21 mm was found
t o mat ch t he di screte j e Chaptert ® pxplaresr tiies varigua s

approximations that can be implemented in a two -dimensional model to simulate the discrete-

50 mm
Gas

chamber

Part of the atomizer :
considered | Axis of rotation

-----------------------------------------------------

Figure 4.2 Schematic representation of the domain
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jet atomizer and whether a two-dimensional model is sufficient to analyse discrete-jet
atomizers.

54 mm
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P

Figure 4.3 schematic representation of the domain with melt delivery tube

Gas die designs used inndustrial atomizers have a melt delivery tube through which the melt
enters the recirculation zone. Initially, a case with metal delivery tube was considered as
shown in Figure 4.3.

As this is a single-phase analysis, therewas no melt flowing through the tube resulting in an

empty tube. When the melt entry point was modelled either as outlet or far -field condition,

the gas in the atomizing chamber exited through the melt delivery tub e which is not similar to

the real atomizer. Figure 4.4 shows the velocity vector plots when the melt delivery tube is
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Figure 4.4 Velocity vector plots for the melt delivery tube modelled as outlet (top) and inlet (bottom) for 1MPa
atomizing pre ssure
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modelled as outlet (top image). The gases exit which is not observed in the physical process
due to the presence of melt.

Another importan t feature of this nozzle design is that the pressure around the melt nozzle tip
is over-ambient and requires the melt to enter the recirculation zone at a pressure of 40kPa,
When the melt delivery tube was modelled as a gas inlet at a pressure of 4RPa, the gas flowed
through the tube and joined the gases in the atomizing chamber resulting in increased gas
volume compared to the real scenario. Figure 4.4 shows the velocity vector plots when the melt
delivery tube is modelled as inlet (bottom image) . The gases join the recirculation zone and
influence the shape ofthe recirculation zone.

In physical CCGA process, there is no gases exiting or entering the atomizing chamber through
melt delivery tube. Therefore, the melt delivery tube was completely eliminated and replaced
with a wall as shown in Figure 4.5

Further optimization of gas die design has been achieved after grid independence and is
discussed in section 4.2.

4.1.2 Mesh generation

After creating the geometry, the next step is meshing the numerical domain. In mesh
generation step, the flow domain is split into smaller subdomains called elements. The
governing equations are then solved for every element in the mesh. These elements cate
triangular or quadril ateral shaped in case of twedimensional domains and can be

tetrahedron, quadrilateral pyramid, triangular prism or hexahedron.

Mesh can be classified based on connectivity as structured, unstructured and hybrid meshes.
A structured mesh is identified by regular connectivity between the elements and can be
expressed as arrays. On the other hand, the unstructured mesh has irregular connectivity and
requires larger memory compared to structured mesh. The hybrid mesh is a combination of
structured and unstruc tured mesh. Regular connectivity and repetitiveness of structured mesh
results in better alignment between elements leading to a comparatively better-quality mesh

with better control in simple geometries

The geometry considered forthis study is a simple geometry with no movable parts. Therefore,
a structured mesh is utilized in this project. Also, Zeoli modelled multiphase flow of CCGA in
a structured mesh. [63] Similarly, Motaman [ 84] also carried out a single-phase modelling in
a structured mesh.

It is important to generate a mesh fine enough to capture all the flow characteristics but also

not be very computationally intensive. In other words, the mesh elements should be at the size
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where the flow characteristics captured does not change with decreasingelement size. A mesh

independence study is carried out to generate such a mesh and is discussed isection [4.2]

4.1.3 Material used

As seen in the literature, there are wide variety of gases utilized for atomization. An inert gas
is preferred for producing pow ders with less to no contaminations. Argon is the most widely
used gas in the commercial atomizer. Argon is chosen as the atomizing gas in this study. [70]

In HPGA, spherical powders are easily produced in an inert environment. [ 83]

The flow features in the domain are influenced by the density and the specific heat ratio of the
gas used in the study. The specific heat ratio of the gas affects the Mach number and the
stagnation conditions in a flow. The compressibility effects become more important with

increasing Mach numbers and in turn affects the shock and expansion wave formation.

4.1.4 Boundary condition

Mesh generation is followed by establishing boundary condition. Specifying appropriate
boundary conditions and initial values are i mportant step in developi ng a high-fidelity model.
There are different kinds of boundary conditions available for the analysis. A wall in the
domain can be modelled as stationary or moving with appropriate slip conditions and
roughness. The inlets and outlets in the compressible low domain can be defined by
appropriate mass flow rates and pressures. In an incompressible flow domain, the inlets and

outlets are velocity based in most cases.

The gas jets entering the atomizer are at high pressure and the domain considered is a
compressible flow domain. Therefore, a pressure inlet boundary condition is appropriate for
the inlet conditions. The gas jets lose their momentum and reach atmospheric pressure when
nearing the outlet. The pressure outlet boundary condition is appropriate in this situation.
Since our geometry has axial symmetry, an axis has been defined. The wik in the domain are

modelled as stationary no-slip walls.

inl

Waﬁtl1

outlet
................ Auds of rotation

Figure 4.5 Schematic representation of boundary conditions
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Compressible flows undergo shocks and expansion waves which are characterised by density
gradients. Generally, a density-based solver is utilized in analyses with density gradients.
Therefore, a density-based solver is chosen for this analysis.

Figure 4.5 shows the boundary conditions applied to the domain.
The analysis is based on the flowing assumptions in order to simplify the calculations:

1 Flow is considered to be steady state.

=

Flow is considered 2D axis symmetric.

The fluid is considered as argon and modelled as a compressible ideal gas with specific
heat ratio A = 1.66.

The impact of the molten metal is not considered.

For presentation purpose, the model is rotated 90 degree anticlockwise so that the
atomization direction is changed from vertically downwards to horizontal as seen in
Figure 4.5.

All the simulations were carried out using Ansys 17.1 in a workstation with 32 GB RAM and
64-bit Operating system. Initially the axis of rotation o f the model coincided with the z-axis
(r=0) but the model diverged. Therefore, the axis of rotation was moved to r=25um and the

problem was overcome.

4.2 RESULTS AND DISCUSSION

The first step in analysing this two -dimensional gas only flow model is the mesh independence
study. This is followed by domain independence and turbulence model sensitivity studies for
a gas pressure of 1 MPa and the results are presented.

