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Abstract

The quality of continuously cast steel is known to be related to the fluid flow and heat
transfer in the strand. Computational models of turbulent flow, multiphase flow and heat
transfer have been developed to analyze phenomena related to steel quality and to
compare modeling techniques for flow in the continuous casting nozzle and strand. The
effects of grid size, turbulence model and boundary conditions on the heat transfer
solution in the mold are compared using a combined turbulent fluid flow and heat transfer
model, and solved with the computational fluid dynamics package CFX. It is found that
the choice of these three modeling aspects has a large effect on the heat transfer results,
and that the standard Kmodel with a user supplied wall law for enthalpy produces
results that most closely match experiments. Models implementing three different
strategies for treating the solidification of the steel shell are compared. Including the
shape of the shell in the domain without modeling the mass flow across the shell interface
creates an unphysical acceleration of flow into the mold. More accurate flow results are
achieved by neglecting the shape of the shell completely. A parametric study is
performed on a multiphase model of fluid and gas flow in the strand. The effects of gas
flow rate, gas bubble diameter, casting speed, nozzle submergence depth and mold width
on steel quality issues are quantified. It is found that the maximum surface velocity can
be lowered by adding gas until the flow pattern becomes single roll, at which point the
surface velocity increases. The maximum gas penetration depth is deepest for cases with
small gas bubbles, high casting speed and shallow submergence. Single roll flow patterns
decrease the gas penetration depth. The maximum steel level at the mold edges decreases
when gas is added, but increases for high casting speeds and single roll flow. Surface
level fluctuations are reduced by adding a moderate amount of gas (6% volume fraction),
but are increased if the gas injection rate becomes too high. Single roll flow increases the
surface fluctuations because the liquid jet moves close to the surface. Increasing the mold
width increases the maximum surface velocity and surface fluctuations because the steel
flow rate must be increased to maintain a constant casting speed.



Table of Contents

Page

LISt Of TADIES....cc o e e e e smmmmneeas V.

LIST O FIQUIES ... e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s e s s s e s mnnnnns VL.

NOMENCIALUIE ...ttt e e e e e st e e e e e e e s nbereeeeeeeeaanns Xil....

R [ 1o To 18 ox 1 o] o PR OUPPPPRR 1.

2 Model FOrMUIALION ... ...t e e e e e e s e e e e e e e e anes 6
2.1 Governing Equations for Turbulent FIOW................ouvviiiiiiiiiiiieeeeee, 6
2.2 TUrbulenCe MOEIS..........coeeiieeeeee e 8

221 The Standard KdmOodel..........ooo e 9
2.2.2 The LOW KE MOAEL ... 9
2.3 MURIPNRASE MOEI ... e e e e e e e e e eaeaeaeaaaeees 10

2.3.1 Governing Equations ..., 10
2.3.2 Inter-Phase Drag MOAEl ............uuuiiiiiiiiiiii e 11
2.3.3 LU0 )= o o YRR 12
2.4 [2ToT0] T F= T YA @] o Lo 1110 ] o PP 12
24.1 Wall Boundary Conditions for Turbulent Flow............ccccovviiiiiiii, 12
2.4.2 Top Surface Boundary Condition.............coooiiiiiiiiiiiiiiiii e 14
2.4.3 Inlet Boundary CONAItION ...........uuuuiiuiiiiiiiiiiisss s e e e e e 14
244 Outlet Boundary Condition ............ooooiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeevaea s 15
245 Symmetry Boundary Condition ..........ccooeeeeiiiiiiiiiiiieeeeeeeeeeeas 15
2.5  SOIUtION METNO.......ciiiiiiii e e e e e e 15

3 Evaluation of Turbulence MOdEIS ............oeeiiiiiiiiiii e 19

3.1 MOAEI CASES ....eeiiieeieiieee ettt e e e e e s e e e e e e e e nnbbeeeaeeeeens 19
3.1.1 Standard K-Model CaSES..........uuuiiiiiiieiiiieieee e 20
3.1.2 LOW K€ MOOEI CASES ....coiiiiiiiiiiieiiitee ettt e e e e 20

3.2 Solution MethodOoIOgY ..........uuuuuiiiiiiii e 20

3.3 Turbulence MOl RESUILS..........eeiiiiieiiiiee e 22
3.3.1 VeloCity SOIULION ... 22
3.3.2 Heat Transfer SOIULION. ..........uuiiiiiiieieeee e 23

4  Effect of the Shell on Fluid FIOW ..........ouuiiiiiiii e 30
4.1 MOAEI CASES ....eeeiieeieiee ettt e e e e e s e e e e e e s e nnbbeeeaeeeaans 30

411 StaNAard CONAITIONS. .. ..n e e e aen 31



4.1.2 S0 ] 1o IS 1= | SO SU S 31
41.3 POrOUS ShEll.... ... 31
4.2 Solution MethOdOIOQY .........uuuuiiiiiiiiiiiiiiiiiii e rrereeeeeeeees 35
4.3 RESUILS ...t e e as 5. 3
5 Multiphase Mold FIOW MOEL ...........oooviiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeee et 46
5.1 SIMUIAtioN CONILIONS ... e e e e e e e s nenees 46
5.2 [2ToTU] T F= T YA @] o Lo 1110 ] o P 47
5.2.1 Inlet Boundary CONAItION ...........uuuuuiuuiiiiiiiiiiss s e e e e e e 47
5.2.2 Top Surface Boundary Condition.............coooviiiiiiiiiiiiiiii e 48
5.3  Solution MethodOIOgY ........uuuuiiiiiiiiiiiiiiiiiiiiiieieeeieeeeeeeeeee e eeeeeeeseeeeeeeeeeeeeeseeeeeeeeaees 49
ST £ 1T =1 (o o PP 49
6  Multiphase Flow Model Parametric StUY ............ouvvviiiiiiiiiiiiiiiiiiie e 57
6.1 Parametric StudY RESUILS ...........oviiiiiiiiiiiiiiiieieieeeeeete e 58
6.2  TYPICAl RESUILS ..... oot e e s s e e e e e eeeeeeeeees 60
6.2.1 Single Phase Double ROI FIOW ..........uiiiiiiiiiiiieeeeeiiiis 60
6.2.2 Multiphase Double ROI FIOW...........uuuiiiiiiiiiiiiici e, 61
6.2.3 SINGIE RO FIOW ...t 62
6.3 Effect of Gas FIOW RALE...........uuuieiiiiiiiie e 63
6.4 Effect of BUDDIE DIaMELEN........ooiiiiiiiiiiee e 64
6.5 Effect of Submergence Depth ... 65
6.6 Effect of Casting Speed ... 66
6.7 Effect of MOId WAt .........ooo e 67
6.8 Implications of Parametric Study Results on Steel Quality .............cccceeeeeeeee. 67
6.8.1 FIUX ENrainmMENT .......oeiieiiiiiee et 67
6.8.2 Surface Level Height........... 68
6.8.3 Surface Level FIUCIUALIONS..........oooiiiiiiiiieiicee e 69
6.8.4 Bubble Penetration into the Strand ... 70
A o] o] (1110 £ PR 98........
7.1 Turbulence Model EValUuation ..o 98
7.2 Effect of the Shell on Fluid FIOW ... 99
7.3 Multiphase Mold FIOW...........cooooiiiii . 99
7.4 FULUIE WOTK. ...ttt e et e e e e e e s st e e e e e e e e e annns 100
Appendix A. Derivation of Wall Law for Heat Transfer ..........cccccvvvviiiiiiiiieeeeeeeee, 102

Appendix B. User Wall Law for Heat Transfer............oooovviviiiiiiiiiiciciiiii e 103



Vi

Appendix C. User Subroutine for Shell Model Source Term........cccccccceeeeiieieeeeeeveeeeeiinnn, 104

Appendix D. User Subroutine for Gas Injection and Removal.............cccccevvvviiiiineneeen, 113

Appendix E. Parametric Study RESUILS ..............oooiiiiiiiiiieeee 126

Appendix F. Sample Command File for Multiphase Model Using CFX..........cccccccunnn... 207

Appendix G. Sample Output File for Multiphase Model Using CFX.............cocvvvivinnnn. 210
218.

R (=] (=] 1[I TP TR



Table 3.1.
Table 3.2.
Table 4.1.
Table 5.1.
Table 6.1.
Table 6.2.
Table 6.3.
Table 6.4.

vii

List of Tables

Page
Simulation Parameters for Armco Heat Transfer Model............c.cccccocn. 25
Integrated and Peak Wall Heat Flux at the Solidifying Shell ........................... 28
Standard Model Parameters...........couiii i 38
Validation Model Parameters. Unlisted Values are the same as Case A. ........ 51
Parametric Study Model Parameters (Standard Conditions in bold)................ 71
Parametric Study RESUILS. .........ccooeiiiiii s 72
Parametric Study REeSUILS. ..o 73

Parametric Study RESUILS...........coooi i 74



viii

List of Figures

Page

Figure 1.1. Schematic of tundish and mold region of continuous casting process [14]...... 5
Figure 2.1. Convergence History for Typical Multiphase Solution (Cases 16 and 17)....18
Figure 3.1. Turbulence Model Evaluation Domain.................uuviuiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeainnns 21
Figure 3.2. Wall velocity profiles at 0.741 m below the meniscus on the Centerplane

Parallel t0 the WIdE FaCE. .......cooo it 26
Figure 3.3. Wall temperature profiles at 0.741 m below the meniscus on the

Centerplane Parallel to the Wide Face. ... 26
Figure 3.4. Temperature predictions for a) Standaednkedel, b) User K& model,

c) Low K-€ model with y<30, d) Low K& model with y<6 and e) Low Ke

MOAEl WIth YL GFId. ...eeeiiiieiieeeeee e e et e e e e e e e eaneeas 27
Figure 3.5. Profiles of wall heat flux at the solidifying shell.............cccccooviiiiiiii s 28
Figure 3.6. Non-dimensional Turbulent Viscosity/l,. Standard Ke model with

USEE WAL LAW ...ttt ettt e e e e e e st e e e e e e e s nnnraeeeaaeeens 29
Figure 4.1. Schematic of Shell................c 32
Figure 4.2. Incremental Shell SECHON ... 33
Figure 4.3. Geometry of Porous and Solid Shell Cases ...........cooovvviiiiiiiiiiiiiieeeeeeeeeeeeeiii, 37
Figure 4.4. Velocity Comparison at 1 m Below Meniscus, 66 mm from Wide Face. ...... 39
Figure 4.5. Velocity Comparison at 2 m Below Meniscus, 66 mm from Wide Face. ...... 40
Figure 4.6. Velocity Comparison at 3 m Below Meniscus, 66 mm from Wide Face. ...... 40

Figure 4.7. Velocity Comparison at 1 m Below Meniscus, 164 mm from Narrow

FACE. e AL
Figure 4.8. Velocity Comparison at 2 m Below Meniscus, 164 mm from Narrow

FACE. e AL
Figure 4.9. Velocity Comparison at 3 m Below Meniscus, 164 mm from Narrow

FACE. e neeeeeee e A
Figure 4.10. No Shell. Centerplane (center), Wide Face (left), Narrow Face (right)

and Top Surface (top) VEIOCILY. .......coooiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee e 43
Figure 4.11. Solid Shell. Centerplane (center), Wide Face (left), Narrow Face (right)

and Top Surface (top) VEIOCILY. .......coooiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee e 44
Figure 4.12. Porous Shell. Centerplane (center), Wide Face (left), Narrow Face

(right) and Top Surface (t0p) VEIOCItY.........ccooeeiiiiiiiieeeeeeeee e 45



Figure 5.1. Standard ConditioNS DOM@IN. ..........cuuuiuiiiiiiiiiiir s e e e e e e e e e e e e e e e e e e e eeeeee 52
Figure 5.2. Case A, 0% Gas. Centerplane VeloCity..........cccceeeeviiiiiiiiiiiiiicieeeeeenn 53
Figure 5.3. Comparison of velocity profiles in continuous casting mold centerplane

for Case A conditions, a) predicted by current CFX model, and b) measured in a

Water MOUE[26].......cco i e e e e e e e e e e e e e e e e e e r e r b e e e reeeees 54
Figure 5.4. Case B, 0% Gas. Centerplane VeloCity............ccccovvriiriiiiiiiiiiiiiiiiiee e 55
Figure 5.5. Comparison of velocity profiles in continuous casting mold centerplane

for Case B conditions, a) predicted by current CFX model, and b) measured in a

LYz LC 0o To [ B 24 ) PP PP UUPRP 56
Figure 6.1. Velocity at Centerplane Parallel to Narrow Face (left), Centerplane

Parallel to Wide Face (right), and at 15° Through Bottom of Inlet (Section A-A,

top) [Case 1: Standard Conditions, 1.0 mm Bubble Diameter, 0% Gas].................. 75
Figure 6.2. Velocity at 1 mm from Narrow Face (left), 1 mm from Wide Face (right),

and 1 mm Below the Top Surface [Case 1. Standard Conditions, 0% Gas]............. 76
Figure 6.3. Velocity at Centerplane Parallel to Wide Face for Entire Domain. [Case

1: Standard ConditioNS, 090 GAS] ....uuuuuiiiiiiiiiiie ittt 77
Figure 6.4. Pressure (kg/fhgit Centerplane Parallel to Wide Face [Case 1: Standard

CONAItIONS, 0% GAS].. . uuuuuuururnininiurrrurrtrrrererrrrrrrrer—— ...ttt 78
Figure 6.5. Kinetic Energy (f1%°) at Centerplane Parallel to Wide Face [Case 1:

Standard Conditions, 0% Gas]........ccoeeeiiiiiiiii 79
Figure 6.6. Pressure (kg/fsat 1 mm Below Top Surface [Case 1: Standard

CONAItIONS, 0% GAS].. . uuuuuuuuurninininrerurrrrrrrrurerrerrrerrr—e———————————————————erer—rrerrrrrrrrtrerererern 80
Figure 6.7. Kinetic Energy (fi%°) at 1mm Below Top Surface. [Case 1: Standard

CONAItIONS, 0% GAS].. . uuuuuuururnrniniuirterrterrrrurerrrrererrr—e———————————————————rr—rrrrrrrrrtrerrrrrn 80

Figure 6.8. Velocity at Centerplane Parallel to Narrow Face (left) and Centerplane
Parallel to Wide Face (right). [Case 3: Standard Conditions, 1.0 mm Bubble
Diameter, 2090 GaAS] .....cociiiiieiieee e ————————— 81

Figure 6.9. Velocity at 1 mm from Narrow Face (left), 1 mm from Wide Face (right),
and 1 mm Below the Top Surface [Case3: Standard Conditions, 1.0 mm Bubble

Diameter, 2090 GasS] .....cooviiiiiii e ————————— 82
Figure 6.10. Velocity of Gas Phase for Centerplane (left) and 1 mm from Wide Face
(right). [Case3: Standard Conditions, 1.0 mm Bubble Diameter, 20% Gas]............. 83

Figure 6.11. Pressure (kg/fpsat Centerplane Parallel to Wide Face [Case 3:
Standard Conditions, 1.0 mm Bubble Diameter, 20% Gas].......cccceeeeeeevevveviiiiiiinnn. 84



Figure 6.12. Kinetic Energy (its?) at Centerplane Parallel to Wide Face [Case 3:
Standard Conditions, 1.0 mm Bubble Diameter, 20% Gas].......cccccceeeeeeievveeiiriiinnnn. 85

Figure 6.13. K Profile at Top Surface, Halfway between Narrow Face and Centerline
Through Nozzle. [Case 3: Standard Conditions, 1.0 mm Bubble Diameter, 20%

T L PP PPUPPPRU 86
Figure 6.14. Pressure (kg/fpsast 1 mm Below Top Surface [Case 3: Standard

Conditions, 1.0 mm Bubble Diameter, 20% Gas] ........cccceeeiiiiiieeeeiiiiiieeeeeeiivieeee 86
Figure 6.15. Kinetic Energy (it$°) at 1mm Below Top Surface. [Case 3: Standard

Conditions, 1.0 mm Bubble Diameter, 20% Gas] ........cccceeeiiiiiieeeeiiiiiieeeeeeiivieeee 86

Figure 6.16. Velocity at Centerplane Parallel to Narrow Face (left) and Centerplane
Parallel to Wide Face (right). [Casel6: Submergence Depth 0.120m, 0% Gas]....... 87

Figure 6.17. Velocity at 1 mm from Narrow Face (left), 1 mm from Wide Face
(right), and 1 mm Below the Top Surface [Casel6: Submergence Depth

(O 204 0T 7= 1] [PPSR 88
Figure 6.18. Pressure (kg/fpsat Centerplane Parallel to Wide Face [Casel6:

Submergence Depth 0.120m, 0% Gas] .....ccoeeeeeiiiiiiieee e 89
Figure 6.19. Kinetic Energy (i1%°) at Centerplane Parallel to Wide Face [Casel6:

Submergence Depth 0.120m, 0% GasS] .....ccoeveieiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeee s 90
Figure 6.20. Pressure (kg/fhat 1 mm Below Top Surface [Casel6: Submergence

Depth 0.120mM, 0% GaS]....cceeeeiiiiiiei e 91
Figure 6.21. Kinetic Energy (") at 1mm Below Top Surface. [Casel6:

Submergence Depth 0.120m, 0% Gas] .....ccoeeeeeiiiiiiieee e 91

Figure 6.22. Velocity at Centerplane Parallel to Narrow Face (left) and Centerplane
Parallel to Wide Face (right). [Casel7: Submergence Depth 0.120m, 1.0 mm
Bubble Diameter, 2090 Gas] ......ccouiiiiiiiiiiiiiiiiiiiieiiieeeeeee ettt 92

Figure 6.23. Velocity at 1 mm from Narrow Face (left), 1 mm from Wide Face
(right), and 1 mm Below the Top Surface [Casel7: Submergence Depth

0.120m, 1.0 mm Bubble Diameter, 20% Gas].........uuurrurriiiiiiiiiiiieeeeeeeeeeee e eeeeeeeeeaannnanns 93
Figure 6.24. Pressure (kg/fpsat Centerplane Parallel to Wide Face [Casel7:

Submergence Depth 0.120m, 1.0 mm Bubble Diameter, 20% Gas]..........cccceeeeeeennee. 94
Figure 6.25. Kinetic Energy (i1$°) at Centerplane Parallel to Wide Face [Casel7:

Submergence Depth 0.120m, 1.0 mm Bubble Diameter, 20% Gas]..........cccceeeeeeennee. 95

Figure 6.26. Pressure (kg/fist 1 mm Below Top Surface [Casel7: Submergence
Depth 0.120m, 1.0 mm Bubble Diameter, 20% Gas] .........cccevvvrirrrririiririiiieieee e 96



Xi

Figure 6.27. Kinetic Energy (i) at 1mm Below Top Surface. [Casel7:
Submergence Depth 0.120m, 1.0 mm Bubble Diameter, 20% Gas]..........cccceeeeeeennee.