4.2.1 Mesh Independe nce study

Three different meshes were created with varying degree of fineness withtotal elements of
12000 in the coarsest mesh, 18000 in the medium mesh and 24000 in the finest mesh. The
aim of this study is to establish a mesh with minimum number of elem ents to capture the flow
changes in the domain in order to utilize the computation al resources efficiently and solve the
model in reasonable time. Therefore, the domain was compartmentalized and meshed. This
compartmentalization is derived from the previou s works carried out by Motaman. [92] Figure

4.6 shows the compartments in the domain.
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Figure 4.6 Schematic representation of compartmentalized domains

The compartments near the nozzle region were meshed with fine elements and the
compartments near the outlet is meshed with coarser elements. In all the meshes considered,
the ratios of element sizes were maintained constart. The element size was reduced by 25% in
each case from the oarser mesh to finer mesh. Figure 4.11shows the velocity contour plots for

1MPa atomizing pressure for all three meshes considered. The changes in the recirculation
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Figure 4.7 Schematic representation of the mesh considered in this study (18000 elements)

zone and in the expansion waves towards the outlet can be seen Ighlighted in it.
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Figure 4.7 shows the mesh in the whole domainand the nozzle region with fine elements. The
flow undergoes rapid changes in flow properties when it expands after exiting the gas delivery
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Figure 4.8 Location of rakes in the flow domain

slit. Also, the recirculation zone in front of the melt nozzle is an important flow feature and
experiences large gradients in flow properties. Generally, in order to analyse a mesh for grid
convergence, a rake is set p and a scalar parameter is measured at all points inthe rake. The
values obtained at all meshes are compared and the grid convergence is established when the
value of the parameter does not change with reductionin element size. Therefore, two rakes
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S —a— 24000 elements
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Figure 4.9 Velocity magnitudes across the rake 1 near the gas jet expansion
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Figure 4.10 Velocity magnitudes across rake 2 near the melt delivery tube

were set up in these two locations to analyse the grid convergenceFigure 4.8 shows the

location of both the rakes.

RAKE 1:

Figure 4.9 shows the velocities across he rake for all the meshes. It could be seen that the
values of velocities are identical for both the meshes with 18000 and 24000 elements.

RAKE 2:

Figure 4.10 shows the velocities across the rake for all the meshes. It could be sen that the
values of velocities are identical for both the meshes with 18000 and 24000 elements. From
the above results, it can beconcluded that the medium mesh with 18000 elements can be used

to generate near accurate results with minimum computation t ime and resource

Table 4.1 lists the mesh element size utilised in the various compartments of the mesh with
18000 elements.

67



Two-dimensional single -phase analysis
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Figure 4.11velocity contour plots for 1IMPa atomizing pressure for all three meshes considered.

Table 4.1Various elements used in the mesh in this study

Compartment Mesh element size (horizontal*vertical)
C1 0.15 mm x 0.15mm

C2 0.1 mm x 0.04 mm

C3 0.15 mm x 0.15 mm

C4 0.1mm x 0.04 mm

C5 0.3 mm x 0.1mm

C6 0.3 mm x 0.15mm

4.2.2 Boundary Independence study:

The gases exiting the gas die udergo expansion around the melt nozzle tip. The strength of
the shock waves formed reduces as the gases move further away from the nozzle region and
understanding the flow in near -field region is importan t. Therefore, the domain with 90*15
mm2 as dimensions is considered initially. This initial domain size was adopted from the
previous project. [80] The boundary length independence study is carried out in r -direction
and z-direction. The flow domain had a length of 90 mm in z direction along with melt deliv ery

tube and 15 mm in r direction.
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A standard k-R mo de | was used in this study with secon

convergence tolerance of the residuals was set at 286 and the simulation was run for 25000
iteration.

Velocity
' 4.920e+002
4 569e+002
4.217e+002
- 3.866e+002
3.514e+002
- 3.163e+002
2.811e+002
- 2.460e+002
- 2.109e+002
- 1.757e+002
1.406e+002

1.054e+002
I 7.029e+001

70 mm

3.514e+001
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Figure 4.12velocity contour plots for domains with lengths 50mm and 70mm along z direction

Z DIRECTION:

The flow field in z direction was initially considered at 90 mm along with melt delivery tube.
The domain extended to a distance of 50 mm without the melt delivery tube. As mentioned
above, the strength of the shock waves reduces as the gases move downstream and the changes
in the flow also reduces with it. The flow field was extended to 70 mm to verify whether the
flow pattern changed. But the flow field was found to remain unchanged. The flow in the

extended domain area did not exhibit any notable changes and the expansion waves begin

extended domain =70 mm
—e— shorter domain = 50 mm

450 -

400

350 - Ao

SRR

j L
2 200

’\If'\/‘,\r\ Vo

x\/’vvvv

-50 T T — T T T T T ™
0.03 0.04 005 006 007 008 009 010 011 0.12

distance (m)
Figure 4.13Variation of velocity magnitude in the Z -dire ction
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deteriorating. The extended domain has been highlighted in the Figure 4.12and it can be seen
that the flow is approaching mid -range velocities near the outlet area.Figure 4.12 shows the
flow field for 50 mm and 70 mm (90 mm and 110 mm along with melt delivery tube in the
previous project [92]).

A rake was set up along the horizontal direction and velocity was measure at specific points.
It was set up from the wall replacing the melt delivery tube to the outlet at distance of 0.5 mm
from the axis with 50 data points. Figure 4.13shows the velocity variation along the rake. It is
found to be identical and the additional 20 mm did not show any major flow pattern and the
velocity begins to reach steady values.Therefore, it can be concluded that 50 mm is the
boundary length independence in z-direction.

R DIRECTION:

The boundary length in r-direction is considered as 15mm as considered by Motaman[101].
But there exists a nonzero velocity in the far-field region near the upper wall. Therefore, the

length of the domain must be increased in r-direction in order to get rid of the non -zero
velocity.

15 mm
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Figure 4.14velocity contours for various domain lengths in r -directio n
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The domain length considered were 15 mm, 20 mm, 24 mm and 25 mm. In all the four cases,
the element size is maintained constant and as the length is increased, the number of elements
increase through the four cases Figure 4.14 shows the non-zero velocity variation with
increasing the boundary length. It can be seen that at the length of 24 mm, the non-zero
velocity disappears. Therefore, the dimensions of the flow field are changed from 15 mm to 24
mm.

The final domain dimensions for this study are 60 x 24 mm2 and is shown in the Figure 4.2
This is measured from the wall of the gas chamber to the outlet in z direction and from axis to
the upper boundary wall in the r direction.

4.2.3 Turbulence mod el sensitivity study:

All the independence studies were carried out in Standardk-R turbulence model.

Three turbulence models were considered to establish model independence. kR-SST,
Standardk-R arnitl RNG used to deter mi ne tthiesimblatient t ur bu
The convergence tderance of the residuals was set at 1606 and the simulation was run for

25000 iteration in second order discretization scheme.

Figure 4.15shows the simulation for 1 MPa using all the considered turbulence model. It can

be seen from theFigure 4.15that the expansion waves deteriorated soonerinkU RNG -and k
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Figure 4.15Comparisons of various turbulence models for 1MPa atomizing pressure
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Figure 4.16 Velocity magnitude along the axis using the three turbulence models considered

R SST model s. 1 n bot hthoftheshoek wanesliepredicted mucrehigtet r e n g
than the strength of the shock waves in kw standard model leading to gases losing energy

rapidly.

A horizontal rake was set up along the axis at a distance of 0.5 mm from the axis and velocity

along the rake was plotted. Figure 4.16 shows the velccity variation along the rake. It can be
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Figure 4.17Velocity contour plots for 4.5 MPa operating pressure in all the turbulence models considered in this study
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seen from the Figure 4.16that the velocity of the gases increases and decreases in pattern and

reach a steady state near the outlet.

INk-R SST -@8nBN® model s, t he si¢prédotedilessythamthe kRhet das e
model due to the strength of the shock waves. This in turn affects the flow features developed

downstream the melt nozzle. Figure 4.17 shows the velocity contour plots for 4.5 MPa

operating pressure. A Mach disk was observed only in standard k-R  model . I n tt
experimental work of Motaman, the Mach disk was observed at 4.5 MPa.[101] Figure 4.18

shows the comparison of velocity contour plots at 4.5 MPa generated in this study with the

schlieren photograph obtained by Motaman. [101]

Oblique ' ' ‘ .
- Y ¥y
\V/ - =

" Mach
Mach disk
v
disk

Prandtl-
Meyer
waves

Figure 4.18 Comparison of 4.5 MPa velocity contour plots with Schlieren photograph produced by Motaman

Also, as discussed in chapter 2, kR SST model is diff-UcBNG modelbnise
generally used in internal flows, therefore standard k-R  mo d e | is chosen for th
the preliminary analysis, it can be concluded that a mesh with 18000 elements, adomain with

dimensions of 60 x 24 mm?2 and standard k-R t ur bul ence model can be uc¢

results in this study.

4.2.4 Atomizer profile.

The length of the melt tip influences the melt -gas jet interaction and thereby influences the
efficiency as discussed in the literature review. The protuberance lengthin this model is set to
be 3.06 mm. Any protuberance lengths greater than this results in an adverse flow separation
on the melt nozzle surface Figure 4.19 shows the flow separation due to longer protuberance
length. Also, the gas exit slit width was set at 021 mm as the gas flow rate for 021 mm width
was calculated to be 2500 gmint which is the gas flow rate measured in a CERAM atomizer
for 3MPa atomizing pressure.

The adverse flow separation around the melt nozzle due to longer protuberance length results
in melt being drawn into it. The melt solidifies around the nozzle tip leading to deformation of

the nozzle. In most of the cases with longer protuberance lengths, the separated flow leads to
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nozzle deformation and ending of the process. This separated flow along the melt nozzle edges

is called lick-back.
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Figure 4.19velocity contour plots showing the flo w separation for a longer protuberance length (3.16 mm)

The settings used in this studyto generate results through Ansys Fluent 17.1are listed in Table

Flow separation/'

Two-dimensional single -phase analysis

4.1
Table 4.2 Table listing all the settings used in Ansys Fluent to generate results

Setting Option
Solver type Density-based
Velocity formulation Absolute
Time Steady
2D space Axisymmetri ¢
Energy On
Turbulence models Standard k-w
Formulation Implicit
Flux type Roe-FDS

Spatial Discretization

Second Order Upwind

URF Turbulent kinetic energy

0.8

Specific dissipation rate 0.8
Turbulent viscosity 1
Solid 1
Initialization Hybrid
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4.3 FLO W DYNAMICS OF VARIOUS ATOMIZING PRESSURES

The meshed flow domain was simulated in Fluent using a density-based solver. The domain
dimensions are 60 mm and 24 mm. The wake closure pressure observd experimentally for
the flat head nozzle is 4.5:0.5 MPa. [101] Motaman computationally modelled the nozzle and
the flow field and observed the wake closure pressure at 4.75 MPa[101] The solution was
solved using first order discretization to obtain an approximate solution and then again solved
with second order discretization to obtain much accurate solution. The velocity and pressure

contour plots for different pressures are discussed below.

4.3.1 1 MPa atomizing pressure:

The first pressure considered in this analysis is 1 MPa.Figure 4.20 shows the velocity contour
plots for 1 MPa atomizing pressure. The recirculation zone along with expansion waves and
shock waves is highlighted. The gases exiting the gas die begin expanding due to the difference
in pressure between the gas jets and tle surrounding gases. The gases travel towards the outlet
through series of expansion waves and shock waves. The gases undergo compression across
the shock waves and begin expanding downstream the shock wave.

At 1MPa atomizing pressure, there exists an openwake. The gas jets impinge at a point
(stagnation point) and flow in the opposite direction towards the melt deliver tip. This leads

to the formation of recirculation zone. The gas jets expand around the recirculation zone and
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Figure 4.20 Velocity contour plots for 1MPa atomizing pr essure for the whole domain and the recirculation zone

continue to flow towards t he outlet. Figure 4.21shows the velocity vector plots near the nozzle

region. The recirculating gases can be seen in thd-igure 4.21.
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Figure 4.21Velocity vector plots for IMPa atomizing pressure for the whole domain and the recirculation
zone

The aspiration pressure is measured in front of the melt delivery entrance which has been
modelled as wall in this study due to reasons mentioned in section 4.1.1 A rake with 10 points
has been defined in front of this wall and the area-weighted average static pressure across the
rake was found. Also, this pressure is not the absolute pressure at thelocation and is over-
ambient to the surrounding gases (relative pressure).