Figure 6.28. Relative Velocity of Liquid and Gas Phases



Nomenclature

drag)

(
Cqu gas

=

N

o

mmmté_hgﬁil'nmtoopoo

T A~ L AT Fm

O X0V UV UV TV T
R A

Smasss Smom

Body force
Inter-phase drag terms

Constant in turbulence models, 1.44
Constant in turbulence models, 1.92
Drag Coefficient

Specific Heat

Constant in turbulence models, 0.09
Log-Layer Constant for Velocity, 9.7930
Log-Layer Constant for Enthalpy, 0.2689
Volume fraction of liquid phase

Volume fraction of gas phase

Function in Low Ke model
Function in Low Ke model
Function in Low Ke model
Function in Low Ke model

Static Enthalpy

Total Enthalpy

Turbulent kinetic energy

Effective conductivity

Molecular conductivity

Turbulent conductivity

Pressure

Turbulent Prandtl number for Velocity, 1.0

Turbulent Prandtl number for Turbulence Kinetic Energy, 1.0
Turbulent Prandtl number for Turbulence dissipation, 1.217
Turbulent Prandtl number for Enthalpy, 0.9

Bubble Reynolds number

Local turbulent Reynolds number in Low&model

Source term in continuity and momentum equations
Temperature

Xii



Liquidus Temperature of Steel

fluid velocity

Velocity of liquid phase

Velocity of gas phase

Distance in model domain from centerplane to Narrow Face
Distance in model domain from centerplane to Wide Face
Non-Dimensional Distance

Non-Dimensional Size of the Cell at the Wall

Crossover Point for Velocity, 11.23

Crossover Point for Enthalpy, 31.77

Distance in model domain from Top Surface to Mold Exit

Under-Relaxation Factor

Shear Production in turbulence models
Inlet Jet angle

Turbulent dissipation rate

Von-Karmen Constant, 0.419

Effective viscosity

Molecular viscosity
Turbulent viscosity

fluid density
Constant in turbulence models, 1.00
Constant in turbulence models, 1.30

Xiii



1 Introduction

Continuous casting is the predominant way by which steel is produced in the world. A
schematic of part of the continuous casting process is depicted in Figure 1.1. Molten steel
flows through the “tundish,” and then it exits down through a ceramic Submerged Entry
Nozzle (SEN) and into the mold. Here, the steel freezes against the water-cooled copper
walls to form a solid shell, which is continuously withdrawn from the bottom of the mold

at a “casting speed” that matches the flowrate of the incoming metal.

Heat transfer in the mold is important for shell growth and steel quality. There are several
forms of heat transfer-related problems that occur in continuous casting. One problem is
the formation of a solid hook of steel at the top surface meniscus. Steel solidifies around
the hook as the shell is pulled down, creating a hook defect. Another problem is
breakouts. Breakouts occur when the jet of liquid steel from the nozzle melts through the
solid shell. When the melted hole reaches the end of the mold the shell can no longer
contain the liquid steel. The liquid steel empties out of the mold, creating a hollow
breakout shell. By modeling heat transfer in a fluid flow simulation, the heat flux
delivered to the shell can be calculated. This heat flux is then correlated to a shell
thickness. The shell thickness of actual breakout shells from a thin-slab caster has been
measured [1]. These measurements can be used to validate the model predictions of heat
flux delivered to the solidifying shell. Accurate heat transfer models can help determine
what conditions lead to breakouts and hook defects.

Plant observations have found that many serious quality problems are directly associated
with the flow pattern in the mold [2]. Specifically:

» If the horizontal surface velocity of the liquid steel is large, the resulting shear forces
can entrain liquid flux into the steel flow [3]. The resulting flux globules then
circulate with the steel flow and can be entrapped in the solidifying shell, forming
internal solid inclusions.

* The vertical momentum of the liquid steel jet can lift the level of the top surface,
creating a variation in the interface level or “standing wave.” A high standing wave at
the mold wall can prevent liquid flux from filling the gap between the steel shell and



the mold where the surface level is high. Without lubrication from the liquid flux in
the gap, the shell can “stick” in the mold instead of pulling out at the casting speed.
The flux is also important for heat transfer between the steel shell and the mold. A
lack of flux in the gap can create non-uniform heat flow on the shell. Finally, lack of
flux in the gap can cause cracks in the steel shell due to thermal stresses and mold
friction [4].

* Fluctuations in surface level of the liquid steel are caused by random turbulent motion
of the flow. Large surface fluctuations cause time-variations in the interface level that
could lead to surface defects such as entrapped mold powder [5].

* Bubbles of the injected argon gas can become trapped in the steel shell. The bubbles
collect alumina inclusions while in the liquid steel. When the steel shell solidifies
around the trapped bubbles, “pencil-pipe” defects are formed.

Clearly, the flow pattern must be understood in order to address these problems. There
are many parameters that affect the flow in the mold. These include the gas flow rate, gas
bubble diameter, casting speed, nozzle submergence depth and mold width. Previous
studies on multiphase flow in continuous casting focus on the numerical methods of
modeling multiphase flow [6, 7]. However, further work is needed to fully quantify the
relationships between fluid flow and steel quality, because there are so many important
flow parameters that interact.

Entrainment of the liquid flux layer was studied by Emling, Waugaman, Feldbauer and
Cramb [3] with water modeling, using silicon oil as the flux modeling fluid. Their work
showed that for a particular casting speed there is a critical argon flow rate that causes
flux entrainment. Therefore, both the maximum surface velocity and the critical argon
flow rate must be taken into account when determining the chance of entrainment for a
given set of flow conditions.

The level of the steel-flux interface has been experimentally determined in several
previous studies. McDavid measured the interface between the liquid flux and liquid steel
using “nail boards” containing a grid of steel rods [4]. The rods melt at the flux-steel
interface, showing the depth of the steel at a particular point on the surface. Bergeles used
numerical models of the free surface in a simulated water model to predict the free



surface shape and compared this shape to water model measurements [8, 9]. Bergeles
presents a correlation between pressure and interface level, allowing the calculation of
level from pressure in a numerical model that does not include the free surface.

When argon gas bubbles are trapped in the solidifying shell, a “pencil-pipe” defect can
occur. Experimental measurements by Huang of the depth below the meniscus of argon
bubble entrapment for different casting speeds show that defects caused by entrapped
bubbles which located between 0.5 m and 3.0 m below the meniscus [10]. The average
percent argon trapped as defects was found by Shang to rangeeih tb E-3%

[11].

The assumptions made in the computational models are also important. The choice of
turbulence model, numerical grid size and boundary condition are essential in properly
modeling heat transfer between the fluid and the mold. Guthrie used the Low Reynolds
Number turbulence model in a study on heat transfer in the strand [12]. However, the
Low Reynolds Number model requires a fine numerical mesh to resolve boundary layers
at the walls, and therefore significantly increases the computer resources required for a
given problem, when compared to the standasinedel.

Another choice in both water and mathematical flow models is of how to treat the
solidifying shell. Simplification of the model can be made if the solidification of the shell

is not included in the flow model. The domain boundaries must then be chosen.
Sometimes, the curvature of the liquid domain due to the shell is included in the water
model [3] and sometimes the shell is neglected entirely. In previous mathematical
models [5, 13] the assumption that the shell can be neglected was made. The effect on the
fluid flow solution that this simplification causes has not been studied.

Mathematical models can increase understanding of flow in continuous casting, and help
to determine how to avoid and minimize problems and defects in the casting process. The
objective of this work is to achieve the following:

» Develop a computational model of turbulent multiphase flow and heat transfer to
analyze phenomena related to steel quality and to compare modeling techniques for



flow in the continuous casting nozzle and strand. Modeling techniques to be
compared include grid size, turbulence model and boundary conditions, and their
effect on the heat transfer solution in the mold.

» Determine the effect on the fluid flow solution of computational modeling strategies
for treating the solidification of the steel shell. A model which does not include the
shape of the shell in the domain is to be compared to two models: one that includes
the shape of the shell but does not include the transfer of mass across the
solidification boundary, and one that includes the shape of the shell and the transfer
of mass across the solidification boundary.

» Determine the effects of inlet casting parameters on steel quality. These parameters
include gas flow rate, bubble diameter, casting speed, submergence depth, and mold
width. Criteria that quantify the tendency towards defects are to be extracted from the
results. These include surface level, level fluctuation, top surface tangential velocity
and bubble penetration depth.

This work is a step in determining what can be done to minimize defects in continuous
casting. By understanding how fluid flow relates to steel quality, an optimum flow
pattern that minimizes defects can be found. The modeling techniques studied in this
work will help to improve numerical models of fluid flow and heat transfer in continuous
casting. The parametric study will help to confirm and quantify plant observations of
quality related parameters.
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2 Model Formulation

Numerical models of fluid flow and heat transfer solve governing equations that should
describe the important physics of the problem. The domain of interest in this work
includes the top portion of the strand and in some cases the submerged entry nozzle of the
caster. To model heat transfer and fluid flow the nozzle and in the strand, governing
equations for turbulent flow are needed. Including the effects of argon gas injection in the
flow solution requires the equations to be extended to account for momentum transfer
between the phases. Additionally, boundary conditions must be set for all variables at
each boundary in the domain. Special boundary conditions for the model accounting for
the shell are also derived.

2.1 Governing Equations for Turbulent Flow

Turbulent flows are governed by the unsteady Navier-Stokes equations, but the extreme
complexity of the flow makes a direct numerical simulation possible only for simple
geometries at low Reynolds numbers with current computer technology. To solve
complex high-velocity flows, approximate modeling methods are used. The Reynolds
averaged Navier-Stokes (RANS) equations use the time-averaged Navier-Stokes
equations. The averaging of the Navier-Stokes equations produces new terms, called the
Reynolds stress and the Reynolds flux. These are in turn defined using the vitiables
ande, which are solved for using additional transport equations.

The continuity equation for mass conservation is
OV =S« (2.2)
where Vis the fluid velocity vector {Y V, V,}. The term §_ is a source term for

creation or destruction of mass. This is used at some domain boundaries as an alternative
to a standard boundary condition.

The time-averaged Navier Stokes equations for momentum transport are

OV OV) = D(ueﬁ(mv +(DV)T))—Dp+B+Smom (2.2)



where p is the fluid density,p is the pressureB is the body force vector representing

buoyancy andS .= {Sym,+ Srom,» Shom,} IS @ sOUrce term for creation and destruction of
momentum. The effective viscosity,, is defined as

:ueff :I’lo+:ut (23)
where p, is the molecular viscosity ang, is the turbulent viscosity, which is defined in

the turbulence model.

The temperature distribution is found by solving the energy equation

OfpHV) = O fk,, OT) (2.4)
whereT is the temperature and whdtleis the total enthalpy, defined in terms of static
enthalpy as

H :h+%|v v| (2.5)

A constitutive equation is used to relate static enthdlptg temperature and pressure.
The static enthalpy is assumed to be

Tref
h= IC T')dT' - IC T')dT’ (2.6)

where C, is the specific heafl" is a temporary variable for the integration, dpglis a

reference temperature where static enthalpy is defined to be zero. The effective
conductivity, ky, is defined as

ket =k Tk 2.7)
wherek, is the conductivity andk, is the turbulent conductivity, which is defined as
— p:ut
2.8
K= (28)

where Pr, is the turbulent Prandtl number constant.

The hydrostatic pressure is ignored in all equations. Therefore, pressure in the model is
equal to the actual pressure less the hydrostatic pressure:

P= P ~PYZ (2.9)
In Cartesian coordinates, the tensor product is a rank two tensor defined as



VY, VYV, VO

X X

VOV) =V, VY, VV,O (2.10)

g/zvx Vsz VZVZ E
The vector gradient is defined as

vef M g
Oox oy o0z O
Y2V, 0%, %, O
dez 0)/2 022 %
The vector divergence is defined as

N
Dw:%+_y+% (2.13)

oy oz
The divergence of a rank two tensor is defined as

D[@va)z‘;\x/xvx+2(/x y+‘2(/xvz

(2.11)

e (2.12)

+o"\/ny+o"\/yVy+o"\/yVZ (2.14)
L N
oV,

VA,
gz’ oz

The magnitude of a vector is defined as

+WZV +
&Z X

V| = V2 + V7 + V7 (2.15)

The multiplication of two vectors in the source term equation is defined as

SV ={SV,, SV, SV} (2.16)

2.2 Turbulence Models

To solve turbulent flows, viscosity is increased (by introducing the turbulent viscosity,
K,) in the Navier-Stokes equations, so that relatively course grids can be used, and

consequently only large scale turbulent eddies are simulated. The most commonly used
model is the standai¢te model. The LovwK-¢£ model is a modification of the standate

€ model. The LowK-£ model is supposed to extend the range of applicable Reynolds
numbers to allow calculation of turbulent flows at Reynolds numbers in the additional
range of 5,000 to 30,000.



2.2.1 The Standard K-¢ model

The turbulent viscosityy,, is calculated from th& and ¢ turbulence parameters:

K2
H=Cp - (2.17)

The turbulent viscosity depends on the turbulent kinetic endéfgyand its rate of
dissipationg. The parameters are found by solving two transport equations:

(1 7 %] [l
OdpKV)=0 + LK+ - pe 2.18
okv) =0tggur o Kgr@-p (2.18)
(0 u O ¢ &
OpeV)=0 =t — — 2.19
Tpev) %Hprﬁlegcleng (2.19)
where the shear productio®, is defined by
®=p, OV [QDV +(DV)T) —%D V(i DLV + pK) (2.20)

The transport equations also include the empirical constam@tisd3C.

2.2.2 The Low K-¢£ model

The turbulent viscosityy,, is calculated from th& and ¢ turbulence parameters:

KZ
U, = CNFHp? (2.21)

where the functiorFu is defined as

0 -34 O

Fu = eXDWH (2.22)

where the local turbulent Reynolds number is defined as
_pK®

UE
The equations for the turbulent kinetic energy K and turbulence dissipatienarate

(2.23)

Re

(N U U
oKV ) =0 — K -F- 2.24
{pkv) =Dtgpus LK@= F - pe (2.2

[ O ¢ &g
Ofpev) = D%wpirﬁ]eg CIE¢+C2F2p?+ F, (2.25)
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where the shear productio®,is defined as

®=p0V [@DV+(Dv)T)—§D V(O + pK) (2.26)
and the functions J-F, and F; are defined as

F, =1-0.3exp(-Re}) (2.27)

F,= 2u(DKW) (2.28)

F, = z%(m’-’v)2 (2.29)

2.3 Multiphase Model

An Eulerian multiphase multi-fluid model is used to simulate the flow of gas bubbles in
the liquid steel. Each phase has it's own velocity, K afidlds. The pressure field is
shared for the two phases. The velocity fields are coupled by an empirical inter-phase
drag model, which handles the transfer of momentum between the phases.

2.3.1 Governing Equations

The governing equations for multiphase flow are based on the single phase governing
equations. The two continuity equations become:

Wi = Sress,, (2.30)
0 Vges = Shess,_ (2.31)

Each of the two sets of momentum equations is similar to those for single phase flow,
with the exception that an extra tem for momentum transfer is present:

O tiq(PieVia O Vi) = DDf,iqueﬁ(DV“q +(OV,y)' )E

fig 00 + GV = Vi) + S

qgas mMomq

(2.32)

- [éfgas(PgaSVgas . Vgas)) = Dngasueff (Dvgas + (DVgaS)T)E+

foas(Bges = 0P) + G2 (Vi = Vi) + S,

gasliq liq

(2.33)

wheref,, andf  are the liquid volume fraction and the gas volume fraction, respectively.

The inter-phase drag termg 2, and ¢

are defined in Equations 2.40 and 2.41.
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The standard&-£ model is used to solve for theé ande turbulence parameters in the
liguid phase. The gas phase is assumed to be laminar. The transport equations for the
liquid phase are

0 0O .
Ijl:ﬁfllq pl|q liq |IQ)):D%fquHll|q Maj Im% I|q I|q I|qpliqeliq (234)

000 K .
O |:éfliq(pliq“;‘liqvliﬁl)) =U |%fliq glliq i ngllqa lellq KI|: thq
(2.35)
EI?q
+C fllqphq K“q
where the shear productio®,, is defined as
2
Ilq = l‘lllqeﬁ DVI|q |:éljvllq DVllq) ) 3 U wliq(:uliqeﬁ O |]/hq plququ) (236)

The transport equations for the gas phase are

N [éfgas pgas gas gaS)) 0 %fgasg'lgas

Hgasi

Ej QaSE gas gas gaspgasggas(2'37)

0
0 [@fgas P gas)) = D%fgas%,gas Hgas, nggaSE“L G, g:ss .

(2.38)
Eins
+ C2 fgaspgas Kgas
where the shear productio®,. is defined as
2
= Mgy Vo 0V, + (0, ) - Oy OV + 9K ) (2:39)
2.3.2 Inter-Phase Drag Model
The inter-phase drag term&‘grag and cgg;aﬁq are defined as
rag) _ 3 C
C“g ggas - ZFD fgaspliq‘vgas B Vliq‘ (2.40)
(drag) _ 3 C
Cgas ?iq 4 d I|q gas‘vllq V ‘ (241)



12

The drag coefficient, Cis a function of the bubble Reynolds numibs; :
— pliq‘vliq _Vgas‘d
Mo,

The function G(Re) is determined experimentally, and is known as the drag curve. In

(2.42)

Re,

our case, the bubbles move closely with the liquid, and the bubble Reynolds number is
about 125 for a 1 mm bubble. Fog@Re, < 1000, the drag curve is in the Allen regime:

_ 24

cC. =<
® Re,

(1+0.15Re2*") (2.43)

2.3.3 Buoyancy

Because there is a large difference in density between liquid steel and argon gas,
buoyancy is important in the flow calculation of the gas phase. The buoyancy force is
what causes most of the gas to leave the domain through the top surface instead of getting
trapped in the solidifying steel.

The buoyancy force is introduced into the momentum equation as the bod\Bforce,

By = (g~ Pous )0 (2.44)
whereg is the gravity vector {0, 0, 9.8}. The Boussinesq approximation is employed,
whereby gas compressibility and thermal effectp ane ignored.

2.4 Boundary Conditions

Boundary conditions must be set for each variable at every boundary on the domain. The
following boundary conditions are used except when noted in the individual model
descriptions.

2.4.1 Wall Boundary Conditions for Turbulent Flow

The walls in the domain correspond to the solidification interface between the liquid and
the solid shell in the caster. The velocity at this wall is given a no-slip condition (i.e.
V,=V,=V_=0). The velocity profile in the boundary layer is either solved for numerically
or calculated with a wall law, depending on the turbulence model used. In heat transfer
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calculations, the temperature of the wall is set to the liquidus temperature of steel [13].
This avoids having to specify a variable heat flux boundary condition along the walls.
Pressure is given a zero-normal gradient boundary condition. The turbulence parameters
at the wall are calculated by a turbulence model, described next.

Standard K-£ model

The boundary condition for velocity is specified using wall laws in the standard K-

€ model. Wall laws calculate the high gradients of velocity in the boundary layer region
using an empirical correlation based on the shear stress at the wall. This allows a coarse
mesh to be used and still include the behavior in the boundary layer. The non-

dimensional distance normal to the wall,, is defined as

202K y2
y' = (p“—) n (2.45)
U

wheren is distance normal to the wall. The tangential velocity profile as a functigh of
is

oKy, vy

Vi =0-(c k) (2.46)
E“TIOQ(EW), for y* >y’

where, is the velocity tangential to the wal,is the constant log-layer thicknesgsis

the Von-Karmen constant angf is the cross over point between the viscous sub-layer

and the logarithmic region.

The turbulence kinetic enerdgis solved in the control volume adjacent to the wall using
Equations 2.18. The production terms in the K equation are treated differently so that
only quantities interior to the flow and the specified boundary conditions on velocity. The
turbulence dissipation is calculated from K using the relation [15]:
341 32
_CK

= (2.47)
¥=0)  kn

£

(
The boundary conditions for heat transfer calculations are similar to the velocity
boundary conditions.
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The enthalpy in the wall layer is assumed to be

O JoHO
DPrH EHy D%D
= VA 12 r=, fory" <y,
5 K
H = Dpr . (2.48)
O A\
Ox IOQ(EHY )Do"h O 2 s
i , 1ory >y,
RS “

whereyy;, is the cross over point between the viscous sub-layer and the logarithmic region

for enthalpy, an€&, is the formula of Jayatilleke

O ey f® 0 O pr OH
E. = Eexp®.0k — 14+ 0.28exp+0.007— (2.49)
SESRBOGE gt 0e0 000

where Pr is the fluid Prandtl number,(gk,) and Py is the Prandtl number for enthalpy
[15].

Low K-¢& model

The low Reynolds number version of theekrodel solves the governing equations to the
wall, and does not use wall laws. A no-slip boundary condition is set on velocity (i.e. V
=V, =V, =0), and zero values are set for K andhe heat transfer boundary conditions
are the same as those for the standaedhGdel.

2.4.2 Top Surface Boundary Condition

The top surface is modeled as a wall with no-slip velocity boundary conditions. This was
chosen over a zero shear stress condition because previous work [16] revealed that the
shear stress imposed from the viscous molten flux layer that floats on the top surface is
very large. A convective boundary condition is set for temperature.