Figure 4.22 show the pressure contour plots in front of the melt nozzle. The pressures greater

than 0.1 MPa has not been visuaised in order to visualise the lower pressures in detail.
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Figure 4.22 pressure plots of the recirculation zone for 1IMPa atomizing pressure
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As seen in theFigure 4.22, the pressure increases from the melt nozzle towards the inner part
of the recirculation zone and is not a sub-ambient pressure. The aspiration pressure is found
to be 27.13kPa. The recirculating gases push the melt inside the melt nozzle, and it can be
overcome by introducing the melt at a pressure sufficient to overcome this aspiration pressure.
As mentioned in section 4.1.1, this atomizer desgns requires the melt to enter the atomizing

chamber at a 40 kPapressure in order to overcome the aspiration pressure.

4.3.2 3MPa atomizing pressure:

The next simulation was carried out for an atomizing pressure of 3MPa. Most of the
commercial atomizers use 3V Pa as the standard atomizing pressure.Figure 4.23 shows the
velocity contour plots at 3 MPa.
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Figure 4.23 Velocity contour plots for 3MPa atomizing pressure for the whole dom ain and the recirculation
zone

The velocity contour plots shown in Figure 4.23 is steady stateflow field velocities at 3MPa
near the nozzle region. At 3MPa atomizing pressure, the gas flow rate is higher than the
previous case. The pressure difference between the exiting gas jets and the ambient is higher
and this leads to gases acquiring higher \elocities while expanding. Due to the above
mentioned reasons, the gas jets expand more than 1MPa gas jets. The obliqgue shocks develop
similar to 1MPa flow field, but the strength of the shock waves and the expansion waves are
higher than those formed in 1MPa pressure due to pressure difference and the increased
momentum. The decelerated gas jets accelerate and expand into Prandtl Meyer shock waves
through shocks and travel towards to outlet.

The expanding gas jets impinge at a point (stagnation point) and the flow turns towards the
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Figure 4.24 Velocity vector plots for 3MPa atomizing pressure for the whole domain and the recirculation zone

melt delivery tip forming a recirculation zone as observed at 1MPa. The recirculation zone

formed at 3MPa atomizing pressure is elongated as compared to the 1MPa. As the gas jets

expand more as they move towards the outlet (due to pressure difference), they influence the

shape of the recirculation zone leading to slight pinching of the recirculation zone.

Therefore, the expanding gases entrain the recirculating gases in an elongated manner.

Figure 4.24 shows the velocity vector plots of the recirculation zone. The recirculating gases

can be seen along with the stagnation point.
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Figure 4.25 pressure plots of the recirculation zone for 3MPa atomizing pressure
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As the previous case, a rak with 10 points was set up in-front of the wall replacing the melt

delivery tube and the pressure across the rake was found. The aspiration presste measured
at the melt nozzle is 10682 kPa. Again, a favourable sulbambient pressure does not occur. The
melt will not be drawn into the recirculation zone as the recirculating gases act against the
melt flow. The melt must enter the recirculation zone at a pressure higher than this aspiration

pressure in order to be atomized.

Figure 4.25 shows the pressure plot at the recirculation zone. Again, only pressures lesser than
0.1 MPa is shown in order to visualise the low pressures letter. Once the melt enters the
recirculation zone by overcoming the pressure at the melt nozzle, atomization happens. The
highlighted zone has swirling gas jets that results in atomized melt being recirculated till they

are picked up by the expanding gasjets.

As the atomizing pressure is increased the incoming gas jets will have more energy to expend
and expand more resulting in reduction in recirculation zone size. At much sufficient high
atomizing pressure, the open wake becomes closewake, and the flow field changes

appropriately due to the formation of Mach disk in front of the melt nozzle.

4.3.3 4.5 MPa atomizing pressure:

The pressure considered for the analysis is 4.5 MPa. A closed wake was observed
experimentally by Motaman. [101] Figure 4.26 shows the velocity contour plots at 4.5 MPa.
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Figure 4.26 Velocity contour plots for 4.5MPa atomizing pressure for the w hole domain and the recirculation zone
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At atomizing pressure of 4.5 MPa, the gas jets possess highemomentum than the two
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Figure 4.27 Velocity vector plots for 4.5MPa atomizing pressure for the whole domain and the recirculation zone

previous atomizing pressure considered. The oblique shocks are formed similar to the
previous pressures. The gas jets impinge at a point (stagnation point) and form recirculation
zone. The gas jets expand and impact on the recirculaibn zone. The impact of the gas jets on
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Figure 4.28 pressure plots of the recirculation zone for 4.5 MPa atomizing pressure
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recirculation zone causes it to form a narrow and lengthier recirculation zone initially. The
expanding gas jets interact in front of the melt nozzle and form a Mach disk. This results in a
closed wake. (discussed inchapter 2)

Figure 4.27 shows the velocity vector plots of the recirculation zone. The Mach disk can be
seen clearly here.

An interesting point to notice is that as the atomizing pressure is increased, recirculation zone
gets elongated. The entrainment causes narrow recirculation zone due to the expansion of the
gas jets. This entrainment causes a concave shaping of recirculation zone. This concavity
increases with increase in the momentum and the kinetic energy possessed by gas jet and
finally results in a closed wake due to the formation of a strong shock in front of the melt
nozzle.

Figure 4.28 shows the pressure contour plots d the flow near the nozzle region in which the
closed wake can be seen clearly

A favourable sub-ambient pressure was noted for this pressure. The melt is drawn into the
recirculation zone due to this sub-ambient pressure where it is atomized. As the presure in-
front of the melt nozzle is sub-ambient, this atomizer design will not require the melt to enter

the recirculation zone at a pressure. The aspiration pressure was measured as5.178kPa.

4.3.4 5 MPa atomizing pressure:

The last pressure considered in this study is 5MPa. A closed wake is formed in this case too.
Figure 4.29 shows velocity contours at 5 MPa.
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Figure 4.29 Velocity contour plots for 5MPa atomizing pressure for the whole domain and the recirculation zone
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o
.

Figure 4.30 Velocity vector plots for 5MPa atomizing pressure for the whole domain and the recirculation zone

A strong shock wave is formed in front of the melt nozzle due to the interaction between the

expansion waves. The Mach diskand the expansion waves can be seen observed clearly.

The gas jets exitingthe gas die beginexpanding as seen in the previous cases. The expanding

gas jets interact and form a recirculation zone. Also, the gases possess higher momentum and

hence the strength of the expansion waves and oblique shocks are high and hence the closed

wake is formed.
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Figure 4.31pressure plots of the recirculation zone at 5SMPa atomizing pressure
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The recirculation zone can be seen in thisFigure 4.30. The Mach disk can also be noted.

Figure 4.31shows the pressure plots of the recirculation zone. An aspiration pressure is
measured in front of the melt nozzle and found to be -6.982 kPa. This sub-ambient pressure
will draw the melt into the recirculation zone. The pressure i s calculated in the same

approach as in previous cases.

Summary

The primary analysis of the gas only flow in the two dimensions was carried out. The mesh
independence, domain length independence and the sensitivity to turbulence model was
analysed. A mesh with 18000 cells is found to produce near accurate results with less
computational requirement. The domain | ength has been found to be 60 x 24 mm for this
analysis. The gas jet diameter is set at 1 mm in order to match the gas flow rate of a CERAM
atomizer. The trade-off is the protuberance length which has been reduced from 5.25 mm to
3.06 mm. The flow field was simulated in a density based steady state solver. The steady state
was found when the residuals oscillated around a specific value as they didnot converge.
Various atomizing pressures of 1 MPa, 3MPa, 4.5 MPa and 5 MPa were simulated in a flow
domain designed according to the primary results. The wake closure pressure was found to be
at 4.5 MPa.
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5 TWO -DIMENSIONAL TWO -PHASE ANALYSIS

Methodology, research and discussion.

In Close-coupled gas atomization, the melt is broken into fine droplets by the chaotic
interaction between the gas jets and the melt. The mechanism of melt breakup into finer
droplets is not completely understood as it is difficult to use experimental tool s in the adverse
conditions such as high temperature and high velocities. Theinteraction between melt and gas
jets has become a major research interest due to advances in CFD tools.

Figure 3.1shows the schematic of melt and gas flow in aclose coupled gas atomizer. Generally,
melt flows into the atomizi ng chamber by means of a melt delivery tube. The melt is pushed
against the melt nozzle surface by prefilming and is disintegrated into ligands by the high -
speed gases. These ligands undemy secondary atomization to form melt droplet which
solidifies to form metal powder. An ideal numerical model representing a close-coupled gas
atomization process should include the melt flow into the atomizing chamber, melt
disintegration, movement of melt droplets in the gas flow field and the solidification of
droplets into powders. The computational resource requirement for developing such a model
is quite high even in RANS approach. Also, the influence of small-scale interaction between
the melt and the gas on melt breakup is not considered in RANS approach and this
approximation affects the size of the droplet (ligand) formed and hence the accuracy of the
model to a certain extent. Due to this, many researchers have developed models to simulate
differe nt steps involved in the CCGA instead of the entire process.

gas jets melt gas jets

]

C U

Recirculating gases

Figure 3.1Schematic representation of melt and the nozzle Schematic representation of melt and the nozzle
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Generally, two-phaseflow problems such as close coupled gas atomization can be modelled in
two ways; the Eulerian approach where the second phase is modelled as fluid and the
Lagrangian approach where the dispersed phase is modelled as particles. The Eulerian
approach also known as Euler-Euler approach considers both the gas jets and the melt as fluids
and the problem is solved by volume of fluid method (VOF). The breakup of melt and the
movement of droplets are solved using VOF method. There are few drawbacksin this
approach. The computational resource requirement is high in VOF method as it requires mesh
size of order of microns to capture the interaction. Also, due to the mesh size constraint, the
domain size will be limited. The Lagrangian approach also known as Euler-Lagrangian
approach considers the gas as fluid and the melt as a group of particles. The gas flow field is
solved as a continuum and the melt is introduced into the solved gas flow field as set of
particles. Depending on the type of coupling between the two phases, the gas flow field and
the trajectories of particles are calculated using the set of equations. The mesh size constraint
in this approach is that the element size must be larger than the particle size. Therefore, the
computational resources requirement is not high compared to VOF. The melt is modelled as

set of particles using the discrete phase method in this approach.

This study deals with the movement of melt droplet s in the gas flow field and the influence of
the gas and melt on each other. A two-way coupled Euler-Lagrangian model (as discussed in
chapter 2) can be utilized to study this interaction between the melt droplets and gases for a
range of GMRs by modelling melt as Lagrangian particles and gases as Eulerian flow field.
Therefore, a Lagrangian approach was adopted in this study. The methodology involved in

developing this model and the results obtained from it are discussed here.

5.1 METHODOLOGY

The movement of melt particles in an annular slit confined feed gas atomizer is analysed in
this study. As a Euler-Lagrangian approach was used in this study, the flow field must be
solved before the Lagrangian particles are introduced. The results obtained from the single-
phase analysis were used to establish the solved flow field in which the particles were released.
Once the patrticles are released, the flow field and the particle trajectories are solved to obtain

the results as the model is two-way coupled.

Depending on the inlet pressure, two different types of flow fields are observed. The open wake
condition is observed below the wake closure pressure where the expanding gas jets do not
form a Mach disk in front of the melt entrance. The closed wake condition is observed above
the wake closure pressure where the expanding jets form aMach disk in front of the melt

entrance. In the single-phase analysis (gas only), a total of four cased two open wake
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pressures and two closed wake pressures were consideredsimilarly, five operating pressures

are considered in this study.
5.1.1 Eulerian set tings and assumptions:
The Eulerian flow field used in this study is based on the following assumptions:

Flow is considered to be transient.
Flow is considered 2D axis-symmetric.
The fluid is considered as argon and modelled as a compressible ideal gas wit specific
heat ratio A = 1.66.
The impact of the molten metal is not considered when solving the gasonly flow field.
For presentation purpose, the model is rotated 90 degree anticlockwise so that the
atomization direction is changed from vertically dow nwards to horizontal.
1 As mention in chapter 4, the axis of the model was moved away from the r=0to r=25um

as the model diverged.
Also, the flow field was solved in adensity-based solver with astandardk-R t ur bul ence mod

5.1.2 Lagrangian settings and assu mp tions:

In the CCGA, the melt is allowed to flow through the melt delivery tube into the atomizing

chamber. Certain atomizer designs require the melt to enter the atomizing chamber at a
pressure to overcome the adverse pressure posed by the recirculatiorzone. The discrete jet
atomizer based on which the two-dimensional single-phase model was developed requires the

melt to enter at 40 kPa pressure.

In the single-phase study, the melt delivery tube was replaced with a wall as this assumption
gave rise to results qualitatively comparable to physical reality. Due to this, the melt particles
could not be introduced by means of the melt delivery tube as in the physical process.
Therefore, melt is modelled as particles in front of the wall replacing the melt del ivery tube.
This is a good assumption in Lagrangian approach as the melt enters the chamber at a creeping
velocity and acquires velocity only after breakup due to the interaction with the gas jets. The

limitations of this assumption are discussed in the later section 8.7 .