2.4.3 Inlet Boundary Condition

At the inlet boundary, constant values for all variables except pressure are specified.
Pressure is extrapolated from the outlet boundary. The inlet velocity is derived from the
imposed casting speed Msing a mass balance:
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V=V, /A, (2.50)

whereV is the inlet velocity normal to the inlef), is the cross-sectional area of the

mold exit andA, is the cross-sectional area of the inlet boundary.

Inlet values for K anct must also be specified. In models that include the nozzle
geometry in the domain, the inlet values of K andt the top of the nozzle are assigned
average values calculated from a mixing-length model for turbulent pipe flow [14, 17,
18]. When the nozzle geometry is not included in the domain (such as in the multiphase
parametric study) the values of K aadat the inlet are set to the average calculated
values at the nozzle port outlet obtained from simulations of flow in the nozzle [19].

2.4.4 Outlet Boundary Condition

A pressure boundary condition is used for the mold outlet boundary. This choice was
made over other possible boundary conditions, such as a specified mass flow boundary,
because previous work showed that the pressure boundary condition can handle outlets
where flow is not fully developed better than the mass flow boundary2€dn A
constant pressure of zero (an arbitrary reference value) is specified for the mold outlet
boundary at the bottom of the domain. Zero normal gradients are applied to all other
variables.

2.4.5 Symmetry Boundary Condition

At planes of symmetry, the velocity component normal to the boundary is set to zero. For
all other variables, including pressure, zero normal gradient boundary conditions are
specified.

2.5 Solution Method

A multi-block, body-fitted coordinate numerical grid was used to allow for complex
domain geometry. The governing equations are discretized and solved using the
commercial finite difference program CFX 4.2 by AEA Technologies. Iteration is used at
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two levels: an inner iteration that solves for the spatial coupling for each variable, and an
outer variable that solves for the spatial coupling between varifldgsThe inner
iteration was run with an under-relaxation factor betw@en0.3 andB = 0.7 for each
equation, wher@ = 1.0 would be no under-relaxation (successive substitution). The inner
iterations are run for each equation in the following order: U momentum, V momentum,
W momentum, pressure, volume fraction, &and enthalpy. The Full Field Stone’s
Method linear solver is used to solve for the momentum, volume fraction and enthalpy
equations. The Preconditioned Conjugate Gradients solver is used to solve the pressure
equation. The K andequations are solved using the Line Relaxation solver [15].

The source tern$ is used in the multiphase model and the model accounting for shell
growth to specify non-standard boundary conditions for the multiphase models. The
source term is expressed mathematically for one control volume as

S = Y Ad® ) = S, + S B (2.51)

Sron = S Au(@ = ) = Srom, *+ Soom, @ (2.52)

where the summation m is over the six neighboring cells of the control vol{b&. In
this equatiorA,, contains the off-diagonal terms of the coefficient maprig the variable
in the equation that the source term is appliedJois the contribution of the source

terms to the diagonal terms in the coefficient matrix &a@ontains the off-diagonal

source terms.

In the multiphase model, the Inter-Phase Slip Algorithm of Spalding [15] is used to solve
the coupled equations. Because the gas phase is specified at the boundaries using source
terms, CFX does not automatically know that there is a second phase present. Therefore,
a gas volume fraction ofe16 % is specified at the inlet so that CFX recognizes that the
problem is multiphase and applies the correct equations and gas parameters to the
problem.

CFX allows a solution run to use the results of a previous run as an initial condition. For
instance, a fluid flow solution can be run and used as the initial condition for a heat
transfer calculation. This allows for rapid changes in the solution parameters without
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having to solve the flow solution from a zero initial condition. For most cases, the solver
is run for 2000 to 4000 iterations to achieve a converged flow solution. Residuals of less
than E-4 where found to be sufficient for this work. Additional models are then added,
such as heat transfer or multiphase flow, and the solver is restarted using the flow
calculation as the initial condition. A typical convergence history, measured by the
absolute residuals of each equation being solved, is shown in Figure 2.1. This run is for a
20% gas multiphase calculation (Case 17), and shows only the residuals for the liquid
phase. The gas phase residuals are similar to the liquid phase residuals in last 1000
iterations. The first 2000 iterations are for the single phase flow solution (Case 16). When
the solver is restarted for the multiphase calculation, the residuals rise during the first few
iterations. The solution quickly converges to a maximum residual levet-éfwlithin

1000 iterations, opposed to the 2000 or more iterations that would be necessary for
convergence if the solution was started without the single phase initial condition.

For turbulent flow, a common problem is rapid divergence, where the residuals suddenly
increase to extremely large numbers and the solver crashes. This problem is usually due
to the cross-diffusion terms in tlkeande equations [15]. The cross diffusion terms are

the terms in the K transport equation (Equation 2.18) that cagtaimd the terms in the
equation (Equation 2.19) that contain K. This behavior can be prevented by under-
relaxing these terms, which is referred to as deferred correction in CFX. It was found that
turning off these terms until the last 200 iteratiogs=(0) and then linearly increasing

them to the full value{ = 1) by the last iteration resulted in faster convergence and with
no decrease in the accuracy of the solution. On a Cray Origin 2000, running on a single
processor, the single phase calculation took 3 hours per 1000 iterations. The multiphase
calculation took 7 hours per 1000 iterations.
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3 Evaluation of Turbulence Models

Flow in a continuous casting mold has several features that make heat transfer
calculations difficult. The flow has a high speed jet impinging against the domain wall.
Most wall laws in the standard &model have difficulty in accurately modeling flow

that is not parallel to the flow boundary. Liquid steel is also a fluid with a low Prandtl
number. There is little work in the literature on jet impingement for low Prandtl number
fluids.

The shell thickness of actual breakout shells from a thin-slab caster has been measured
[1]. The model predictions of wall heat flux are used as input to CON1D, a program that
predicts the growth of the shell [21]. The predicted shell profiles are compared to the
experimental measurements. This validation is used to compare different turbulence
models and grid resolutions.

The model domain is shown in Figure 3.1. The model is based on the thin-slab caster
used at Armco Steel from which the breakout shells were obtained. The nozzle is a 3-Port
design, with two ports angled 15° downward from the horizontal and one port directly
downwards into the mold. The nozzle geometry is included in the model because the
nozzle is highly three-dimensional. The simulation exploits symmetry by modeling a
qguarter of the mold and nozzle.

3.1 Model Cases

In this study, flow and heat transfer predictions are compared for several different grid
resolutions and wall laws using both the Standad&d Low Ke turbulence models.

Heat transfer predictions from several different simulations using the Levn&edel are
compared for various grid resolutions. The grid resolutions are expressed in terms of the

non-dimensional size of the cell near the wg]l,, which is defined as

12
. p°CY’K
Yo = ( —;;1 ) Ay (3.1)
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where Ay is the thickness of the first element along the wall. Five cases using different

turbulence models, wall laws and grid resolutions were compared.

3.1.1 Standard K-& Model Cases

Simulations were run for the standarceKnodel with a coarse grid &30) containing
294,317 nodes and 236,669 elements. The standard enthalpy wall law is used (see section
2.4.1).

The same coarse grid is run with the standardriedel, except that the wall law for
enthalpy is replaced with a user wall law. This wall law is derived in Appendix A, and is
implemented as a user Fortran subroutine, which is provided in Appendix B.

3.1.2 Low K-& Model Cases

Simulations were run for coarse €30), fine (y<6) and very fine ({1) grids using the
Low K-g& model. The fine (i6) grid contains 549,728 nodes and 509,153 elements, and
the very fine (y<1) contains 843,607 nodes and 791,634 elements.

3.2 Solution Methodology

The simulation was first run without heat transfer for 4000 iterations to generate a
converged flow solution such that the largest of the momentum residuals, R, is smaller
than E-4 for the momentum equations. Then, another 500 iterations were run with the
heat transfer model to generate a temperature solution. To eliminate sudden divergence in
the solution the cross-diffusion term for the K an@quations were deferred, and
increased from 0% to 100% in the last 100 iterations of the solution.
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Figure 3.1. Turbulence Model Evaluation Domain
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3.3 Turbulence Model Results

The flow and heat transfer solutions produced by the models are used to compare the
different turbulence models. The heat transfer solutions is correlated to a shell thickness
and compared by Stone [1] to experimental measurements. The simulation parameters for
the cases compared are listed in Table 3.1.

3.3.1 Velocity Solution

Figure 3.2 shows profiles of downward velocity at the solidifying shell normal to the
narrow face wall, 0.741 mm below the steel-flux interface at the top surface of the
domain. The results for four different flow solutions are compared. Each point on the
graph represents a grid point, so this figure also illustrates the great differences in mesh
refinement between the grids. The dashed line for the Standarddtiel illustrates the

wall function solution for velocity assumed in this model.

This high-speed flow system is known (through experiments and computational models)
to develop a high velocity gradient near the wall. The standard and Lomddel with

the fine and very fine grids predict this high velocity gradient. The Lannkodel with

the coarse grid predicts a much lower velocity gradient. The unrealistic result illustrates
the inaccuracy in the flow prediction that can result from using a coarse mesh with the
Low K-& model. Because the Low &model does not use wall laws, a fine mesh should

be used to resolve the boundary layer. The standard wall law is able to capture the steep
gradient even with the coarse mesh.

Figure 3.6 shows the turbulent viscosity for the standagdiking the user specified wall
law. The viscosity is scaled ag/[,, so this plot shows how the turbulence model
increases viscosity to account for turbulence.
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3.3.2 Heat Transfer Solution

The heat transfer prediction is much more sensitive to the turbulence model and grid size
than is the flow prediction. The CFX implementation of the standagdntodel wall

laws, including the wall law for enthalpy, is compared to user-subroutine form of the
same equations. The models are compared in Table 3.2 using the total heat flux and the
peak heat flux along the narrow face centerline. The total heat removed along the narrow
face was integrated along the centerline of the narrow face. Figure 3.4 shows the
centerplane temperature predictions for each turbulence model. The corresponding wall
heat flux profiles are shown in Figure 3.5. The size of the hot area (light shades) shows
how much heat is removed from the jet by the walls. The standansd&del (a) has the
largest hot area, consistent with the prediction that only 680 kW/m is removed along the
narrow face centerline for this model. The User subroutine and LewnBdels have

much smaller hot areas, corresponding with a larger amount of heat removed by the wall.
The coarse grid Low K-model (e) has the coldest fluid (largest dark area) and
corresponding highest heat flux of 1490 kW/m.

The K-€ model with user wall law delivers 17% more heat to the wall than the standard
K-& model. The Low Ke models with y<30 and y<6 grids delivers considerably more
heat to the wall than the user-modifieccKrodel. The total heat delivered to the wall by
the Low K€ model with y<1 grid is comparable to the user-modified iKrodel.

The peak of the heat flux profile occurs at the jet impingement point in all cases, as
expected. The standardkmodel has a heat flux peak of 720 kV/m this point, while

the user modified K-model has a peak of 1400 kWinThe Low K& models all have
extremely high and narrow peaks, which do not appear to be realistic. The leow K-
model is very sensitive to grid refinement, and produces unreliable results at coarse grid
sizes of y=30. The Low Ke model for the =30 grid predicts the total heat flux at the
narrow face mold wall to be 85% greater than the user—modifiechKeel, and the peak

heat flux at the jet impingement point to be 240% greater. Fortitegyid the total and

peak heat flux are 25% greater and 240% greater, respectively.
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The heat flux predicted by Low Kimodel with the {1 grid and the user—-modified &-

model differ mainly by the shape of the heat flux peak in the impingement region. The
total heat flux is 10% greater than for the user—modified idedel. The peak for the

Low K-g& model is approximately 80 mm wide, while the peak for the standarch&del

is approximately 250 mm wide. It is not known which shape is correct, but it is suspected
that the user—modified K-model prediction is better. In real life, the jet moves between
several steady flow patterns, spreading out the region where heat is delivered. Thus, the
sharp heat flux peak predicted by the Love Krodel appears to be unrealistic.

The heat transfer predictions of the different models were input by Stone to a
solidification model [1, 22] and the predicted shell growth was compared with
experimental measurements obtained from a shell obtained from an operating caster [22].
The user-subroutine K-model prediction matched the experimental data well. The
standard Ke model would over-predict shell growth and miss the important shell
thinning effect that was observed at the impingement point. The Lawniddel with

y*<30 would significantly under-predict shell growth.



Table 3.1. Simulation Parameters for Armco Heat Transfer Model
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Mold Width

Mold Thickness

Mold Cross-sectional Area, A
Nozzle Cross-sectional Area, A
Nozzle Submergence Depth
Nozzle Port Angleg

Caster Domain Modeled

Numerical Grid, Maximum yat Wall

Casting Speed, VvV

Inlet Velocity, V,,V,

Inlet Velocity, V,

Inlet Turbulent Kinetic Energy, K
Inlet Dissipation Rateg,

Steel Densityp

Laminar Conductivity, k

Specific Heat, ¢

Laminar (Molecular) Viscosity,

Turbulence Model

Inlet Casting Temperature, T
Liquidus Temperature,;J
Top Surface Heat Transfer Coefficient, h

Top Surface Ambient Temperature, T

984mm
132nm
129888mnt
3848mnt
261N
15° down
1/4 Mold
30,6,1

25.4mm’s

0

0.857m/s

0.00425n7/s

0.020n7v/s

7020kg/m

26 kg-m/3-K

680n7/s™-K

0.0056kg/m s
Standard &-Low K-¢

1836K

1775K
AONTK

300K
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Parallel to the Wide Face.
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1775 K

Figure 3.4. Temperature predictions for a) Standaedkedel, b) User ke model, c)
Low K-& model with y<30, d) Low K& model with y<6 and e) Low Ke model
with y*<1 grid.
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Table 3.2. Integrated and Peak Wall Heat Flux at the Solidifying Shell

Turbulence Model, Grid Size, and Wall Law Total HeatPeak Heat Flux
Flux (kW/m) (KW/m?)
High K-€ Turbulence Model, %30 680.3 720
High K-€ Turbulence Model, %30, Fortran Wall Law 798.9 1400
Low K-¢ Turbulence Model, 30 1490.1 4808
Low K-g Turbulence Model, 6 996.5 4832
Low K-¢ Turbulence Model, 1 901.2 3837

Distance Below the Meniscus (m)

15 [t -
—®*— High K-¢ Turbulence Model, y+<30
2 ~—° High K-¢ Turbulence Model, y+<30, Fortran Wall Law
—®— Low K-¢& Turbulence Model, y+<30
— - Low K-g& Turbulence Model, y+<6
2.5 --=-¢-=== | ow K-¢ Turbulence Model, y*<1
3 L i

0 1000 2000 3000 4000 5000

Wall Heat Flux (kw/m?)

Figure 3.5. Profiles of wall heat flux at the solidifying shell
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4 Effect of the Shell on Fluid Flow

In the continuous casting process, the liquid steel solidifies against the cooled mold. This
steel shell is then pulled from the mold at a constant rate. At steady state, the location of
the solidification front is constant with respect to a laboratory frame of reference. As the
shell is pulled from the mold, new fluid has to cross the solidification front in order to
fulfill the mass balance. In both the present work and in some physical water models of
the process, the solidification front is the domain boundary. Thus, there should be a
small flow across the model walls that represent the shell boundary. The importance of
this effect is investigated in this chapter.

In water models of fluid flow in the mold, the presence of the solidifying shell is assumed
to have negligible effect on the flow result. The assumption that the shell can be
neglected allows for simplification of the model. To determine the importance of this
assumption on the resulting flow field, the results from three different models were
compared. In all of these models, only flow in the liquid pool is considered.

The geometry for this model is based on the geometry used in the Turbulence Model
Evaluations Chapter. This geometry was used because it is an extreme case; the effects of
the shell are large relative to standard molds. Two domains are compared: the Standard
domain with straight walls, and the Shell domain with walls that include the curvature of
the shell.

4.1 Model Cases

Three cases are compared. The Standard Conditions case models the strand as if there
was no solid shell. This is what is commonly done in most water models and several
previous computational models. The Solid Shell case models the mold with a tapering
curved wall, so that only the liquid pool is in the domain and the shell is accounted for
using a geometrically accurate domain. This case corresponds to a water model that
includes the shell in the geometry but does not remove liquid through the walls. The
Porous Shell case models the mold with the shell in the geometry and includes negative
mass source and negative momentum source terms to remove fluid and momentum at the
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boundary without interfering with the wall laws. This case is the closest approximation to
the actual flow in the mold.

4.1.1 Standard Conditions.

The Standard Conditions case is identical to the Highdase of turbulence models
comparison, with the exception that heat transfer is not modeled. The solid shell is treated
as liquid. The domain is unmodified (same as actual caster), and no mass or momentum
is removed at the domain walls.

4.1.2 Solid Shell

In the Solid Shell case, the domain walls are modified to include the curvature of the
liguid domain due to the solid shell. The shape of the shell is built into the geometry
(except for Oscillation marks and variations in shell thickness related to heat transfer,
which are ignored). The shell thickness is calculated using Equation 4.3. No mass is
removed at the domain walls.

4.1.3 Porous Shell

The Porous Shell model treats the solidifying shell as a fixed interface with the
appropriate amount of fluid crossing it. Negative mass and momentum sources on the
domain walls simulate the steel that moves across the shell interface as the shell is pulled
from the mold. The shape of the shell is built into the geometry (except for Oscillation
marks and variations in shell thickness related to heat transfer, which are ignored). The
shell thickness is calculated using Equation 4.3. The mass and momentum sources are
derived in the next section.

In the caster, liquid steel solidifies in the solid shell and is pulled from the mold. When
the shell geometry is included in the domain, the mass that is pulled out with the shell
must be accounted for. To do this, the boundary condition on the walls is modified with
the source term in the governing equations so that fluid is removed through the wall. The
source term for the continuity equation is
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Shess, = ~M(2) (4.1)
The variablem(z) is the mass flux across the shell interface as a function of distance
below the top surface. For the momentum equations, the source term is

Som, = ~M(2V (4.2)

Calculation of Wall Mass-Flux for Porous Shell Case

Because the curvature of the shell varies as a function of distance below the top surface
the mass fluxm will also vary with distance below the surface. A schematic of an
increment of the solid shell is shown in Figure 4.1.

y

> Y
X
Z
v
L

D Ve
v S

Figure 4.1. Schematic of Shell

The thickness of the solidifying shei, can be expressed as a function of distance down
the strand (below the meniscub),by:

gD)=C,D/V, (4.3)
WhereC is an empirical constant for the shell growth rate ¥n@ the casting speed
[23].

The mass flux across the solidification interface can be written as a functian Blhe
mass flux across an arbitrary cell face on the solidification interface of the shell is
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m = pAVy (4.4)
wherep is the density of steed, is the area of the cell face a¥idis the normal velocity
across the interface.

To express the normal velocity, in terms of the casting spe®d an increment of the
shell is examined, as shown in Figure 4.2.

Figure 4.2. Incremental Shell Section

AS=ADtan8 (4.5)
= ADtan6Ay 4.6
o (4.6)

ADA
A= cost9y (4.7
A, = ADtanfAy (4.8)

Performing a mass balance on this section reveals that the mass flux info ranest
equal the mass flux out of ardg

m =, (4.9)

PVA = VA, (4.10)

ADAyY _

PVy PV-ADtanBAy (4.11)
cos6@
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By rearranging Equation 4.11, the normal velocity can be rewritten in terms of the casting

speed
V, =V tanBcosb
. (4.12)
=\ sin@
V, can be written as a function of distafizenly. Sin@ can be written as:
sng=—20 . d _ 1 (4.13)
JAD? +AS  dD? +dS? \/ ndsf
1+ 5—
CapU
Taking the derivative d&(D)in Equation 4.3 gives
@s__C (4.14)
db 2,V.D
Substituting Equation 4.14 into Equation 4.13 yieldsfsas a function ob:
sing=—2 (4.15)
O ¢ DZ

\1+ ?\/@E

Substituting Equation 4.15 into Equation 4.12, the equation for normal velocity, gives:
VC

V, = (4.16)
1+ J C ﬁ
B, V.DH
From Equation 4.4, the mass flux can now be rewritten as a functidmoty:
(D) = ——PAV (4.17)

“‘1+ 0 c O
V" B2 \.DH
For a curved strand, the distance down the sbelk a not a simple function of vertical

distance, but also depends on the radius of curvdure,

D= i =6R (4.18)
sinf
D = Rarcs ng%g (4.19)
For a radiusR of 11 meters, at z=3 metesis 3.0385 meters. Therefore, the curved
strand does not have a significant effect on the distBn@nd the coordinate z can be
used in the finite difference equations for the mass flux term for both curved and straight-

mold casters.
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n(z) = ——PAV (4.20)
O c f

1+
\q‘ % VCZE
The casting speed is positive, so the mass flux term is a positive number. Because the
source term is defined as the negative mass flux, the source is a negative source, or “sink”
that removes mass from the liquid domain

4.2 Solution Methodology

Typically, 4000 iterations were performed for the each simulation in order to produce a
converged solution. The results of the No Shell model can not be used as an initial
condition for the Solid and Porous Shell models because the domains are different, and
the results do not directly apply on a node by node basis. It was also found that using the
Solid Shell solution as an initial condition for the Porous Shell model produced slower
convergence than starting the Porous Shell model from zero initial conditions. This is
because the velocity solutions of the two models vary significantly because of the
acceleration of flow in the Solid Shell model. To eliminate sudden divergence in the
solution the cross-diffusion term for the K anéquations were deferred, and increased
from 0% to 100% in the last 100 iterations of the solution.

4.3 Results

Flow results were obtained for each of the three cases to study the effect of each method
of treating the shell on mold flow. The simulation parameters for each case are listed in
Table 4.1.

Velocity profiles at different regions in the domain are shown in Figure 4.4 through
Figure 4.9. In Figure 4.4, at 1 m below the meniscus, the velocity profiles for the three
cases are fairly similar. There is a very sharp boundary layer (10 mm) along the shell,
which is characteristic of high-speed flow. At 2 m below the meniscus, Figure 4.5, the
velocity profile for the Solid Shell case is significantly higher than the profiles for the No
Shell and Porous Shell cases. The maximum velocities near the shell are very similar for
the No Shell and Porous Shell cases. At 3 m below the meniscus, Figure 4.6, the velocity
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profile for the Solid Shell case is more than double the magnitude of the profiles for the
other cases. This shows that a model with the shell included in the domain that does not
have a sink will accelerate the flow through the outlet. A water model that includes the
shape of the shell will have this problem. This is especially important deeper in the
caster, and for thin slab casters, where the shell is a large section of the cross section. For
the Solid Shell case, this acceleration increases the average outlet velocity by 134%. The
boundary layer at this depth is much wider (70 mm) because the flow near the wall is
much slower than in the top of the domain.

The velocity solution at the centerplane, 1 mm inside the wide face, 1 mm inside the
narrow face and 1 mm below the top surface is shown in Figure 4.10 for the No Shell
case. Because the wide face and narrow face in the Solid and Porous Shell cases are
curved, velocity solutions for these locations are plotted on a plane tangential to the wall
at 0.3 m below the top surface. The velocity solution is shown in Figure 4.11 for the Solid
Shell case and Figure 4.12 for the Porous Shell case. In the upper region of the domain,
the flow pattern of the Solid Shell case is closest to the Porous Shell Case. The influence
of the porous shell is to reduce the magnitude of small vortexes and eddies near the shell,
particularly near the meniscus.
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Figure 4.3. Geometry of Porous and Solid Shell Cases



Table 4.1. Standard Model Parameters
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Mold Width

Mold Thickness

Nozzle Submergence Depth
Nozzle Anglea

Jet Height

Jet Width

Jet Angle

Shell Growth Constant, C

Caster Domain Modeled

Numerical Grid, Maximum yat Walll

Casting Speed, VvV

Inlet Velocity, V,

Inlet Turbulent Kinetic Energy, K
Inlet Dissipation Rateg,

Steel Densityp

Laminar (Molecular) Viscosityy,

Turbulence Models

984mm
132nm
261N
15° down
56nm
16mm
40° down

3.27912mm/+/s
1/4 Mold
30

25.4mm’s

0.857m/s

0.0035n7/s

0.020nY/s

7020kg/m

0.0056kg/m s
Standard gL ow K-¢
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Figure 4.4. Velocity Comparison at 1 m Below Meniscus, 66 mm from Wide Face.



40

0.12 — — — pemnerney remnraneey Pt
[ No Shell
[ | —e— Solid Shell
0.1 | —=— Porous Shell \
\
- ‘\
0.08 \
I s |
L / /‘ ‘
0.06 /

a

0.04 ~ !

//

Downward Velocity (m/s)

\,MMH
0.02 /
0 \ ~—
0 0.082 0.164 0.246 0.328 0.41 0.492
Centerline Narrow
. . Face
Distance From Centerline (m)
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Figure 4.6. Velocity Comparison at 3 m Below Meniscus, 66 mm from Wide Face.
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Figure 4.7. Velocity Comparison at 1 m Below Meniscus, 164 mm from Narrow Face.

01 No Shell |-
L —e— Solid Shell ,
—=— Porous Shell

0.08 - : =

0.06

0.04

Downward Velocity (m/s)

Shell Velocity \ B

0.02

oL v b e e
0 0.011 0.022 0.033 0.044 0.055 0.066

Centerline Wide
Distance From Centerline (m) Face

Figure 4.8. Velocity Comparison at 2 m Below Meniscus, 164 mm from Narrow Face.
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Figure 4.9. Velocity Comparison at 3 m Below Meniscus, 164 mm from Narrow Face.
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5 Multiphase Mold Flow Model

Argon gas is injected into the nozzle during casting to prevent clogging. Because of their
buoyancy, the bubbles can significantly change the flow pattern in the mold. Bubbles can
also be trapped in the solidifying shell. The effect that the gas has on the casting process
is dependent on several other parameters, such as bubble diameter, casting speed,
submergence depth, and mold width. A study comparing the numerical results and
experimental results is performed to validate the multiphase model used. In Chapter 6 a
parametric study is performed to determine how these casting parameters affect the
casting process.

5.1 Simulation Conditions

The domain for the Standard Conditions case is shown in Figure 5.1. A quarter domain is
used, so no asymmetric flow effects are studied. There is no strand or mold curvature
included in the domain. The nozzle is modeled as an inlet with appropriate average flow
and turbulence quantities.

Input conditions for the validation case are listed in Table 5.1. Input conditions for the
parametric study are listed in Table 6.1. The jet of steel leaving the nozzle port is
modeled as an inlet boundary with appropriate smaller size and constant flow parameters
(Ve V,, V,, K, € andf). The inlet velocity is defined as the average velocity leaving the
nozzle ports, and the width and height of the inlet jet are chosen to represent the actual
size of the jet leaving the nozzle ports. The actual port dimensions are larger than the
inlet dimensions because in most nozzles the area of the port is not completely filled by
the jet. The actual nozzle dimensions represented by these inlet dimensions are estimated
from previous calculations [14] and included in Table 6.1. The normal component of the
inlet velocity is calculated from a mass balance on the casting speed:

Area of Inlet

\V =V 51
normel "¢ Area of Domain Outlet -1

The tangential velocity is calculated from the normal velocity and the jet angle:
V, =V, (taNQ) (5.2)

tangential
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In the parametric study, the 1.60 m width case has the same casting speed as standard
conditions. To maintain this casting speed in a larger mold, the inlet velocity must be
increased by the ratio of the cross sectional mold areas. The inlet values fok larand
calculated in a previous model of flow in a nozfl®]. The gas volume fraction is
calculated from the gas mass flow rate using Equation 5.5. The bubble diameter is the
size of the gas bubbles injected into the domain. In a real caster, there will be a range of
bubble sizes, but in this model only a constant bubble size is modeled per case. The
standard K-e model is used to solve for the turbulence parameters. The numerical grid
size is measured by the non-dimensional cell size at the wall.

5.2 Boundary Conditions

Due to buoyant forces, the argon gas bubbles tend to float towards the top surface and out
of the domain through the flux layers instead of leaving the domain through the outlet
with the liquid steel. Source terms are used to set the boundary conditions on the gas
phase at the inlet and the top surface because of limitations in CFX on the types of
boundary conditions that can be set.

5.2.1 Inlet Boundary Condition

Both liquid steel and argon gas enter the domain at the inlet. A constant velocity
boundary condition is specified for the steel phase. The argon phase cannot be specified
in this manner due to limitations in CFX. Specifically, the gas phase cannot be injected
into the domain using an inlet boundary, because CFX would force this flow to go out the
domain bottom (pressure boundary outlet) with the liquid phase. The gas phase is instead
injected into the domain using a mass source at the inlet boundary. For the gas continuity
equation, Equation 2.1, the source term is
S Mys (5.3)

wherem, is the mass flux of the injected gas.

The source term for the gas momentum equation, Equation 2.2, is
Sppe = MyasV s (5.4)
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where V is the velocity of the injected gas, which is assumed to be equal to the inlet

velocity of the liquid phase.

The gas is specified in terms of the volume fraction of gas compared to liquid at the inlet.
This volume fraction is calculated at the casting temperature. Because the gas density is
much lower at the casting temperature than at standard temperature and pressure (STP), a
gas volume fraction measured at the casting temperature and pressure will be much larger
than for the same mass flow rate when measured at STP. The gas fraction is calculated in
terms of the gas mass flow rate (which is the value used in the source term) as
My
f .= Porsne (5.5)

gas n‘]g
Vx‘iq Anlet + =
pgaanle(

whereV, -is the normal liquid velocity through the inle4, is the area of the inlet, and
Pgs,,. 1S the density of the gas at the hot inlet temperature. At standard temperature and
pressure (STP), the density of argon gas is 1.61°kdsthe inlet, the gas densipy, .

is calculated to be 0.322 kginor one fifth of the density at STP [24].

Hershey performed a three dimensional model of a nozzle and validated this model with
experiments [25]. Najjar used this validation as a basis for a parametric study on nozzle
design [14]. He presents outlet turbulence values for a variety of nozzle designs. These
turbulence values Kandg, used as the inlet boundary conditions in this model were
taken from a nozzle calculated in Najjar's study that had similar jet characteristics to
standard conditions.

5.2.2 Top Surface Boundary Condition

The appropriate amount of the gas phase is removed from the top surface of the domain
using a negative source term. The top surface is treated as a wall for the liquid steel
phase. For the volume fraction equation, the source is

Sh. = PesAV, (5.6)
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where A is the area of the control volume at which the source is being applied\lgasand

is the downwards component of velocity in the control volumes adjacent to the top
surface. Because the gas velocity at the top surface is actually up\o@gaasrcils,a negative

quantity. This make§pglas a negative source that removes any gas that physically crosses

the top interface.

For the continuity and momentum equations, the source is

S,,. = fuPAxmax(V,_,0) (5.7)
where f_ is the volume fraction of the argon phagg, is the density of the argon
phase, A is the area of the control volume at which the source is being applied\/;g(a)s and

is the downwards component of velocity in the control volume.

5.3 Solution Methodology

Single phase (0% gas) solutions for each case were calculated and used as an initial
condition for the multiphase simulation. To eliminate sudden divergence in the solution
the cross-diffusion term for the K amdequations were deferred, and slowly increased at
the last 100 iterations of the solution. Typically, 2000 iterations were performed for the
single phase simulation, and another 1000 iterations were needed for the multiphase
simulation to get the residual down to the same level.

5.4 Validation

To determine that the gas injection and gas removal conditions are valid, the fluid flow
solution is compared to experimental measurements found in the litef26lr& he
simulation parameters for the validation case are listed in Table 5.1. Two cases are
modeled: Case A with a casting speed ofr/thin and Case B with a casting speed of

0.6 m/min The mass flow rate of gas is held constant for each case. This results in a
different gas volume fraction for each casting speed modeled. The domain is similar to
the domain shown in Figure 5.1, with the exception that the mold is very wide.
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The single phase flow pattern for Case A, shown in Figure 5.2, is a typical casting flow
pattern known as double roll flow. When gas is added to the flow, the impingement of the
jet moves up. Figure 5.3a shows multiphase flow results predicted by the model. The
predicted flow pattern matches quite well with the experimental measurements shown in
Figure 5.3b.

The single phase flow pattern for Case B, shown in Figure 5.4, is extremely similar to the
flow pattern for Case A. The major difference is in the flow speed, which is different
because Case B is for a lower casting speed. When the liquid flowrate is decreased and
the gas flowrate is held constant, the gas volume fraction increases. The multiphase flow
pattern, shown in Figure 5.5a, is very different from the multiphase flow pattern for Case
A. The steel jet impinges on the top surface instead of the narrow face as usual. This flow
pattern is known as single roll flow. As in Case A, the flow prediction closely matches
the experimental measurements, shown in Figure 5.5b, both qualitatively and
guantitatively. The jet angle in the bulk of flow is about the same, between 20° and 30°

up.

The fact that model prediction can match experimental results for double roll and single
roll flow patterns is an indication that the multiphase model is a good approximation of
multiphase flow in an actual caster.
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Table 5.1. Validation Model Parameters. Unlisted Values are the same as Case A.

Case A Case B
Mold Width 2765mm
Mold Thickness 220nm
Nozzle Submergence Depth 100mm
(top surface to top of port)

Nozzle Bore Inner Diameter 86m
Port Wall Thickness 2m
Nozzle Port Height 95m
Nozzle Port Width 7%nm
Inlet Jet Height, | 38mm
Inlet Jet Width, 1, 75mm

Nominal Vertical Angle of Port Edges 15° down

Inlet Jet Vertical Angle 25° down

Inlet Jet Spread Angle 0°

Casting Speed, VvV 18.1mm's (1.1 m/min 9.9 mms (0.6 m/min
Inlet Velocity, V, 1.96m/s 1.07m/s

Inlet Velocity, V, 0.87m/s 0.48m/s

Jet Angle at Inlety 24° down

Inlet Turbulent Kinetic Energy, K 0.0502nv/s

Inlet Turbulence Dissipation Rat, 0.457nv/s’

Liquid Steel Densityp 7020kg/n?

Steel Laminar (Molecular) Viscosity, 0.00560kg/m s

Volumetric Steel Flow Rate 110 x t@n’/s 60 x 10' m’/s
Inlet Gas Flow Rate 0, 0.030°min 0, 0.030 Mmin
Inlet Gas Volume Fractioffiy,g 0%, 4.3% 0%, 7.7%
Average Gas Bubble Diameter, D 1.0mm

Gravitational Acceleration, g 918/¢
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6 Multiphase Flow Model Parametric Study

A parametric study was performed to study the effects of gas flow rate, bubble diameter,
casting speed, submergence depth, and mold width on parameters important to casting
product quality. The simulation parameters are listed in Table 6.1. The range of
parameters was chosen to span the extreme range of those encountered in practice, with a
low, high and typical value for each parameter. The Standard Conditions are listed in
bold. The conditions for each case are identical to the Standard Conditions case except
for noted values. Values for nozzle port height, width, vertical angle and nozzle bore
diameter are estimated values for a new nozzle that has the jet characteristics imposed at
the domain inlet. The same inlet turbulence valugsafi€ic,) taken from Najjar's work

[14] were used for all simulations .

Submergence depth is measured from the average level of the steel-flux interface to the
top of the steel jet. For the particular example of Standard Conditions, the submergence
of 205 mm corresponds to 190 mm when measured to the top of the port. Similarly, the
submergence of 120 mm corresponds to 105 mm and the submergence of 50 mm
corresponds to 35 mm measured to the top of the port. A simplified geometry is used for
the study. The domain is for a straight mold and strand. It is assumed that two-fold
symmetry exists in the mold. Therefore, the domain modeled is one quarter of the mold.
This assumption means that any asymmetric flow effects will not be modeled. The nozzle
geometry is not included in the domain.

A single bubble diameter is a simplification made in the multiphase model. In a real
caster, a range of bubble sizes will be present. Steel plant observations have found 0.5
mm bubbles that are trapped as pencil-pipe defects. Other studies of gas injection through
porous nozzle refractories [27] have measured bubble diameters of 2 mm in the nozzle
for casting conditions similar to those used in this study.

Using Equation 5.5 and the correct values for argon density, the volume flowrate of gas
can be calculated from the gas volume fraction. For standard conditions, 6% and 20% gas
volume fractions correspond to volume flowrates of 4.67 LPM and 18.28 LPM
respectively when measured at the liquid steel temperature. This corresponds to flow
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rates of 0.93 SLPM and 3.66 SLPM (standard liters per minute) respectively when
measured at standard temperature and pressure. These volumetric flowrate values change
with casting speed and width.

6.1 Parametric Study Results

Table 6.2, Table 6.3 and Table 6.4 summarize important results for each of the 20
simulations in this study, including the location of the upper eye, the location of
impingement below the top surface on the narrow face, the maximum surface velocity,
the maximum gas penetration depth, the maximum turbulence kinetic energy and the
average and maximum top surface pressure. Additional results for each case are
presented in Appendix E.

The upper eye is defined as the center of the upper recirculation zone that usually forms
at the top of the mold when the jet splits after impinging on the narrow face. The distance

X is the distance from the centerline through the nozzle and z is the distance below the top
surface in meters. This point will have a velocity close to zero.

The impingement point is defined as the distance below the no-flow steel-flux interface.
Level changes due to pressure gradients are not accounted for in the impingement point’s
calculation.

The maximum surface velocity is measured at 8 mm below the top surface the first node.
The surface velocity is defined as positive when moving from the narrow face to the

centerline of the nozzle, as is the case in a double roll flow pattern. Velocities moving in

this direction are denoted by + in the table. Velocities moving from the centerline to the

narrow face are denoted by — in the table. Only the magnitude is given for velocities that
are not moving in a consistent direction across the top surface.

The maximum gas penetration depth is defined as the deepest point thexbtteghs
volume fraction contour reaches in the domain. This value was picked because it is an
order of magnitude less than the volume fraction of gas that was trapped as pencil-pipe
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defects, according to statistical studies. This volume fraction was found to be between
1% and E-4 % [11].

A high level of the steel-flux interface at the mold walls can prevent the liquid flux from
filling the gap between the shell and the mold. The maximum height of the standing wave
on the mold perimeter is important because it is the point where liquid flux is least likely
to fill the gap. In this model, the free surface is hot modeled, so a direct solution of level
is not performed. However, the pressure at the top surface can be used to predict the
surface level. Pressure may be correlated to a standing wave level using the following
equation:

Level = P~ Pam (6.1)

‘psteel _pfluxjg

In single phase flow a simplified version of this equation that does not include the effect
of the flux layer was found to reasonable relate pressure calculated using a flat interface
with predicted surface level [8]. These results were also validated with a water model [8].
The multiphase model for the parametric study uses a pressure boundary condition for the
outlet, at which the reference pressure can arbitrarily be set. Theggfpre,defined as
the average pressure over the area of the top surface. For this calculation, pressure was
evaluated at 1 mm below the top surface, but generally pressure gradients normal to the
top surface are negligible so this is not important.

The turbulence kinetic energy is measured 16 mm below the top surface at the second
node, where th& gradient becomes nearly zero, as shown in Figure 6.13. A correlation
between the turbulent kinetic enerd§, and level fluctuations of the top surface was
proposed by Huang [28]:

Pes K = 0.5(pStee| - pﬂux)g(LeveI Fluctuation Height) (6.2)
This relation was found to produce level fluctuations with a flat top surface that roughly

matched measured level fluctuations [28]. For the parameters in Table 6.1, and assuming
a liquid flux density equal to 3000 kginthis equation yields the correlation:

Level Fluctuation Heightz(0.356 sz/m)K (6.3)
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6.2 Typical Results

There are two basic flow patterns that occur in the continuous casting strand: double roll
patterns and single roll patterns. Typical flow results that demonstrate these patterns and
the flow parameters associated with them are described in the next section.

6.2.1 Single Phase Double Roll Flow

The velocity solution for the single phase Standard Conditions case (Case 1) are shown in
Figure 6.1, Figure 6.2 and Figure 6.3. The flow pattern for Case 1 is a double roll pattern,

where the jet of liquid steel impinges against the narrow face. The jet then splits and

forms two recirculation zones, one above and one below the jet. The upper recirculation

zone flows along the top surface towards the nozzle, where it turns down and joins the
jet. The lower recirculation zone is much larger, and circulates in the area one to two

meters below the jet. Near the domain outlet (3 m down the strand) the flow begins to

move downward, as shown in Figure 6.3. Further down the strand, the velocity becomes
more uniform and eventually all moves directly downwards at the casting speed.