The atomizer design adopted in this single-phase study and subsequently in this study was
designed to match the gas flow rate of the discrete jet CERAM atomizer. The gas flow rate of
the CERAM atomizer is found to be 2502 gmin-! for an inlet pressure of 3 MPa. Also, for the
same inlet pressure, two trials with different melt flow of 1041 gmin -1 and 1136 gmin! were
carried out with no issues. The metal used in these trials is Ni-50wt%Al with density of 3460

kgm-3. Using this density, the mass flow rate is converted into volumetric flow rate. The
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velocity of the melt in the delivery tube was calculated using the cross-sectional area of the
tube and the volumetric flow rate. The velocity was found to be approximately 1.5 ms?.
Therefore, the velocity of the particles in this numerical model was set at 1.5 mst.

The size of the melt droplets plays a major role in influencing the changes in the gas flow field
brought about by the melt movement. In the physical process, the melt is pushed against the
melt nozzle surface by the prefilming process on entering the atomization chamber. The melt
is then disintegrated along the circumference of the nozzle by the high-speed gas jets into
droplets of varying sizes. The force due to the surface tension impedes the deformation
brought about by the aerodynamic forces of the atomizing jets. The melt droplets continue to
deform and breakup till these two forces balance each oher. As mentioned in literature review,
the melt is broken into ligands in primary atomization and ligands are broken into melt
droplets in the secondary atomization. The size of the powders obtained through CCGA vary
between 15 um to 500 um depending on \arious process parameters and flow conditons. As
the melt breakup is not modelled and particles are introduced as such in the flow field, sizes
of droplets in the model does not change throughout the process.

Volume at the

Volume at the melt nozzle

melt entranca

2R et nosste

Figure 5.1schematic representation of the melt nozzle and the melt.
Figure 5.1 shows the nozzle with melt delivery tube diameter ¢'Y and melt

nozzle diameter¢'Y

The melt flows through the delivery tube and spreads across the nozzle surface to form a
prefilm of thickness t. In order to establish a prefilm of constant thi ckness, the volume at the

melt entrance must be equal to volume exiting the circumference.
Volume at the melt entrance: @ “'Y 0
Volume exiting at the melt nozzle circumference: w ¢“'Y (o]

where 0 and 0 are velocity of the melt at the entrance and at the exit as shown in Figure 5.1
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Y paa’y ¢ A &
The velocity of the melt is 1.5 ms?
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P — G®

Therefore, the thicknesst was found to be 200-500 um.

Also, Antipas et al found suggestedthat the ligand size in the primary atomization zone is
between 200-600 um. [123, 124] Typical run time for this model with particl e size of500 pum
and 50 ms flow time was approximately 10 days One of the model constraints is to be run with
practical fixed melt mass flow rates and reducing the particle diameter will increase the
number of particles in the system and the run time. For example, if the particle size is reduced
by a factor of 2, the number of particles increase by eightfold. Though the CGGA process

produces powders in varying size, this model assumes constant particle size of 500 pm.

In discrete phase method, there are \arious ways to release particles in the flow. A simple
single injection method was chosen for this study. In single injection method, particles are
released from a fixed point. In physical CCGA process, the melt is forced against the melt
nozzle surface irto a film by prefilming and the film is broken into a large number of ligands
by the high-speed gas jets. As melt beak-up and solidification are not modelled in this study,
in order to track the solid Lagrangian particles, they have to be introduced directly. Generally,
a system of injections is used to simulate such conditions. Three different system of injections
were considered in this study as shown in the Figure 5.2. Also, the number of particles entering
the atomization chamber has an important influence on the particle traject ories in terms of
presentation. In single injection system, one particle is released into the atomization chamber
at a time which means the melt is broken into one droplet at a time. Similarly, in the th ree-
injection system and five injection system, three particles and five particles are released into
the atomization chamber at a time which means the melt is broken into three droplets and five
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1 injection system

3 injection system

Gas inlet
Melt inlet
Gasinlet
Melt inlet
Gas inlet

Melt inlet

(11119

5 injection system

Figure 5.2 different types of injection systems considered
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droplets at a time, respectively. The melt is broken into a large number of droplets along the

nozzle edges in the physical process.

Therefore, a five-injection system has been selected to analyse theresentation of particle
tracks which is not optimum for visualization.

The particles are sphericalin shape and 500 microns in size. The material for these particles
is chosen to be aluminium with a density of 2700 kgm-3. Therefore, volume and hence mass of
a single particle are found to be 0.0065 mm?3 and 0.000176769 grams, respectively. The mass
flow rate of the dispersed phase is set at 2 kgmirt so that a range of GMRs can be established

for pressures ranging between1MPa to 5 MPa. (The range considered in chapter 4)

The flow was solved for every microsecond with 20 iteration per time -step in a secad order

discretization scheme. The flow was analysed for 50 milliseconds as the flow did not exhibit
any drastic changesat the end of 50 milliseconds. A range of GMRs have been considered in
this study.

As discussed in chapte 2, stochastic model is utilized is particle laden flows to simulate the
random or probabilistic nature. This is achieved by giving random velocity ¢ omponent to the
particles in the set of equations defining the flow. Stochastic modelling or Discrete Random
Walk model has been used n this study. The setting used in each injection are tabulated in the
table. The injections are numbered as shownFigure 5.3 and the numbers are used in the study
throughout to denote the injections. Table 5.1 shows the settings used in this study.

Table 5.1 Settings used to define injections

Setting for each injection Value

Velocity of the particle (x-direction) 1.5 ms?

Diameter of each particle 500 microns

Discrete Random Walk model Yes

Flow rate 0.0066 kgs

Particle Type Inert particle

Density 2700 kgm-3

Specific heat 921.096 Jkg1-K-1

Turbulence dispersion Discrete Random Walk model, Random
Eddy Lifetime

Time scale constant 0.15

Drag law spherical
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The Lagrangian particles used in this study is based on thefollowing assumptions:

The melt breakup is not considered.

The flow with particles is considered as transient.

The melt particles are assumed to be inert and made of aluminium with density of
2700 kgm-3 and specific heat of 921.096 Jkg-K-!

Particles were modelled with constant diameter of 500 microns.

Stochastic modelling is used.

For the presentation purpose, 5 injections were chosen, and the particle tracks were
scaled down

\%

\% .
]

Il

|

Figure 5.3 The injections with their corresponding numbers as used in study..