As the jet moves from the inlet across the mold it entrains surrounding fluid. This effect
can be seen in the plot of velocity on a plane through the jet, Figure 6.1. The jet widens
until it reaches the wide face. The area where the jet reaches the wide face can be seen in
Figure 6.2 near the narrow face.

The pressure distribution on the centerplane parallel to the wide face is shown in Figure
6.4. The maximum value of pressure along the top surface mold perimeter and the
corresponding maximum level for each case are listed in Table 6.3. The pressure is
highest where the jet impinges on the narrow face. A local maximum occurs at the corner
of the top surface and the narrow face. There is a highly negative region of pressure
directly under the jet inlet. This is caused by the jet entraining fluid as it enters the mold.

The pressure distribution across the top surface is shown in Figure 6.6. The level of the
standing wave can be calculated from the surface pressure. The highest surface level
occurs at the narrow face where the jet reaches the top surface. The surface level is
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lowest in the center, and rises again in the center of the wide face. This result is
commonly observed in the plant and is well known.

The distribution of kinetic energy on the centerplane parallel to the wide face is shown in
Figure 6.5. The highest value Kfoccurs on the top and bottom of the jet, where the
shear layers are high. The distributiorkofcross the top surface is shown in Figure 6.12.
The maximum value df occurs at the center of the domain. The maximum value along
the mold perimeter is at the wide face, and the minimum value is along the narrow face.
The turbulence kinetic energy can be correlated to a level fluctuation using Equation 6.3.
A high level fluctuation on the mold perimeter can cause defects in the shell.

6.2.2 Multiphase Double Roll Flow

The flow results for the standard conditions with 20% gas case are shown in Figure 6.8
through Figure 6.15. When gas is injected into the mold, the jet is generally lifted by the
bubbles. This raises the impingement point, and tends to raise the maximum surface
pressure. The upper eye is not well defined, because a large portion of the jet is deflected
upward by the gas. The rest of the jet penetrates across the mold to the narrow face. This
tends to lower the maximum tangential surface velocity. In addition, the velocities do not
move consistantly across the top surface, so shearing entrainment of liquid flux may be
more difficult. The velocity of the gas phase is shown in Figure 6.10 for the centerplane
and the wide face. The velocity solution for the gas phase must be interpreted with the
gas contours, because the CFX plots non-zero velocity values in areas where the volume
fraction of the gas phase is close to zero. The plots of gas velocity can be thought of as
potential velocity plots: if a bubble is present in a given location, it will move at the
velocity shown in the plot. The gas velocity solution is very similar to the liquid velocity
solution with the exception that there is an upward component of velocity due to
buoyancy. For 1.0 mm bubbles, this upward velocity component is 0.12 m/s, which
corresponds to the terminal velocity. The maximum penetration depth of the gas into the
strand for this case is 0.338 m.
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The pressure distribution on the centerplane parallel to the wide face is shown in Figure
6.11. The pressure is highest at the top surface where the bubbles leave the domain. A
local maximum occurs at impingement point. The pressure distribution across the top
surface is shown in Figure 6.14. The highest surface level occurs at the middle of the
centerline parallel to the wide face where the bubble-laden jet reaches the surface. Across
the thickness of the mold the surface level is lowest midway between the centerplane and
the wide face. A local maximum occurs at the wide face, midway between the
centerplane and the narrow face.

The distribution of kinetic energy on the centerplane parallel to the wide face is shown in
Figure 6.12. The maximum value Kfis still at the inlet, but the value &f at the top
surface, where most of the gas bubbles are leaving the domain, is much higher. The
distribution ofK across the top surface is shown in Figure 6.15. The maximum vafue of
occurs at the middle of the centerline parallel to the wide face. The maximum value along
the mold perimeter is at the wide face, and the minimum value is along the narrow face.
The maximum value is higher than that for the single phase case.

6.2.3 Single Roll Flow

When the submergence depth is decreased to 0.120 m, the flow pattern can completely
change when the gas flow rate is high. Figure 6.16 shows the single phase flow pattern
for Case 16 with a submergence depth of 0.120 m and all other conditions standard. The
flow with no gas injection is a double roll pattern. With 20% volume fraction gas
injection the flow becomes a “single roll” flow pattern. The centerplane velocity for the
20% gas case is shown in Figure 6.22. The jet impinges on the top surface instead of at
the narrow face. The jet flow across the top surface towards the narrow face, where it
then turns down into the strand. The plot of the top surface (Figure 6.9) shows that the
flow is moving in the direction opposite that of the double roll cases. A lower
recirculation zone is still present as in double roll flow.

The pressure and distributions for the single roll pattern are similar to the single phase
standard conditions results. The top surface pressurK digtributions for the 20% gas



63

case (Case 17) are shown in Figure 6.26 and Figure 6.27. The magnitudeKof the
distribution is similar to th& distribution of Case 3, but the distribution is shifted
towards the narrow face. The pressure distribution differs in that the pressure at the
narrow face is higher than in the standard conditions case. The calculated maximum
surface level is 5 mm, compared to 3 mm for standard conditions at 20% gas.

The maximum penetration depth of the gas for this single roll case is 1.372 m. This is
deeper than the penetration depth for Case 3, so there will be a greater change of bubble
entrapment.

6.3 Effect of Gas Flow Rate

Increasing the gas flow rate while maintaining a double roll flow pattern will decrease the
maximum surface velocity. For standard conditions, increasing the gas injection from 0%
to 20% decreases the max surface velocity from 0.252 m/s to 0.062 m/s. This trend is
seen for all cases with double roll flow patterns. If a single roll flow pattern develops
(Cases 15 and 17) the surface velocity will increase. This is because the high speed jet
first reaches the top surface, instead of impinging at the narrow face, turning and then
flowing along the top surface. For a submergence depth of 0.120, the surface velocity
increased from 0.248 m/s to 0.255 m/s.

The gas flow rate also changes the depth of bubble penetration into the bottom of the
domain. The single phase flow pattern has a region of high speed flow along the narrow
face under the jet impingement point. If a small amount of gas were added to this flow
pattern (small enough to not change the flow pattern) the bubbles might penetrate deep
into the strand. Adding some gas (6%) changes the flow pattern so that there is slower
flow down along the narrow face. This gives the bubbles less of a chance to be sent deep
into the strand. When the gas is increased further (20%) the flow pattern changes back to
again having high speed flow along the wall. This again sends the gas bubbles deep into
the strand. For example Case 4 (standard conditions with 0.5 mm bubbles and 6% gas)
has a maximum gas penetration of 1.047 m. When the gas is increased to 20% (Case 5)
the penetration depth increases to 2.063 m. This suggests that an optimum gas flowrate
may exist to minimize gas penetration.
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For most cases, high gas flow rates cause increased surface fluctuation levels where the
bubbles leave the top surface. For the single phase Case 1 the surface fluctuations 0.83
mm. For the 20% gas Case 3 the surface fluctuations are 3.74, an increase of 350%. In
cases with high casting speeds, increasing the gas flow rate can actually decrease the
surface fluctuations. For the single phase Case 9 the surface fluctuations 6.69 mm. For
the 20% gas Case 10 the surface fluctuations are 4.76, a decrease of 30%.

A high gas flow rate creates a high pressure region in the middle of the top surface
instead of the on the narrow face. For double roll flow, the maximum surface level
decreases when gas is increased. For the standard conditions Cases 1 and 3, the surface
level decreased by 40% from 5 mm to 3 mm. For single roll flow, the surface level is
increases when gas is increased. For Cases 16 and 17, the surface level increased by 25%
from 4 mm to 5 mm. For Cases 13 and 15, the surface level increased by 100% from 5
mm to 10 mm.

Preliminary data from caster measurements suggests that the bubbles may not follow the
liquid steel flow as closely as predicted by this model, and as shown in Figure 6.3 and
Figure 6.28. This suggests that the drag law used in this model may not be appropriate.
Decreasing the momentum transfer between the gas bubbles and the liquid phase would
allow the bubble to flow through the steel to the surface more easily. The gas would also
have less effect on the flow solution; more gas would have to be added to reproduce the
results of this study.

Case 2 was run with the same conditions as Cases 1 and 3, except that the gas fraction
was set to 6%. The results for this run do not seem to fit the patterns seen in the results of
the other cases. Upon closer inspection of the convergence history, it was found that the

run had not converged due to a computer failure that was unrelated to the solver.

6.4 Effect of Bubble Diameter

Changing the mean bubble diameter of the gas bubbles injected into the domain can
change the shape of the jet. Small bubbles tend to stay with the flow and raise the jet,
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making the impingement point higher, as found in Case 5. Large bubbles tend to
immediately rise to the surface and split the jet, as found in Case 7. This agrees with the
findings of Huang [6]. This results in an area of low velocity near the narrow face
meniscus, which could reduce the heat delivered to the meniscus.

Small bubbles also tend to penetrate deeper into the caster than large bubbles. Comparing
the standard conditions cases for 20% gas and 0.5 mm (Case 5), 1.0 mm (Case 3) and 2.0
mm bubbles (Case 7) shows that the penetration depths are 2.063 m, 0.338 m, and 0.317
m respectively.

6.5 Effect of Submergence Depth

Submergence depth greatly affects whether single roll flow will develop at a given gas
flow rate. For the standard conditions submergence depth of 0.205 m, single roll flow
does not develop, even at a high gas injection rate of 20%. When the submergence depth
is changed to 0.120 m (Case 17) the flow pattern changes to single roll at 20% gas. This
also happens for the very shallow submergence depth of 0.050 m (Case 15). Thus,
shallower submergence makes single roll flow easier.

When the flow becomes single roll, the gas penetration depth, surface level, and surface
level fluctuations are all significantly changed. The effect of adding 20% gas to the single
roll case (Case 16 and 17) increases the maximum surface level by 25%. For double roll
flow (Cases 1 and 3) the maximum surface level decreases by 40 %. Therefore when the
flow pattern becomes single roll, adding gas has the opposite effect on surface level,
raising the level instead of lowering it. Thus, high gas flows are more detrimental in
single roll flow.

The maximum surface fluctuations for all three submergence depths studied are similar.
For standard conditions single phase (Case 1), 0.120 m submergence (Case 16) and 0.050
m submergence (Case 13) the maximum surface fluctuations are 0.83, 0.88 and 0.87
respectively. For the 20% gas cases (Cases 3, 17 and 15) the maximum surface
fluctuations are 3.74, 3.72, and 4.43. Therefore the submergence depth has little effect on
the maximum surface fluctuations.
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The penetration of gas into the strand is less for the single roll flow than for double roll
flow at the same gas flowrate. For Case 14 with a submergence depth of 0.050 m and 4%
gas the penetration depth is 2.353 m. When 20 % gas is added (Case 15) and the flow
becomes single roll, the penetration depth is only 0.564 m, a 75% decrease. In other
cases, such as standard conditions, the same trend is seen when gas is increased, but
penetration depth only decreases by 9%. Suprisingly, the intermediate submergence depth
(0.120 m) had the deepest bubble penetration, for the same gas flow rate and bubble size.

6.6 Effect of Casting Speed

A high casting speed will lessen the effects of the gas phase on the overall flow pattern.
Increasing the gas at a casting speed of 41.75 mm/s (2.5 m/min) from 0% (Case 9) to
20% (Case 10) changed the location of the impingement point by only 7%, compared to
29% for standard conditions (Case 1 and Case 3) at a casting speed of 17.5 mm/s (1
m/min). This makes is more difficult to develop single roll flow patterns. Increasing the
casting speed will also increase the gas level lower in the caster.

The top surface velocity is increased when the casting speed is increased. For 0% gas, a
150% increase in the casting speed increases the maximum surface velocity by 175%,
from 0.252 m/s for Case 1 to 0.691 m/s for Case 9. For 20% gas, the surface velocity
increases by 940%, from 0.062 m/s for Case 3 to 0.646 m/s for Case 10. The surface
velocity difference is greater for high gas rates because for the standard conditions case
with lower casting speeds the velocity is decreased by 75% when gas is added, but for the
high casting speed adding gas only decreases the surface velocity by 6%. High speed also
causes much higher maximum level and higher level fluctuations.

Case 12, with a high casting speed and gas injection rate, produced results that do not
seem to agree with results from the other cases. These results are most likely caused by a
convergence problem which is more likely with high velocity, high gas flows.
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6.7 Effect of Mold Width

The effects of changing mold width on pressure, K, and gas penetration are similar to the
effects of changing casting speed. In order to maintain a constant casting speed, the inlet
velocity must be increased. This results in higher levels of maximum sW{facel
pressure than for the standard conditions cases at the same gas flow rates. The higher
flow rate of the liquid steel also causes gas to have less effect on the flow pattern.
Changing the mold width by 21% from 1.32 m to 1.60 m increases the maximum surface
velocity by 33% for the single phase cases (Cases 1 and 18), and by 63% for the 20% gas
cases (Cases 3 and 20).

6.8 Implications of Parametric Study Results on Steel Quality

The results of the parametric study suggest several ways that defects can be reduced
through the proper selection of casting parameters. The flow parameters first can be
correlated to defect mechanisms to quantify their effect on steel quality.

6.8.1 Flux Entrainment

A high tangential surface velocity of the liquid steel creates shear forces on the liquid
flux layer. When the shear forces become large globules of the liquid flux can become
entrained in the steel flow. The globules circulate with the steel flow and can be
entrapped in the solidifying shell, forming internal solid inclusions. Adding gas to the
flow reduces the surface velocity by changing the flow pattern. Adding 20% gas at a
casting speed of 16.7 mm/s (1.0 m/min) will reduce the maximum surface velocity by a
factor of four. At a high casting speed, adding gas has little effect on the maximum
casting speed. If enough gas is added to a mold with a typical (0.120 m) or shallow
(0.050 m) submergence depth and a casting speed of 16.7 mm/s (1.0 m/min), the flow
will become single roll and the maximum surface velocity will increase. Increasing the
mold width while keeping the casting speed constant will increase the surface velocity,
because the volumetric flow rate of the liquid steel must be increased to maintain the
casting speed in a larger mold.
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If gas is held constant, reducing the maximum surface velocity will lower the chance that
flux will become entrained. However, the critical surface velocity at which entrainment
occurs is decreased when the gas flowrate is increased [3]. It is possible that increasing
the gas flow rate will outweigh the benefits of reducing the surface velocity by reducing
the critical surface velocity. Cramb studied the critical surface velocity in water models
using silicon oil to represent the liquid flux lay9]. Cramb found a relationship
between gas flow rate and the critical surface velocity. If this work can be extended to
steel/flux flow, an optimum gas flow rate may be found that minimizes entrainment. This
work makes it clear that for the same maximum surface velocity, a single phase case will
have less chance of entrainment than a case with gas injection.

This work suggests that if gas foaming can be avoided, then an optimal amount of gas
can slow down the surface velocities and make liquid flux entrainment less likely.

6.8.2 Surface Level Height

The vertical momentum of the liquid steel jet can lift the level of the top surface, creating
a variation in the interface level or “standing wave.” A high standing wave at the mold
wall can prevent liquid flux from filling the gap between the steel shell and the mold
where the surface level is high. Without lubrication from the liquid flux in the gap, the
shell can “stick” in the mold instead of pulling out at the casting speed. The flux is also
important for heat transfer between the steel shell and the mold. A lack of flux in the gap
can create non-uniform heat flow on the shell. Finally, lack of flux in the gap can cause
cracks in the steel shell due to thermal stresses and mold friction.

The pressure can be correlated to a surface level profile using Equation 6.1. This
corresponding surface level profile can be compared to measurements of the location of
the steel-flux interface in actual casters. The pressure distribution for the standard
conditions case matches the standing wave shape found by McDavid for single phase
flow, but the calculated height of the standing wave is 40% less than the measurements
by both McDavid and Bergeles [8, 16].
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Bergeles found that the wave height increases with the square of the inlet jet speed
according to the relation
Wave Height(2g)

2

= Constant (6.4)

where the wave height is the difference between the maximum and minimum surface

level. When calculated for the single phase cases, this constant is found to be 0.080 for
Case 1, 0.082 for Case 9, and 0.0871 for Case 18, showing a slight upward trend with
increased casting speed. Bergeles found a slight downward trend with increased casting
speed, but this shows general agreement with the relation of Bergeles. According to the
Rottman relation [8] none of the waves predicted in this study should be unstable, even at
the highest casting speed considered. Thus, there is no clear reason why Equation 6.1
should not be valid.

For single phase flow, the maximum pressure occurs at the narrow face, which is

observed in actual casters. For multiphase flow, the rising bubbles create a region of high
pressure, and the corresponding high standing wave level, somewhere between the
narrow face and the centerline through the nozzle. Therefore, defects related to flux

filling of the gap will occur at this point instead of at the narrow face.

6.8.3 Surface Level Fluctuations

Fluctuations in surface level of the liquid steel are caused by random turbulent motion of
the flow. Large surface fluctuations cause time-variations in the interface level which
lead to surface defects such as entrapped mold powder. The surface fluctuation height can
be calculated from the turbulence kinetic energy at the top surface using Equation 6.3.

For most cases, high gas flow rates cause increased surface fluctuation levels where the
bubbles leave the top surface. For the single phase Case 1 the surface fluctuations 0.83
mm. For the 20% gas Case 3 the surface fluctuations are 3.74, an increase of 350%. In
cases with high casting speeds, increasing the gas flow rate can actually decrease the
surface fluctuations. For the single phase Case 9 the surface fluctuations are 6.69 mm.
For the 20% gas Case 10 the surface fluctuations are 4.76, a decrease of 30%.
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The maximum surface fluctuations for all three submergence depths studied are similar.
For standard conditions single phase (Case 1), 0.120 m submergence (Case 16) and 0.050
m submergence (Case 13) the maximum surface fluctuations are 0.83, 0.88 and 0.87
respectively. For the 20% gas cases (Cases 3, 17 and 15) the maximum surface
fluctuations are 3.74, 3.72, and 4.43. Therefore the submergence depth appears to have
little direct effect on the maximum surface level fluctuations, if other conditions remain

constant.

6.8.4 Bubble Penetration into the Strand

Small bubbles (0.5 mm) are found to penetrate the deepest into the strand. For standard
conditions 1.0 mm bubbles at 20% gas (Case 3) penetrate 0.338 m, while 0.5 mm bubbles
at 20% gas (Case 5) penetrate 2.063 m. Increasing the steel flow rate, either by increasing
the casting speed (Cases 10 and 11) or using a wider mold (Cases 19 and 20) also
increases the gas penetration depth. A shallow submergence depth is also found to
increase the gas penetration depth (Case 14), but increasing the gas flow rate to create a
single roll flow pattern was found to reduce the penetration depth from 2.353 m to 0.564
m (Case 15).