5.1.3 Use of Stochastic modelling

Stochastic modelling (also known as discrete random walk model) is used to induce
randomness in the model to simulate the physical process. Generally, the numerical models
are deterministic i.e. the output of the model is d etermined by the initial conditions and values
of the parameters. The physical processes are characterised by inherent radomness. The
same set of initial conditions and values will result in an ensemble of different outputs.
Therefore, stochastic modelling has been utilized in this study to induce randomness. Figure
5.4 shows the particle trajectori es at flow time t= 5 milliseconds with and without stochastic
modelling at 3MPa operating pressure.

In the deterministic model, it can be seen that the particles from the same injection have the
same trajectory inside the recirculation zone giving rise to uniform movement of particles. The
interaction between the melt and the recirculating gas is complicated and the movement of
ligands will not be identical as observed in the numerical model. Therefore, stochastic model

has been utilized to produce results comparable to the physical CCGA.
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Figure 5.4 comparison of particle trajectories between models with and without stochasticity

5.1.4 Particle Mass concentration

The particle mass concentration in recirculation zone is measured for every millisecond
through 50 milliseconds. A plane is set up in the recirculation zone and the average particle
mass conceriration is calculated. The location of the plane is shown in the Figure 5.5

highlighted by the shaded region. The results are discussed in section5.2.1

—

ﬁ

Figure 5.5 Location of the plane in the recirculation zone
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5.1.5 Aspi ration pressure

Aspiration pressure is an important process parameter. It was measured for every
microsecond through 50 milliseconds along a rake located in the recirculation zone. Figure 5.6

shows the location of the rake (with 20 points). The results are discussed section5.2.7.

Figure 5.6 Location of rake (with 20 points) where aspiration pressure is calculated.

All the simulations were carried out using Ansys 17.1 in a workstation with 32 GB RAM and
64-bit Operating system. Typical run time for each case was about 200 hours. All settings used

to generate results are shown inTable 5.2

Table 5.2 Settings used in Ansys Fluent in this study

Setting Option

Solver type Density-based

Velocity formulation Absolute

Time Steady

Energy On

Turbulence models Standard k-w

Turbulence model- DPM Interaction with continuous phase

Unsteady Particle Tracking
Track with fluid flow time -step

Update DPM sources every flow iteration

Number of continuous phase iterations per | 10
DPM iteration

Formulation Implicit
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Flux type Roe-FDS

Spatial Discretization Second Order Upwind
URF Turbulent kinetic energy 0.8

Specific dissipation rate 0.8

Turbulent visco sity 1

Discrete Phase Source 0.9

Initialization Hybrid

5.2 RESULTS AND DISCUSSION

The interaction between the dispersed phase and thegas flow field is complicated. The
dispersed phase influences the process parameters such as aspiration pressure and impadant
aspects of the flow field such as wake condition and prefilming tendency. Five casesare
considered in this study. The particle mass concentration in the recirculation zone, the particle
trajectories, changes in the flow field due to particles (two-way coupled), aspiration pressure,
prefilming tendency, particle residenc e time and the velocity of the particles are discussed
here.

5.2.1 Particle Mass concentration

The average particle mass concentration is the mass flux of the dispersed phase in the
recirculation zone i.e. difference between the mass entering and exiting the rearculation zone.
As the mass of the dispersed phase enteringhe recirculation zone is constant, this average
particle mass concentration directly indicates the number of particles exit ing the recirculation
zone. In this study, the flow rate of the dispersed phase is maintaned at 2Kgmin-L A range of

operating pressures were considered in this study.

Table 5.3 shows the various pressures consideed along with the corresponding GMR and

wake condition.

Table 5.3 Various pressures considered in this study and the corresponding GMRs

Operating Wake condition | Gas flow rate Melt flow rate GMR
Pressure

1 MPa Open wake 0.01376 kgs? 0.033 kgs? 2.398
1.5 MPa Open wake 0.0206 kgs- 0.033 kgs? 1602
3 MPa Open wake 0.04167 kgs? 0.033 kgs? 0.791
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4.5 MPa Closed wake 0.062192 kgs? | 0.033 kgs? 0.533

5 MPa Closed wake 0.069016 kgs?! | 0.033 kgs! 0.478

The first pressure considered in this study is 1MPa and with a melt flow rate of 0.033kgs™}, this
pressure has a GMR of 2.398. Generally,atomization process with GMRs greater than 1 are
unstable and hence this is not a feasible GMR, and the model diverged. Therefore, this

pressure was not considered for further analysis.

As discussed above, theparticles are released inside the recirculaton zone. The gases in the
recirculation zone are characterised by a range of low velocities compared to the velocities of
expanding gas jets. The particles enter the recirculation zone and begin moving against he

flow direction of the recirculating gases. The recirculating gases expend the kinetic energy of
the particles and the particles reach a state of zerevelocity. The particles change their flow

direction and start moving along with the low velocity gases towards the high-speed gas jets.
Average patticle mass concentration was calculated over the plane as described in section

—— 1.5 MPa
—— 3MPa
] ——4.5 MPa
4.5 3 ' i : ‘ —— 5MPa

Particle mass concentration (mg/mm*3)

N
o
1

5 0 5 10 15 20 25 30 35 40 45 50 55

Timestep (ms)
Figure 5.7 Graph showing particle mass concentration (mgmm -3) vs time steps (ms)
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5.1.4 Figure 5.5 shows the plane location. Figure 5.7 shows the graph of particle mass
concentration plotted against the timesteps for the four pressures considered in this study.

The operating pressure 15 MPa had a GMR of 1.602 as seen from thd able 5.3. It can be seen
that the particle mass concentration increases steadily as the flow time increases through 50
milliseconds. This steady increase in the mass concatration is due to the high GMR i.e. there
is not sufficient mass of gases entering the ecirculation zone to carry the particles into the
high-speed gas jets. This gives rise to stagnation of particles in the recirculation zone which
along with constant influx of particles leads to increase in the mass concentration. Also, this

high GMR (>1) will eventually lead to failure of the case at some point beyond 50 milliseconds.

T ==
g oF; Wx e
S =
e N

—» Eye of recirculation zone

Figure 5.8 the vector plots of recirculation zone for 3MPa atomizing pressure showing the eye of recirculation
zone

The shape of the recirculation zone, location of the eye of the recirculation zone am the GMR
influence the movement of particles inside the recirculation zone. Figure 5.8 shows the eye of
the recirculation zone in a 3MPa flow field. The operating pressure 3 MPa has a GMR of 0.791.
The particle mass concentration increases rapidly till 10 milliseconds and continues to
increase gradually till 20 millis econds and becomes constant till 50 milliseconds.

The other two pressure considered in this study (4.5 MPa and 5 MPa) also exhibited the same
trend as seen in 3MPa pressure. The operating pressure 4.5 MPa had a GMR 0.533. The
particle mass concentration increases rapidly till 10 milliseconds and then increases gradually

till 30 milliseconds. The particle mass concentration becomes constant in the last 20 seconds

of the analysis. The operating pressure 5 MPa had a GMR 0.478. The particle mass
concentration increases rapidly till 10 milliseconds and continues to increase gradually till 40

milliseconds. The particle mass concentration becomes constant in the last 10 milliseconds.

The increase in the particle mass concentration indicates that the number of particles exiting
the recirculation zone is lesser than the number of particles entering it leading to stagnation
of particles. The constant particle mass concentration indicates that the number of particles
exiting the recirculation zone is constant and equal to the number of the particles entering th e
recirculation zone. The shape of the recirculation zone and the location of it eye along with

GMR play an important role in determining the movement of the particles inside the
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recirculation zone and hence the particle mass concentration. The trajectories of particles are

discussed in next section.
522 Vol umetric flow rate at recirculation zon

The atomizing gas expandsaround the melt nozzle and form a recirculation zone in front of
the melt nozzle. The shage and the size of the recirculation zone are greatly influenced by the
operating pressure. The melt particles that enter the recirculation zone are carried to the high-
speed jets by the recirculating gas.Figure 3.1 shows the geneal direction of gas movement
inside the recirculation zone. The movement of melt particles is affected by the volume and
the velocity of the gas flowing towards the melt nozzle. The volumetric flow rate of the
atomizing gas was measured just below the eyef the recirculation zone for all the pressures
considered in this study. Figure 5.9 shows the line along which the volumetric flow rate was

calculated.
e — e e -
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Figure 5.9 Velocity vector plots for the 5 MPa case with the line along which the volumetric flow rate is measured

Table 5.4 Volumetric flow rate inside the recirculation zone for all press ures

Operating Pressure (MPa) Volumetric flow rate ( m3s?)
15 0.0008763573

3 0.001117239

4.5 0.00125039

5 0.001286085

Table 5.4 shows the volume of argon flowing towards the melt nozzle for all pressures. It can
be seen from the table that the volume of gas flowing towards the melt nozzle i.e. entering the
recirculation zone incr eases with increasing operating pressure.It should also be noted that
the increase in the volume of the argon entering the recirculation zone is not linear. The ratio
of the operating pressures is 1:2:3:3.33 but the ratio of the gas volumes in the reciralation
zoneis 1:1.27:1.43:1.47. The volume gradidrof the recirculating gas decreasesas the operating

pressure increases.
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5.2.3 Partic le Trajectories

As discussed in section5.2.1, two open wake cases ad two closed wake cases are considered
in this study. The trajectories of the particles for 50 mill iseconds of flow time are discussed
here.

CASE 1: 1.5 MPa

The first case considered in this study is 1.5 MPa operating pressure. This case had a GMR of
1.602 and is an open wake. Figure 5.10 shows the flow field at O millisecond. The gas jets
exiting the gas die travel towards the outlet through a series of Prandtl Meyer expansion waves.

Velocity

! 5.133e+002

- 3.850e+002
2.566e+002
1.283e+002

0.000e+000
[m s”-1]

(Open wake) =5 ;}/ e

Figure 5.10 Velocity vector plots and particle trajectories for flow time t= 0 ms
Flow time 0.1 -10 milliseconds
The particles are releasedinto the recirculation zone due to the absence of melt delivery tube.

Figure 5.11shows the particle trajectories at flow time t=0.1 ms. It can be observed that the

particles move against the flow direction of recirculating gases.
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Figure 5.11Velocity vector plots and particle trajectories for flow timet=0 .1ms
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Figure 5.12 shows the particle trajectories for the flow time t= 0.5 ms. The particles move
against the recirculating gases by expending their energy by virtue of velocity. The particles
reach a state of zerevelocity as they expend their energy completely and the recirculating
gases force the particles to change tlir flow direction. It can be seen in the Figure 5.12that

the particles are beginning to change their flow direction.
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Figure 5.12 Velocity vector plots and particle trajectories for flow time t= 0.5 ms

Figure 5.13shows the particle trajectories for the flow time t=1ms. It can be observed that the
particles move towards the melt nozzle edges along with the recirculating gases.

Velocity
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Figure 5.13Velocity vector plots and particle trajectories for flow time t= 1 ms

Figure 5.14shows the particle trajectories for flow time t=1.5 ms. The particles flowing towards
the melt delivery nozzle and flow across the nozzle surface to reach the highspeedgas jets. As
a system of five injection is utilized in this model, particles from each injection enter the high -
speed gagets in different ways. The numbering of the injections has been shown in Figure 5.3.

The patrticles releasedby the injection closest to the axis (injection I) reach the melt nozzle
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Velocity
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Figure 5.14 Velocity vector plots and particle trajectories for flow time t=  1.5ms

surface and bounce off to join the high-speed gasjets just after the oblique shock wave. The
particles released by the injection-1lI also reach the melt nozzle surface and travel acoss it to
enter the high-speed expanding jets.

On the other hand, the particles from the other three injection enter the high-speed gas jets
without reaching the melt delivery nozzle. The patrticles released byinjection -11l travel directly
towards the first oblique shock and join the expanding gas jets just before the oblique shock.
The patrticles released by the injection-1V join the expanding gas jets at the oblique shock and
the particles released by injection-V join the flow just after the oblique shock. The particles

continue to flow along the boundary of the recirculation zone.

Figure 5.15 shows the particle trajectories for the flow time t=2ms. The gas jets undergo
compression across the oblique shock and expand after the slock. The particles joining the
gas jets before the shak wave also undergo an accumulation across the oblique shock and the

trajectories begin diverging after the shock along with the expanding gas jets. The paricles
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Figure 5.15Velocity vector plots and particle trajectories for flow time t= 2 ms
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Flow time t =5 ms

Flow time t =8 ms

Flow time t =10 ms

Figure 5.16 Velocity vector plots and particle trajectories at various flow times t= 5ms, 8ms 10ms
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