Bubbles of the injected argon gas can become trapped in the steel shell. The bubbles
collect alumina inclusions while in the liquid steel. When the steel shell solidifies around
the trapped bubbles, “pencil-pipe” defects are formed. Defects caused by bubble
entrapment occur between 0.5 m and 3.016] and the gas percentage trapped is
between £-4% to E-3% [11]. It is assumed that pencil-pipe defects occur when the
speed of bubbles flowing down the wall (solidification front) approaches the casting
speed. This region occurs between the narrow face and the centerline through the nozzle
for most cases, and moves closer to the narrow face deeper into the strand. The
intersection of this area with gas percentageseed% or greater shows that there is a
small percentage of gas that hits the critical zone. This percentage agrees with measured
values [11].
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Table 6.1. Parametric Study Model Parameters (Standard Conditions in bold)

Mold Width

Mold Thickness

Nozzle Submergence Depth
Nozzle Port Heighit

Nozzle Port Width

Nozzle Bore Inner Diameter
Nominal Vertical Angle of Port Edgés
Inlet Jet Height, |

Inlet Jet Width, L,

Inlet Jet Anglea

Casting Speed, VvV

Inlet Normal Velocity,V,

Inlet Downwards Velocityy,
Inlet Turbulent Kinetic Energy,
Inlet Dissipation Rateg,

Steel Densityp

Laminar (Molecular) Viscosityl
Gas Volume Fractiorf,,
Average Bubble Diamete,
Gravitational Acceleratiorg
Caster Domain Modeled
Turbulence Model

Numerical Grid, Maximum yat Walll

1320mm, 1600mm

220mm

50mm 120mm 205mm
75mm

38mm

75 mm

15° down

60 mm

38 mm

22° down

8.35mm/s 16.7mm/s, 41.75mm/s
0.531m/s 1.062m/s 2.655m/s
0.214m/s 0.427m/s 1.068m/s
0.0502nv/s

0.457nv/s

7020kg/m

0.00560kg/m s

0%, 4%, 6%, 20%

0.5mm 1.0mm 2 mm

{0, 0, 9.8m/&}

1/4 Mold

Standard Ke

30

1 Estimates



Table 6.2. Parametric Study Results.
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Case Conditions % Bubble Upper Eye Narrow Face Max. Surface
NO. (Standard except Gas Diameter | gcation  Impingement  Velocity
as noted) (mm) {x, z} Point (m) (m/s)
1  Standard 0% — {.386, .234} 0.427 + 0.252
2¢  Conditions 6 % 1.0 {361, .222} 0.400 +0.284
3 20 % 1.0 — 0.304 0.062
4 6 % 0.5 {.255, .227} 0.371 + 0.237
5 20 % 0.5 — 0.262 0.085
6 6 % 2.0 {.427, .165} 0.370 + 0.060
7 20 % 2.0 {.540, .158} 0.372 0.055
8 Casting Speed 6 % 2.0 {.429, .164} 0.354 + 0.060
8.35 mm/s
9 CastingSpeed 0% — {.470, .318} 0.421 + 0.691
10 41.75 mm/s 20 % 1.0 {.451, .299} 0.449 + 0.646
11 6 % 0.5 {.490, .328} 0.471 + 0.580
12 20 % 0.5 {.501, .318} 0.455 + 0.600
13  Submergence 0 % — {.461, .156} 0.290 +0.245
14 Depth0.05m 4094 0.5 — 0.242 +0.128
15 20 % 0.5 — Single Roll - 0.302
16  Submergence 0 % — {.432, .236} 0.375 +0.248
17 Depth0.120m 20 9 1.0 — Single Roll - 0.255
18  Mold Width 0 % — {.458, .247} 0.435 + 0.336
19 1.60m 6 % 1.0 {.225, .221} 0.386 + 0.225
20 20 % 1.0 — 0.335 +0.101

¥ These simulations were not properly converged



Table 6.3. Parametric Study Results.
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Case Conditions % Bubble Average Maximum Maximum
NO. (Standard except Gas  Diameter Surface Surface Surface
as noted) (mm) Pressure Pressure Level
(kg/ms) (kg/ms) (mm)
1  Standard 0% — -47 133 5
2¢  Conditions 6 % 1.0 4 219 6
3 20 % 1.0 200 300 3
4 6 % 0.5 140 453 8
5 20 % 0.5 380 514 3
6 6 % 2.0 60 124 2
7 20 % 2.0 170 220 1
8 Casting Speed 6 % 2.0 75 124 1
8.35 mm/s
9 Casting Speed 0% — -138 1109 32
10 41.75 mm/s 20 % 1.0 350 1438 28
11 6 % 0.5 530 1366 21
12 20 % 0.5 2320 3210 23
13 Submergence 0% — -47 149 5
14 Depth0.05m 49 0.5 75 315 6
15 20 % 0.5 400 785 10
16  Submergence 0% — -10 152 4
17  Depth 0.120 m 20 o 1.0 250 438 5
18  Mold Width 0 % — -63 237 8
19 1.60m 6 % 1.0 80 226 4
20 20 % 1.0 305 359 1

¥ These simulations were not properly converged



Table 6.4. Parametric Study Results
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Case  Conditions % Bubble  Max. Gas Maximum Maximum Surface
NO. (Standard except Gas Diameter Penetration Surface K Fluctuation
as noted) (mm) (m) (M?/<) (mm)
1 Standard 0% — — 0.00235 0.83
2¢ Conditions 6% 1.0 0.371 0.00303 1.08
3 20 % 1.0 0.338 0.01049 3.74
4 6 % 0.5 1.047 0.00569 2.03
5 20 % 0.5 2.063 0.01155 411
6 6 % 2.0 0.400 0.00143 0.51
7 20 % 2.0 0.317 0.00861 3.07
8 Casting Speed 6% 2.0 0.283 0.00351 1.25
8.35 mm/s
9 CastingSpeed 0% — — 0.01878 6.69
10 41.75 mm/s 20 % 1.0 1.353 0.01337 4.76
11 6 % 0.5 2.247 0.01410 5.02
12 20 % 0.5 1.976 0.01326 4.72
13 Submergence 0% — — 0.00243 0.87
14 Depth0.05m 49 05 2.353 0.00537 1.91
15 20 % 0.5 0.564 0.01244 4.43
16 Submergence 0% — — 0.00247 0.88
17 Depth0.120m 209 1.0 1.372 0.01044 3.72
18 Mold Width 0 % — — 0.00407 1.45
19 1.60m 6 % 1.0 0.483 0.00175 0.62
20 20 % 1.0 0.377 0.01337 4.76

¥ These simulations were not properly converged
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Figure 6.12. Kinetic Energy (it$’) at Centerplane Parallel to Wide Face [Case 3:
Standard Conditions, 1.0 mm Bubble Diameter, 20% Gas]



86

L 2nd Node From Wall ]
S —— :

3rdNode From Wall

0.03 [

0.025 [

1st Node From Wall

K (kg/msz)
o
o
N
T
|

0.015 n

0.005 -

ol v v v e
0.03 0.025 0.02 0.015 0.01 0.005 0

Distance Below the Top Surface

Figure 6.13. K Profile at Top Surface, Halfway between Narrow Face and Centerline
Through Nozzle. [Case 3: Standard Conditions, 1.0 mm Bubble Diameter, 20% Gas]

WF
0 50 100 150 200 250 300
cL S NF
//fi;7j77
cL 550 500 450 400 350 300 250 200
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Figure 6.15. Kinetic Energy (i$’) at 1mm Below Top Surface. [Case 3:
Standard Conditions, 1.0 mm Bubble Diameter, 20% Gas]
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Figure 6.21. Kinetic Energy (i$’) at 1mm Below Top Surface.
[Casel6: Submergence Depth 0.120m, 0% Gas]
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Figure 6.27. Kinetic Energy (i$’) at 1mm Below Top Surface. [Casel7:
Submergence Depth 0.120m, 1.0 mm Bubble Diameter, 20%
Gas]
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7 Conclusions

Computational models of turbulent flow, multiphase flow and heat transfer have been
developed to analyze phenomena related to steel quality and to compare modeling
techniques for flow in the continuous casting nozzle and strand using the CFX
computational fluid dynamics package. The effects of grid size, turbulence model and
boundary conditions on the heat transfer solution in the mold are compared using a
combined turbulent fluid flow and heat transfer model. Models implementing three
different strategies for treating the solidification of the steel shell are compared to
determine the effect of the shell on flow. A parametric study is performed on a
multiphase model of fluid and gas flow in the strand. The effects of gas flow rate, gas
bubble diameter, casting speed, nozzle submergence depth and mold width on steel
guality issues are quantified

7.1 Turbulence Model Evaluation

Turbulent heat transfer calculations are much more sensitive to the turbulence model and
wall boundary conditions than the fluid flow calculation is.

The standard K- model using a user supplied wall law for enthalpy in CFX predicts
profiles of wall heat flux which match experimental ditd]. Compared to this best
model, the standard K-model using the default wall law for enthalpy in CFX
underpredicts the total heat flux at the narrow face mold wall by 15% and the peak heat
flux at the jet impingement point by 50%.

The Low K€ model is very sensitive to grid refinement, and produces unreliable results
on a coarse grid with maximum cellyalue at the wall of 6 or 30.

The total heat flux predicted by Low &model with the {1 grid is only 10% greater
than for the user—modified K-nodel. However, the peak for the LoweKmodel is
174% higher and is only about 80 mm wide at the impingement point, while the peak for
the standard K-model is approximately 250 mm wide. It is not known which shape is
correct, but it is suspected that the user—modifieddrKedel prediction is better. In real
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life, the jet moves between several steady flow patterns, spreading out the region where
heat is delivered. Thus, the standard Kodel with the user-defined heat transfer wall

law appears to be both the most realistic and computationally efficient method to
simulate turbulent flow and heat transfer and heat transfer using CFX.

7.2 Effect of the Shell on Fluid Flow

The effects of three ways to account for the solid shell are investigated.

The model including both the shell and the mass transfer across the interface (“Porous
Shell model”) most closely models what actually happens in the caster.

Modelling the solid shell without accounting for the mass flux creates an acceleration of
flow as the fluid moves down the mold. This occurs because the cross sectional area of
the domain decreases with distance below the surface, but no fluid is removed through
the walls. The flow results for this model become increasingly large below the mold, an
unrealistic result. In addition, larger recirculations and eddies are found near the shell,
especially at the meniscus. This is because there is no mass sink at the walls to draw the
fluid towards the wall.

With no shell at all, the general flow pattern matches with the realistic Porous Shell case
quite well. In water modeling, a porous shell is not feasible. Thus, it appears best to
simplyignore the shell and build the domain of the water model with a straight sided
strand.

7.3 Multiphase Mold Flow

A parametric study on gas flow rate, gas bubble diameter, casting speed, nozzle
submergence depth and mold width is performed to quantify the relationship between
flow conditions and parameters controlling steel quality.

High gas flow rates are associated with high turbulence levels and surface level
fluctuations. This can cause quality problems with the surface of the shell around the
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mold perimeter. There is also a higher chance of creating foam, which is bad for the
process, and of trapping bubbles lower in the caster, which creates inclusions.

Large bubbles tend to split the jet, making part of it rise to the surface soon after exiting
the nozzle. Small bubbles tend to stay with the jet longer, raising the impingement point.
The jet will also bend above the impingement point for small bubbles, and below for
large bubbles. Small bubbles also penetrate deeper into the mold than large bubbles.
Bubbles that penetrate deeply into the mold can be trapped in the solidifying shell and
form pencil-pipe defects.

Shallower submergence depth makes single roll flow easier to develop. Single roll flow
increases the maximum surface velocity. This increases the chance that liquid flux will be
entrained. When flux is entrained in the flow, the flux globules can solidify in the shell,
creating inclusions. When the flow changes to a single roll pattern, gas bubbles do not
penetrate as deeply into the mold. This will decrease the chance of bubble entrapment
and pencil-pipe defects.

A high casting speed, the bubbles have less effect on the flow pattern so single roll flow
is less likely. Increasing the casting speed increases the maximum surface velocity,
surface level, and surface level fluctuations, all of which are detrimental to steel surface
quality.

7.4 Future Work

The work done on turbulent heat transfer is a preliminary step in detailed models of shell
solidification and freezing of steel in the meniscus corner. Modeling shell solidification
can help to predict when breakouts will occur. Freezing in the meniscus, where the steel,
the flux layers and the copper mold meet, creates “hook” defects. By accurately
predicting the temperature in the meniscus, the flow conditions that lead to hook defects
could be identified.

There are a number of casting parameters that were not looked at in this parametric study.
Mold and strand curvature is an important parameter for predicting bubble entrapment.
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Models of the curved strand would allow a more detailed study on bubble entrapment,
and could help to establish criteria for when pencil-pipe defects will occur. Other casting
parameters which have not been studied include the nozzle port angle and the jet
characteristics. The jet angle has been shown to change as gas is added [20]. One way to
handle this is to include the nozzle in the model, as has been done in the turbulence
model and shell growth model sections.

In the real caster, a range of bubble sizes occur. The multiphase model used in this work
can be extended to account for the effect of multiple bubble sizes by specifying additional
gas phases, each with a different bubble diameter.

The effect of gas flow rate on maximum surface velocity has been quantified in this
study, but the effect of gas on the critical surface velocity is currently unknown. By
determining this relationship, a criteria for liquid flux entrainment could be developed.
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Appendix A. Derivation of Wall Law for Heat Transfer

In CFX, we change a wall law with the USRWTM Fortran subroutine by specifying the
turbulent multiplier, which is defined as

TMULT:VarlabIe at Wall —Varlablg at Nearest Node (A1)
Flux of Variable

Fourier's Law of heat conduction is

_ k dH
q=-—— (A-2)
C, dx

where k, is the turbulent conductivity of the fluid, H is enthalpy, a@dis the specific
heat of the fluid.

For the enthalpy equation, the turbulent multiplier becomes

TMULT:d—H:L (A.3)
qg C.dx
The turbulent conductivity is defined as
C

Pr,
where 4, is the turbulent viscosity aner, is the turbulent Prandtl number. The turbulent
viscosity is defined as
2
_ C.Kp
£
where C, is the constant 0.0 is the turbulent kinetic energy, amdis the turbulent

(A.5)

Hy

dissipation. Substituting foi, andk;, the turbulent multiplier can be rewritten as
2
C.Kp

TMULT =
EPr, dx

(A.6)




Appendix B. User Wall Law for Heat Transfer

CH+++++++++++++++++ USER AREA 5 ++++++++++++++++++++++++H -+

----- TURBULENT WALL LAW TO CORRECT HEAT TRANSFER AT WALLS

CREATED
07/01/98 DAVID T. CREECH

CALL IPALL(*,'WALL',PATCH','CENTRES',IPT,NPT,CWORK,IWORK)

FIND VARIABLE NUMBER FOR ENTHALPY

CALL GETVAR(USRWTM''H 'IVAR)

IF ENTHALPY EQUATION SET MULTIPLIER

IF (IVAR.EQ.IEQN) THEN
PRANDT = PRT(IVAR,1)

DO 120 | = 1, NPT
INODE = IPT())
IBDRY = INODE - NCELL
LCV =IBDRY - ISTART +1
INODE1 = IPNODB(IBDRY, 1)
CMU = 0.09
DENS = DEN(INODEL,1)
DENSQK = DEN(INODEZ1,1) * SQRT( TE(INODE1,1) )
EPSILON = ED(INODE, 1)
AKE = TE(INODEL,1)
AKK = AKE*AKE

CALCULATE NORMAL DISTANCE FROM NODE TO WALL

O 00 0Q000QO0O0O0

C

C
DN = YWALL(LCV)

C  WRITE(NWRITE,* YWALL(LCV)

C

C

COMPUTE MULTIPLIER
TMULT(LCV,1) = (CMU*DENS*AKK)/(PRANDT*DN*EPSILON)
120 CONTINUE
C
END IF

CH+++++++++++++++++ END OF USER AREA 5 +++++++++++++++++++++++++++++H+++++
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Appendix C. User Subroutine for Shell Model Source Term

SUBROUTINE USRSRC(IEQN,ICALL,CNAME,CALIAS,AM,SP,SU,CONV
,U,V,W,P,VFRAC,DEN,VIS, TE,ED,RS, T,H,RF,SCAL
XP,YP,ZP ,VOL,AREA VPOR,ARPOR ,WFACT,IPT
,IBLK,IPVERT,IPNODN,IPFACN,IPNODF,IPNODB,IPFACB
,WORK,IWORK,CWORK)

+ o+ o+

UTILITY SUBROUTINE FOR USER-SUPPLIED SOURCES

>>> IMPORTANT <<<

>>> <<<

>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WITHIN <<<
>>> THE DESIGNATED USER AREAS <<<

THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINES
CUSR SCDF SCDS SCED SCENRG SCHF SCMOM SCPCE SCSCAL
SCTE SCVF

CREATED
08/03/90 ADB
MODIFIED

04/03/91 ADB ALTERED ARGUMENT LIST.

28/08/91 IRH NEW STRUCTURE

28/09/91 IRH CHANGE EXAMPLE + ADD COMMON BLOCKS

10/02/92 PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT,
CHANGE LAST DIMENSION OF RS TO 6 AND IVERS TO 2

03/06/92 PHA ADD PRECISION FLAG AND CHANGE IVERS TO 3

23/11/93 CSH EXPLICITLY DIMENSION IPVERT ETC.

07/12/93 NSW INCLUDE CONV IN ARGUMENT LIST AND CHANGE IVERS
TO 4

03/02/94 PHA CHANGE FLOW3D TO CFDS-FLOW3D

03/03/94 FHW CORRECTION OF SPELLING MISTAKE

08/03/94 NSW CORRECT SPELLING

09/08/94 NSW CORRECT SPELLING.
MOVE 'IF(IUSED.EQ.0) RETURN' OUT OF USER AREA.
INCLUDE COMMENT ON MASS SOURCES.

19/12/94 NSW CHANGE FOR CFX-F3D

02/07/97 NSW UPDATE FOR CFX-4

0000000000000 00000000000000QOOODOOOO000O000O000O000000QOOOOOQOOOO0O0O00Q0O

SUBROUTINE ARGUMENTS

IEQN - EQUATION NUMBER

ICALL - SUBROUTINE CALL

CNAME - EQUATION NAME

CALIAS - ALIAS OF EQUATION NAME

AM - OFF DIAGONAL MATRIX COEFFICIENTS
SU - SU IN LINEARISATION OF SOURCE TERM
SP - SP IN LINEARISATION OF SOURCE TERM
CONV - CONVECTION COEFFICIENTS

U - U COMPONENT OF VELOCITY

V -V COMPONENT OF VELOCITY

W - W COMPONENT OF VELOCITY

P - PRESSURE

VFRAC - VOLUME FRACTION

DEN - DENSITY OF FLUID

VIS -VISCOSITY OF FLUID

TE - TURBULENT KINETIC ENERGY

ED - EPSILON

RS - REYNOLD STRESSES

T -TEMPERATURE

H - ENTHALPY

RF - REYNOLD FLUXES

SCAL - SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS)
XP - X COORDINATES OF CELL CENTRES

YP -Y COORDINATES OF CELL CENTRES
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ZP - Z COORDINATES OF CELL CENTRES
VOL - VOLUME OF CELLS

AREA - AREA OF CELLS

VPOR - POROUS VOLUME

ARPOR - POROUS AREA

WFACT - WEIGHT FACTORS

IPT -1D POINTER ARRAY

IBLK - BLOCK SIZE INFORMATION

IPVERT - POINTER FROM CELL CENTERS TO 8 NEIGHBOURING VERTICES
IPNODN - POINTER FROM CELL CENTERS TO 6 NEIGHBOURING CELLS
IPFACN - POINTER FROM CELL CENTERS TO 6 NEIGHBOURING FACES
IPNODF - POINTER FROM CELL FACES TO 2 NEIGHBOURING CELL CENTERS
IPNODB - POINTER FROM BOUNDARY CENTERS TO CELL CENTERS

IPFACB - POINTER FROM BOUNDARY CENTERS TO BOUNDARY FACESS

WORK - REAL WORKSPACE ARRAY
IWORK - INTEGER WORKSPACE ARRAY
CWORK - CHARACTER WORKSPACE ARRAY

SUBROUTINE ARGUMENTS PRECEDED WITH A *' ARE ARGUMENTS THAT MUST
BE SET BY THE USER IN THIS ROUTINE.

NOTE THAT WHEN USING MASS SOURCES, THE FLOWS THROUGH MASS FLOW
BOUNDARIES ARE UNCHANGED. THE USER SHOULD THEREFORE INCLUDE AT
LEAST ONE PRESSURE BOUNDARY FOR SUCH A CALCULATION.

NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFX-4 USING THE
ROUTINE GETADD, FOR FURTHER DETAILS SEE THE VERSION 4
USER MANUAL.

0OQOO0O00O00000000000000O0O00O000O0O00O00

LOGICAL LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP
+ ,LRECT,LCYN,LAXIS,LPOROS,LTRANS

@]

CHARACTER*(*) CWORK
CHARACTER CNAME*6, CALIAS*24
C
C+++++++++++++++++ USER AREA 1 +++++++++++++++++++++++++H+H++H+HH++H 4
C---- AREA FOR USERS EXPLICITLY DECLARED VARIABLES
C
C+++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++
C
COMMON
+/ALL/  NBLOCK,NCELL,NBDRY,NNODE,NFACE,NVERT,NDIM
+ /ALLWRK/ NRWS,NIWS, NCWS, IWRFRE, IWIFRE,IWCFRE
+ /ADDIMS/ NPHASE,NSCAL,NVAR,NPROP
+ ,NDVAR,NDPROP,NDXNN,NDGEOM,NDCOEF,NILIST,NRLIST,NTOPOL
+ /CHKUSR/ IVERS, IUCALL,IUSED
+ /DEVICE/ NREAD,NWRITE,NRDISK,NWDISK
+/IDUM/ ILEN,JLEN
+/LOGIC/ LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP
+ ,LRECT,LCYN,LAXIS,LPOROS, LTRANS
+ /MLTGRD/ MLEVEL,NLEVEL,ILEVEL
+/SGLDBL/ IFLGPR,ICHKPR
+/SPARM/ SMALL,SORMAX,NITER,INDPRI,MAXIT,NODREF,NODMON
+ /TRANSI/ NSTEP,KSTEP,MF,INCORE
+ /TRANSR/ TIME,DT,DTINVF, TPARM
C
C+++++++++++++++++ USER AREA 2 +++++++++++++++++++++++++H+H++H 4
C---- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS
C THESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE
C  NO CONFLICT WITH NON-USER COMMON BLOCKS
C
COMMON /UCSURF/ JSURF,NSURF
COMMON /UCFLUX/ SINKFLUX,VC
C
C+++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C
DIMENSION AM(NCELL,6,NPHASE),SP(NCELL,NPHASE),SU(NCELL,NPHASE)
+ CONV(NFACE,NPHASE)
C
DIMENSION
+ U(NNODE,NPHASE),V(NNODE,NPHASE), W(NNODE,NPHASE),P(NNODE, NPHASE)
+ VFRAC(NNODE,NPHASE), DEN(NNODE,NPHASE),VIS(NNODE,NPHASE)
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+,TE(NNODE,NPHASE),ED(NNODE,NPHASE),RS(NNODE,NPHASE, 6)
+,T(NNODE,NPHASE),H(NNODE,NPHASE),RF(NNODE,NPHASE4)
+,SCAL(NNODE,NPHASE,NSCAL)

DIMENSION
+ XP(NNODE),YP(NNODE),ZP(NNODE)
+VOL(NCELL), AREA(NFACE,3),VPOR(NCELL),ARPOR(NFACE,3)
+ WFACT(NFACE)
+IPT(*),IBLK(5,NBLOCK)
+IPVERT(NCELL,8),IPNODN(NCELL,6),IPFACN(NCELL,6),IPNODF(NFACE,4)
+IPNODB(NBDRY,4),IPFACB(NBDRY)
+IWORK(*), WORK(¥), CWORK(*)
C
C+++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++H++HH++H 4
C---- AREA FOR USERS TO DIMENSION THEIR ARRAYS
C
C---- AREA FOR USERS TO DEFINE DATA STATEMENTS
C
C+++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
C
C---- STATEMENT FUNCTION FOR ADDRESSING
IP(1,3,K)=IPT((K-1)*ILEN*JLEN+(J-1)*ILEN+I)

C----VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG
Cc
IVERS=4
ICHKPR =1
Cc
CH+++++++++++++++++ USER AREA 4 +++++++++++++++++++++++H+H
C---- TO USE THIS USER ROUTINE FIRST SET IUSED=1
Cc
IUSED=1
Cc
CH+++++++++++++++++ END OF USER AREA 4 +++++++++++++++++++++++++++++H+++++
Cc
IF (IUSED.EQ.0) RETURN
Cc
C---- FRONTEND CHECKING OF USER ROUTINE
IF (IUCALL.EQ.0) RETURN
Cc
C---- ADD TO SOURCE TERMS
IF (ICALL.EQ.1) THEN

CH+++++++++++++++++ USER AREA 5 ++++++++++++++++++++++++ -+

USRSRC CALCULATES THE SOURCE TERM FOR REMOVING THE SOLIDIFYING
FLUID FROM THE DOMAIN. THE PHASE TO BE REMOVED, THE POSITION

OF THE MENISCUS IN THE GEOMETRY, THE CASTING SPEED AND THE SHELL
GROWTH CONSTANT MUST BE SET. OTHER PARAMETERS MUST BE SET IN
THE USRTRN SUBROUTINE. THE SINK BOUNDARY WORKSPACE, JSURF AND
NSURF, IS PASSED BY THE COMMON BLOCK FROM USRTRN.

O00000000000

C---- ADD FLUID SINK TO PATCH 'SINK'
C
Gttt B R R BT BT B R R R BT A R R T
C ENTER MODEL PARAMETERS
Gttt B R R BT BT B R R BT BT R R T T
C
C SET SINK PHASE INDEX
IPHSK=1
C SET Z POSITION OF MENISCUS, ZM, IN M
ZM =.559043
C SET CASTING SPEED, VC, IN M/S
VC =.0254
C SET SHELL GROWTH CONSTANT, AK, IN M/SQRT(S)
AK =0.00327912
C
Gttt T B R R R BT B R R BT BT S R R T T
Gttt T B R R BT BT B R R BT BT R R T T
C
C PRESSURE
C



IF(CALIAS.EQ."PRESSURE') THEN

o000

LOOP OVER PATCH
TOTAL = 0.0
DO 101 I=1,NSURF
INODE = IWORK(JSURF+I-1)
IBDRY = INODE-NCELL
INODE1= IPNODB(IBDRY, 1)
IFACE = IPFACB(IBDRY)
AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)
+AREA(IFACE,2)*AREA(IFACE,2)
+ +AREA(IFACE,3)*AREA(IFACE,3) )
DENST = DEN(INODEL,1)
VN = VC/SQRT(1+(4*VC*(ZP(INODEL)-ZM))/(AK*AK))
FLUX = DENST*AREAM*VN
SU(INODEZ1,1)=SU(INODEL,IPHSK)-FLUX
TOTAL = TOTAL+FLUX
101 CONTINUE

+

SINKFLUX = TOTAL

ENDIF

U VELOCITY

IF(CALIAS.EQ.'U VELOCITY') THEN

OO0 0000 O

LOOP OVER PATCH
TOTAL = 0.0
DO 201 I=1,NSURF
INODE = IWORK(JSURF+I-1)
IBDRY = INODE-NCELL
INODE1= IPNODB(IBDRY, 1)
IFACE = IPFACB(IBDRY)
AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)
+AREA(IFACE,2)*AREA(IFACE,2)
+ +AREA(IFACE, 3)*AREA(IFACE,3) )
DENST = DEN(INODEL,1)
VN = VC/SQRT(1+(4*VC*(ZP(INODEL)-ZM))/(AK*AK))
FLUX = DENST*AREAM*VN
SP(INODEL,1)=SP(INODE1,IPHSK)-FLUX
TOTAL = TOTAL+FLUX
201 CONTINUE

+

ENDIF

V VELOCITY

SUA=0
SUB=0
LOOP OVER PATCH
TOTAL = 0.0
DO 301 I=1,NSURF
INODE = IWORK(JSURF+I-1)
IBDRY = INODE-NCELL
INODE1= IPNODB(IBDRY, 1)
IFACE = IPFACB(IBDRY)
AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)
+AREA(IFACE,2)*AREA(IFACE,2)
+ +AREA(IFACE,3)*AREA(IFACE,3) )
DENST = DEN(INODEL,1)
VN = VC/SQRT(1+(4*VC*(ZP(INODEL)-ZM))/(AK*AK))
FLUX = DENST*AREAM*VN
SP(INODEL,1)=SP(INODE1,IPHSK)-FLUX
TOTAL = TOTAL+FLUX
301 CONTINUE
C
ENDIF

C
C
C
C
IF(CALIAS.EQ."V VELOCITY') THEN
C
C
C
C

+
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W VELOCITY

IF(CALIAS.EQ.'W VELOCITY") THEN

O000 0000

LOOP OVER PATCH

TOTAL = 0.0

DO 401 I=1,NSURF

INODE = IWORK(JSURF+I-1)

IBDRY = INODE-NCELL

INODE1= IPNODB(IBDRY, 1)

IFACE = IPFACB(IBDRY)

AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)

+AREA(IFACE,2)*AREA(IFACE,2)

+ +AREA(IFACE, 3)*AREA(IFACE,3) )
DENST = DEN(INODEL,1)
VN = VC/SQRT(1+(4*VC*(ZP(INODEL)-ZM))/(AK*AK))
FLUX = DENST*AREAM*VN
SP(INODEL,1)=SP(INODE1,IPHSK)-FLUX
TOTAL = TOTAL+FLUX

401 CONTINUE

+

ENDIF

OO0 O

C----END
C

CH+++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++
ENDIF

C---- OVERWRITE SOURCE TERMS
IF (ICALL.EQ.2) THEN

CH+++++++++++++++++ USER AREA 6 +++++++++++++++++++++++++++H+H++HHHHH -+
Cc
CH+++++++++++++++++ END OF USER AREA 6 ++++++++++++++++++++++++++++++++++
c

ENDIF
RETURN
END
C
SUBROUTINE USRTRN(U,V,W,P,VFRAC,DEN,VIS, TE,ED,RS,T,H,RF,SCAL,
+ XP,YP,ZP VOL,AREA,VPOR,ARPOR,WFACT,CONV,IPT,
+ IBLK,IPVERT,IPNODN,IPFACN,IPNODF,IPNODB,IPFACB,
+ WORK,IWORK,CWORK)

USER SUBROUTINE TO ALLOW USERS TO MODIFY OR MONITOR THE SOLUTION AT
THE END OF EACH TIME STEP

THIS SUBROUTINE IS CALLED BEFORE THE START OF THE RUN AS WELL AS AT
THE END OF EACH TIME STEP

>>> IMPORTANT <<<

>>> <<<

>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WITHIN <<<
>>> THE DESIGNATED USER AREAS <<<

THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINES
CUSR TRNMOD

CREATED
27/04/90 ADB
MODIFIED
05/08/91 IRH NEW STRUCTURE
01/10/91 DSC REDUCE COMMENT LINE GOING OVER COLUMN 72.
29/11/91 PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT,
CHANGE LAST DIMENSION OF RS TO 6 AND IVERS TO 2

0000000 QO0O00QOOOOOOO0O0O00O0OQO
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05/06/92 PHA ADD PRECISION FLAG AND CHANGE IVERS TO 3
03/07/92 DSC CORRECT COMMON MLTGRD.

23/11/93 CSH EXPLICITLY DIMENSION IPVERT ETC.

03/02/94 PHA CHANGE FLOW3D TO CFDS-FLOW3D

22/08/94 NSW MOVE 'IF(IUSED.EQ.0) RETURN' OUT OF USER AREA
19/12/94 NSW CHANGE FOR CFX-F3D

02/07/97 NSW UPDATE FOR CFX-4

SUBROUTINE ARGUMENTS

U - U COMPONENT OF VELOCITY

V -V COMPONENT OF VELOCITY

W - W COMPONENT OF VELOCITY

P - PRESSURE

VFRAC - VOLUME FRACTION

DEN - DENSITY OF FLUID

VIS - VISCOSITY OF FLUID

TE - TURBULENT KINETIC ENERGY

ED - EPSILON

RS - REYNOLD STRESSES

T -TEMPERATURE

H - ENTHALPY

RF - REYNOLD FLUXES

SCAL - SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS)
XP - X COORDINATES OF CELL CENTRES
YP -Y COORDINATES OF CELL CENTRES
ZP - Z COORDINATES OF CELL CENTRES
VOL - VOLUME OF CELLS

AREA - AREA OF CELLS

VPOR - POROUS VOLUME

ARPOR - POROUS AREA

WFACT - WEIGHT FACTORS

CONV - CONVECTION COEFFICIENTS

IPT -1D POINTER ARRAY

IBLK - BLOCK SIZE INFORMATION

IPVERT - POINTER FROM CELL CENTERS TO 8 NEIGHBOURING VERTICES
IPNODN - POINTER FROM CELL CENTERS TO 6 NEIGHBOURING CELLS
IPFACN - POINTER FROM CELL CENTERS TO 6 NEIGHBOURING FACES
IPNODF - POINTER FROM CELL FACES TO 2 NEIGHBOURING CELL CENTERS
IPNODB - POINTER FROM BOUNDARY CENTERS TO CELL CENTERS

IPFACB - POINTER FROM BOUNDARY CENTERS TO BOUNDARY FACESS

WORK - REAL WORKSPACE ARRAY
IWORK - INTEGER WORKSPACE ARRAY
CWORK - CHARACTER WORKSPACE ARRAY

SUBROUTINE ARGUMENTS PRECEDED WITH A *' ARE ARGUMENTS THAT MUST
BE SET BY THE USER IN THIS ROUTINE.

NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFX-4 USING THE
ROUTINE GETADD, FOR FURTHER DETAILS SEE THE VERSION 4
USER MANUAL.

0O0QO0O00000000000000O000O000000000000000000000000000QO0OO00O0O0O0OO0

CH++++++++++++++++ USER AREA 1 ++++++++++++++++++++++++H 4

LOGICAL LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP
+ ,LRECT,LCYN,LAXIS,LPOROS,LTRANS

CHARACTER*(*) CWORK

C---- AREA FOR USERS EXPLICITLY DECLARED VARIABLES

Cc

CH++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++H++++

c

COMMON

+/ALL/  NBLOCK,NCELL,NBDRY,NNODE,NFACE,NVERT,NDIM

+ /ALLWRK/ NRWS,NIWS,NCWS,IWRFRE,IWIFRE,IWCFRE

+ /ADDIMS/ NPHASE ,NSCAL,NVAR,NPROP

+ ,NDVAR,NDPROP,NDXNN,NDGEOM,NDCOEF,NILIST,NRLIST,NTOPOL
+ /CHKUSR/ IVERS,IUCALL,IUSED

+/CONC/ NCONC
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+ /DEVICE/ NREAD,NWRITE,NRDISK,NWDISK
+/IDUM/ ILEN,JLEN
+/LOGIC/ LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP
+ ,LRECT,LCYN,LAXIS,LPOROS,LTRANS
+ /MLTGRD/ MLEVEL,NLEVEL,ILEVEL
+/SGLDBL/ IFLGPR,ICHKPR
+/SPARM/ SMALL,SORMAX,NITER,INDPRI,MAXIT,NODREF,NODMON
+/TIMUSR/ DTUSR
+ /TRANSI/ NSTEP,KSTEP,MF,INCORE
+ /TRANSR/ TIME,DT,DTINVF, TPARM
C
C++++++++++++++++ USER AREA 2 ++++++++++++++++++++++++++H+H+++H -+
C---- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS
C THESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE
C NO CONFLICT WITH NON-USER COMMON BLOCKS
C
COMMON /UCSURF/ JSURF,NSURF
COMMON /UCFLUX/ SINKFLUX,VC
C
C++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C
DIMENSION
+ U(NNODE,NPHASE),V(NNODE,NPHASE), W(NNODE,NPHASE),P(NNODE, NPHASE)
+ VFRAC(NNODE,NPHASE), DEN(NNODE,NPHASE),VIS(NNODE,NPHASE)
+ TE(NNODE,NPHASE),ED(NNODE,NPHASE),RS(NNODE, NPHASE, 6)
+ T(NNODE,NPHASE),H(NNODE,NPHASE),RF(NNODE,NPHASE, 4)
+ SCAL(NNODE,NPHASE,NSCAL)
DIMENSION
+ XP(NNODE),YP(NNODE),ZP(NNODE)
+VOL(NCELL), AREA(NFACE,3),VPOR(NCELL),ARPOR(NFACE,3)
+ WFACT(NFACE),CONV(NFACE,NPHASE)
+IPT(*),IBLK(5,NBLOCK)
+IPVERT(NCELL,8),IPNODN(NCELL,6),IPFACN(NCELL,6),IPNODF(NFACE,4)
+IPNODB(NBDRY,4),IPFACB(NBDRY)
+IWORK(*), WORK(¥), CWORK(*)
C
C++++++++++++++++ USER AREA 3 ++++++++++++++++++++++++++++++HH++H 4
C---- AREA FOR USERS TO DIMENSION THEIR ARRAYS

Cc

C---- AREA FOR USERS TO DEFINE DATA STATEMENTS

c

CH++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++H++++
Cc

C---- STATEMENT FUNCTION FOR ADDRESSING
IP(1,3,K)=IPT((K-1)*ILEN*JLEN+(J-1)*ILEN+I)

Cc
C----VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG
Cc
IVERS=3
ICHKPR =1
C
CH++++++++++++++++ USER AREA 4 ++++++++++++++++++++H++++H 4
C---- TO USE THIS USER ROUTINE FIRST SET IUSED=1
Cc
IUSED=1
Cc
CH++++++++++++++++ END OF USER AREA 4 +++++++++++++++++++++++++H+++++H++++
Cc
IF (IUSED.EQ.0) RETURN
Cc
C---- FRONTEND CHECKING OF USER ROUTINE
IF (IUCALL.EQ.0) RETURN

CH++++++++++++++++ USER AREA 5 +++++++++++++++++++++++++H 4

IF (KSTEP.EQ.0) THEN

USRTRN LOADS THE INLET, OUTLET AND SINK BOUNDARIES INTO WORKSPACE

SO THAT THEY MAY BE USED IN USRSRC AND FOR CALCULATING THE MASS
BALANCE. THE CORRECT PATCH NAMES MUST BE ENTERED, DEPENDING ON WHAT
THEY ARE NAMED IN THE GEOMETRY. THE DEFAULT NAMES ARE 'NOZZLE INLET',
'MOLD OUTLET' AND 'SINK'.

O000000000 O




C-----SINK BOUNDARY LOCATIONS

O T R B e T T R M S e
C ENTER SINK PATCH NAME
G
C

CALL IPALL(SINK',* 'PATCH','CENTRES',IPT,NPT,

+ CWORK,IWORK)
C
O R T T e T R M S e
G
C

NSURF=NPT
C SET SINK BOUNDARY LIST INTO INTERGER WORK SPACE

CALL SETPER(USRTRN',IWORK ',[SURF ,NSURF JSURF)
C

DO 10 1=1,NSURF

IWORK(JSURF+-1)=IPT(l)

10 CONTINUE

WRITE(NWRITE,*) ' NSURF=',NSURF,' JSURF=' JSURF

WRITE(NWRITE,*) ' IWORK(JSURF)=",IWORK(JSURF)

WRITE(NWRITE,*) ' IWORK(JSURF+NSURF-1)=',IWORK(JSURF+NSURF-1)

ENDIF

END OPERATION

IF(KSTEP.EQ.NSTEP) THEN

THE USRSRC SUBROUTINE THROUGH THE COMMON BLOCK.

O000000000 0000 O

Gttt B R R BT BT B R R R BT R R T T
C ENTER INLET PATCH NAME

Gttt B R R BT BT B R R R BT R R T BT
C

CALL IPALL(NOZZLE INLET',*,PATCH','CENTRES' IPT,NPT,
+ CWORK,IWORK)
C
G
G
C
WATIN = 0.0
DO 115 I=1,NPT
INODE = IPT(l)
IBDRY = INODE-NCELL
IFACE = IPFACB(IBDRY)
WATIN = WATIN+CONV(IFACE, 1)
115 CONTINUE
C
C
O T R B e T T R M S e
C ENTER OUTLET PATCH NAME
G
C
CALL IPALL(MOLD OUTLET'* 'PATCH','CENTRES',IPT,NPT,
+ CWORK,IWORK)
C
G
G
C
WATOUT = 0.0
WVELSUM = 0.0
AREASUM = 0.0

C.....SINKFLUX INITIALISED IN USRSRC
DO 125 I=1,NPT
INODE = IPT(l)

CHECK MASS BALANCE. THE VARIABLES SINKFLUX AND VC ARE PASSED FROM
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IBDRY = INODE-NCELL
INODE1= IPNODB(IBDRY, 1)
IFACE = IPFACB(IBDRY)
AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)
+AREA(IFACE,2)*AREA(IFACE,2)
+ +AREA(IFACE,3)*AREA(IFACE,3) )
WATOUT = WATOUT+CONV(IFACE, 1)
AREASUM = AREASUM + AREAM
WVELSUM = WVELSUM+W(INODE1,1)*AREAM

+

125 CONTINUE

C
C

WRITE(NWRITE,*) ' % ERROR =" OUTERR
Cc
ENDIF
c
CH++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++H++++
Cc
RETURN

WVELAVG = WVELSUM/AREASUM
WRITE(NWRITE,*) NPT

WRITE(NWRITE,*) ' #* MASS BALANCE *+*
WRITE(NWRITE ) '

WRITE(NWRITE,*) ' LIQUID'

WRITE(NWRITE,*) ' INFLOW (Kg/s) =, WATIN
WRITE(NWRITE,*)' OUTFLOW (kg/s) =, WATOUT
WRITE(NWRITE,*) ' SINK  (kg/s) =, SINKFLUX
WATERR=(WATOUT+SINKFLUX-WATIN)*100.0/WATIN
WRITE(NWRITE,*)' % ERROR = WATERR
WRITE(NWRITE ) '

WRITE(NWRITE,*)' SUM OF W VEL = WVELSUM
WRITE(NWRITE,*) ' OUTLET AREA = AREASUM
WRITE(NWRITE,*) ' AVERAGE W VEL = WVELAVG
WRITE(NWRITE,*)' CASTING SPEED ='VC
OUTERR=(WVELAVG-VC)*100/VC

END
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Appendix D. User Subroutine for Gas Injection and Removal

SUBROUTINE USRSRC(IEQN,ICALL,CNAME,CALIAS,AM,SP,SU,CONV
,U,V,W,P,VFRAC,DEN,VIS, TE,ED,RS, T,H,RF,SCAL
XP,YP,ZP ,VOL,AREA VPOR,ARPOR ,WFACT,IPT
,IBLK,IPVERT,IPNODN,IPFACN,IPNODF,IPNODB,IPFACB
,WORK,IWORK,CWORK)

+ o+ o+

UTILITY SUBROUTINE FOR USER-SUPPLIED SOURCES

>>> IMPORTANT <<<

>>> <<<

>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WITHIN <<<
>>> THE DESIGNATED USER AREAS <<<

THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINES
CUSR SCDF SCDS SCED SCENRG SCHF SCMOM SCPCE SCSCAL
SCTE SCVF

CREATED
08/03/90 ADB
MODIFIED
04/03/91 ADB ALTERED ARGUMENT LIST.
28/08/91 IRH NEW STRUCTURE
28/09/91 IRH CHANGE EXAMPLE + ADD COMMON BLOCKS
10/02/92 PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT,
CHANGE LAST DIMENSION OF RS TO 6 AND IVERS TO 2
03/06/92 PHA ADD PRECISION FLAG AND CHANGE IVERS TO 3
23/11/93 CSH EXPLICITLY DIMENSION IPVERT ETC.
07/12/93 NSW INCLUDE CONV IN ARGUMENT LIST AND CHANGE IVERS
TO 4
03/02/94 PHA CHANGE FLOW3D TO CFDS-FLOW3D
03/03/94 FHW CORRECTION OF SPELLING MISTAKE
08/03/94 NSW CORRECT SPELLING

0O00000000000000000000000O00000000QOO000O000O000O000000QOOOOOQOOOO0O0O000Q0O

SUBROUTINE ARGUMENTS

IEQN - EQUATION NUMBER

ICALL - SUBROUTINE CALL

CNAME - EQUATION NAME

CALIAS - ALIAS OF EQUATION NAME

AM - OFF DIAGONAL MATRIX COEFFICIENTS
SU - SU IN LINEARISATION OF SOURCE TERM
SP - SP IN LINEARISATION OF SOURCE TERM
CONV - CONVECTION COEFFICIENTS

U - U COMPONENT OF VELOCITY

V -V COMPONENT OF VELOCITY

W - W COMPONENT OF VELOCITY

P - PRESSURE

VFRAC - VOLUME FRACTION

DEN - DENSITY OF FLUID

VIS - VISCOSITY OF FLUID

TE - TURBULENT KINETIC ENERGY

ED - EPSILON

RS - REYNOLD STRESSES

T -TEMPERATURE

H - ENTHALPY

RF - REYNOLD FLUXES

SCAL - SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS)
XP - X COORDINATES OF CELL CENTRES

YP -Y COORDINATES OF CELL CENTRES

ZP - Z COORDINATES OF CELL CENTRES
VOL - VOLUME OF CELLS

AREA - AREA OF CELLS

VPOR - POROUS VOLUME

ARPOR - POROUS AREA
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WFACT - WEIGHT FACTORS

IPT -1D POINTER ARRAY

IBLK - BLOCK SIZE INFORMATION

IPVERT - POINTER FROM CELL CENTERS TO 8 NEIGHBOURING VERTICES
IPNODN - POINTER FROM CELL CENTERS TO 6 NEIGHBOURING CELLS
IPFACN - POINTER FROM CELL CENTERS TO 6 NEIGHBOURING FACES
IPNODF - POINTER FROM CELL FACES TO 2 NEIGHBOURING CELL CENTERS
IPNODB - POINTER FROM BOUNDARY CENTERS TO CELL CENTERS

IPFACB - POINTER FROM BOUNDARY CENTERS TO BOUNDARY FACESS

WORK - REAL WORKSPACE ARRAY
IWORK - INTEGER WORKSPACE ARRAY
CWORK - CHARACTER WORKSPACE ARRAY

SUBROUTINE ARGUMENTS PRECEDED WITH A *' ARE ARGUMENTS THAT MUST
BE SET BY THE USER IN THIS ROUTINE.

NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFDS-FLOW3D USING THE
ROUTINE GETADD, FOR FURTHER DETAILS SEE THE RELEASE 3
USER MANUAL.

0OQO0O000O000O000O00O0O0O0O00O0O0O0O0

LOGICAL LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP
+ ,LRECT,LCYN,LAXIS,LPOROS,LTRANS

@]

CHARACTER*(*) CWORK
CHARACTER CNAME*6, CALIAS*24
C
C+++++++++++++++++ USER AREA 1 ++++++++++++++++++++++H+H -+ +
C---- AREA FOR USERS EXPLICITLY DECLARED VARIABLES
C
C+++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++H++++++++
C
COMMON
+/ALL/  NBLOCK,NCELL,NBDRY,NNODE,NFACE,NVERT,NDIM
+ /ALLWRK/ NRWS,NIWS,NCWS,IWRFRE,IWIFRE,IWCFRE
+ /ADDIMS/ NPHASE ,NSCAL,NVAR,NPROP
+ ,NDVAR,NDPROP,NDXNN,NDGEOM,NDCOEF,NILIST,NRLIST,NTOPOL
+ /CHKUSR/ IVERS,IUCALL,IUSED
+ /DEVICE/ NREAD,NWRITE,NRDISK,NWDISK
+/IDUM/ ILEN,JLEN
+/LOGIC/ LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP
+ ,LRECT,LCYN,LAXIS,LPOROS,LTRANS
+ /MLTGRD/ MLEVEL,NLEVEL,ILEVEL
+ /SGLDBL/ IFLGPR,ICHKPR
+ /SPARM/ SMALL,SORMAX,NITER,INDPRI,MAXIT,NODREF,NODMON
+ /TRANSI/ NSTEP,KSTEP,MF,INCORE
+ /TRANSR/ TIME,DT,DTINVF, TPARM
C
CH+++++++++++++++++ USER AREA 2 +++++++++++++++++++++HH -+ +
C---- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS
C THESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE
C NO CONFLICT WITH NON-USER COMMON BLOCKS
C
COMMON /UCSURF/ JISURF,NISURF,JDSURF,NDSURF
COMMON /UCINJR/ FINJ2,UGASIN,VGASIN,WGASIN
COMMON /UCFLUX/ GASIN,GASOUT
C
C+++++++++++++++++ END OF USER AREA 2 +++++++++++++++++++++++++H+H++++++++
C
DIMENSION AM(NCELL,6,NPHASE),SP(NCELL,NPHASE),SU(NCELL,NPHASE)
+,CONV(NFACE,NPHASE)

DIMENSION

+ U(NNODE,NPHASE),V(NNODE,NPHASE), W(NNODE,NPHASE),P(NNODE, NPHASE)
+ VFRAC(NNODE,NPHASE), DEN(NNODE,NPHASE),VIS(NNODE,NPHASE)

+ TE(NNODE,NPHASE),ED(NNODE,NPHASE),RS(NNODE, NPHASE, 6)

+ T(NNODE,NPHASE),H(NNODE,NPHASE),RF(NNODE,NPHASE, 4)

+ SCAL(NNODE,NPHASE,NSCAL)

DIMENSION

+ XP(NNODE),YP(NNODE),ZP(NNODE)

+VOL(NCELL), AREA(NFACE,3),VPOR(NCELL),ARPOR(NFACE,3)
+ WFACT(NFACE)
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+IPT(*),IBLK(5,NBLOCK)
+IPVERT(NCELL,8),IPNODN(NCELL,6),IPFACN(NCELL,6),IPNODF(NFACE,4)
+IPNODB(NBDRY,4),IPFACB(NBDRY)
+IWORK (*), WORK(¥), CWORK(*)

C

C+++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++HH++H 4

C---- AREA FOR USERS TO DIMENSION THEIR ARRAYS

Cc

C---- AREA FOR USERS TO DEFINE DATA STATEMENTS

Cc

CH+++++++++++++++++ END OF USER AREA 3 +++++++++++++++++++++++++++++H+++++
Cc

C---- STATEMENT FUNCTION FOR ADRESSING
IP(1,3,K)=IPT((K-1)*ILEN*JLEN+(J-1)*ILEN+I)

Cc
C----VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG
Cc
IVERS=4
ICHKPR =1
Cc
CH+++++++++++++++++ USER AREA 4 +++++++++++++++++++++++H+H -+
C---- TO USE THIS USER ROUTINE FIRST SET IUSED=1

C
IUSED=1
IF (IUSED.EQ.0) RETURN
C
C+++++++++++++++++ END OF USER AREA 4 +++++++++++++++++++++++++H+H+H+H++++++
C

C---- FRONTEND CHECKING OF USER ROUTINE
IF (IUCALL.EQ.0) RETURN

C

C---- ADD TO SOURCE TERMS
IF (ICALL.EQ.1) THEN

CH+++++++++++++++++ USER AREA 5 ++++++++++++++++++++++++H -+

CALCULATE SOURCE TERMS, SU AND SP, TO INJECT GAS AT INLET AND REMOVE
GAS AT TOP SURFACE. SUBROUTINE INJGAS CALCULATES THE SP SOURCE TERM
FOR THE INLET, DEGAS CALCULATES THE LINEARIZED SOURCE TERM, SU,

FOR THE REMOVAL AT THE TOP SURFACE. THE SUBROUTINES ARE CALLED FOR
EACH EQUATION. THE INJECTION AND REMOVAL RATES ARE SET IN USRTRN,
AND ARE PASSED TO INJGAS AND DEGAS BY COMMON BLOCKS.

VOLUME FRACTION [MJ/[T]

IF(CALIAS.EQ."VOLUME FRACTION') THEN

00 00000000000

....... SOURCE AT INJECTOR
CALL INJGAS(CALIAS,SU,U,VFRAC,DEN,AREA,IWORK(JISURF),NISURF
+ ,IPNODB,IPFACB,TOTAL,XP,YP,ZP)

[eXe)

....... SINK AT TOP
CALL DEGAS(CALIAS,SP,U,VFRAC,DEN,AREA,IWORK(JDSURF),NDSURF
+ ,IPNODB,IPFACB,TOTAL)
WRITE(NWRITE,*) ' VF ', TOTAL

ENDIF

PRESSURE [M]/[T]

IF(CALIAS.EQ."PRESSURE') THEN

o0 0000 00

....... SOURCE AT INJECTOR
CALL INJGAS(CALIAS,SU,U,VFRAC,DEN,AREA,IWORK(JISURF),NISURF
+ ,IPNODB,IPFACB, TOTAL,XP,YP,ZP)
GASIN = TOTAL

C.... SINK AT TOP
CALL DEGAS(CALIAS,SU,U,VFRAC,DEN,AREA,IWORK(JDSURF),NDSURF
+ ,IPNODB,IPFACB,TOTAL)
GASOUT = TOTAL
WRITE(NWRITE,*) ' PP :, TOTAL

o0

ENDIF



U VELOCITY [M][LJ[T]*2
IF(CALIAS.EQ.'U VELOCITY") THEN

....... SOURCE AT INJECTOR
SU(IPTINJ,2)=SU(IPTINJ,2)+FINJ2*VJET
CALL INJGAS(CALIAS,SU,U,VFRAC,DEN,AREA,IWORK(JISURF),NISURF
+ ,IPNODB,IPFACB,TOTAL,XP,YP,ZP)

OO0 0000

C..ws SINK AT TOP
CALL DEGAS(CALIAS,SP,U,VFRAC,DEN,AREA,IWORK(JDSURF),NDSURF
+ ,IPNODB,IPFACB,TOTAL)
WRITE(NWRITE,*) ' U ', TOTAL

o0

C......SET MINIMUM VOID FRACTION
VFMIN=1.0E-8
DO 101 INODE=1,NNODE
VFRAC(INODE,2)=MAX(VFRAC(INODE,2), VFMIN)
101 CONTINUE

ENDIF

V VELOCITY [M][LJ[T]*2

IF(CALIAS.EQ."V VELOCITY') THEN

o0 0000 O

....... SOURCE AT INJECTOR
CALL INJGAS(CALIAS,SU,U,VFRAC,DEN,AREA,IWORK(JISURF),NISURF
+ ,IPNODB,IPFACB,TOTAL,XP,YP,ZP)

[eXe)

....... SINK AT TOP
CALL DEGAS(CALIAS,SP,U,VFRAC,DEN,AREA,IWORK(JDSURF),NDSURF
+ ,IPNODB,IPFACB,TOTAL)
WRITE(NWRITE,*) 'V ', TOTAL

C......SET MINIMUM VOID FRACTION
VFMIN=1.0E-8
DO 201 INODE=1,NNODE
VFRAC(INODE,2)=MAX(VFRAC(INODE,2), VFMIN)
201 CONTINUE

ENDIF

W VELOCITY [M][L}/[T]*2

IF(CALIAS.EQ.'W VELOCITY") THEN

o0 0000 O

....... SOURCE AT INJECTOR
CALL INJGAS(CALIAS,SU,U,VFRAC,DEN,AREA,IWORK(JISURF),NISURF
+ ,IPNODB,IPFACB,TOTAL,XP,YP,ZP)

C..w. SINK AT TOP
CALL DEGAS(CALIAS,SP,U,VFRAC,DEN,AREA,IWORK(JDSURF),NDSURF
+ ,IPNODB,IPFACB,TOTAL)
WRITE(NWRITE,*) ' W ', TOTAL

[oXe]

C......SET MINIMUM VOID FRACTION
VFMIN=1.0E-8
DO 301 INODE=1,NNODE
VFRAC(INODE,2)=MAX(VFRAC(INODE,2), VFMIN)
301 CONTINUE
C
ENDIF
C
C+++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++
ENDIF
C
C---- OVERWRITE SOURCE TERMS
IF (ICALL.EQ.2) THEN

CH+++++++++++++++++ USER AREA 6 +++++++++++++++++++++++++++H+H++HH -+
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C
C+++++++++++++++++ END OF USER AREA 6 ++++++++++++++++++++++++++H++++++++
C

ENDIF

RETURN

END

[eXeXe]

SUBROUTINE INJGAS(CALIAS,SUU,U,VFRAC,DEN,AREA,IPTSRF,NISURF
+ ,IPNODB,IPFACB, TOTAL,XP,YP,ZP)

UTILITY SUBROUTINE FOR USER-SUPPLIED GAS INJECTION

THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINES
USRSRC

CREATED
03/05/94 SML
MODIFIED
02/06/98 DTC MODIFIED DEGAS FOR GAS INJECTION

SUBROUTINE ARGUMENTS

CALIAS - ALIAS OF EQUATION NAME

SUU - SU IN LINEARISATION OF SOURCE TERM

U - VELOCITY COMPONENT FOR DEGASSING

VFRAC - VOLUME FRACTION

DEN - DENSITY OF FLUID

AREA - AREA OF CELLS

IPTSRF - 1D POINTER ARRAY

NISURF - NUMBER OF SURFACE NODE

IPNODB - POINTER FROM BOUNDARY CENTERS TO CELL CENTERS
IPFACB - POINTER FROM BOUNDARY CENTERS TO BOUNDARY FACES
TOTAL - TOTAL OF SOURCE ADDED

XP - X COORDINATE OF NODE LOCATIONS

YP -Y COORDINATE OF NODE LOCATIONS

ZP - Z COORDINATE OF NODE LOCATIONS

FINJ2 - MASS FLOW RATE OF INJECTED GAS

UGASIN - U VELOCITY OF INJECTED GAS

VGASIN -V VELOCITY OF INJECTED GAS

WGASIN - W VELOCITY OF INJECTED GAS

0OQOO00000000000000000000QOOOOQOOO0QO0O0O0Q0O

CHARACTER CALIAS*24
C
C+++++++++++++++++ USER AREA 1 +++++++++++++++++++++++++H+H++H+H 4
C---- AREA FOR USERS EXPLICITLY DECLARED VARIABLES
C
C+++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++
C
COMMON
+/ALL/  NBLOCK,NCELL,NBDRY,NNODE,NFACE,NVERT,NDIM
+ /ALLWRK/ NRWS,NIWS, NCWS, IWRFRE, IWIFRE,IWCFRE
+ /ADDIMS/ NPHASE,NSCAL,NVAR,NPROP
+ ,NDVAR,NDPROP,NDXNN,NDGEOM,NDCOEF,NILIST,NRLIST,NTOPOL
+ /DEVICE/ NREAD,NWRITE,NRDISK,NWDISK
C
C+++++++++++++++++ USER AREA 2 +++++++++++++++++++++++++H+H++H 4
C---- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS
C THESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE
C NO CONFLICT WITH NON-USER COMMON BLOCKS
COMMON /UCINJR/ FINJ2,UGASIN,VGASIN,WGASIN
C
C+++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C
DIMENSION SUU(NCELL,NPHASE)
+ U(NNODE,NPHASE),VFRAC(NNODE,NPHASE), DEN(NNODE,NPHASE)
+ AREA(NFACE,3),IPTSRF(NISURF),IPNODB(NBDRY,4),IPFACB(NBDRY)



C
CHt+++t++++++++++++ USER AREA 3 +++++++++++++++++++++++++t++t++++++++++++
C---- AREA FOR USERS TO DIMENSION THEIR ARRAYS

DIMENSION

+ XP(NNODE),YP(NNODE),ZP(NNODE)

g AREA FOR USERS TO DEFINE DATA STATEMENTS

g+++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
g STATEMENT FUNCTION FOR ADRESSING

Cc IP(1,3,K)=IPT((K-1)*ILEN*JLEN+(J-1)*ILEN+I)

g+++++++++++++++++ USER AREA 4 ++++++++++++++++++++++ -+ +
g+++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++
g+++++++++++++++++ USER AREA 5 ++++++++++++++++++++++ -+ +

SUBROUTINE INJGAS CALCULATES THE SOURCE TERM SU TO ACCOUNT FOR
GAS INJECTION AT THE INLET. THE AMOUNT OF GAS INJECTED AND THE
VELOCITY OF THE GAS JET ARE SET IN THE USRTRN ROUTINE.

----- INJECTION PHASE INDEX. THE PHASE TO INJECT, AS SET IN THE
COMMAND FILE. FOR THIS PROBLEM, 1 = LIQUID PHASE, 2 = GAS PHASE.

IPHINJ=2

VOLUME FRACTION AND PRESSURE

O000 000000000000

IF((CALIAS EQ.'VOLUME FRACTION').OR.
(CALIAS.EQ.'PRESSURE')) THEN

@]

TOTAL = 0.0
TOTALA =0.0
DO 101 I=1,NISURF
INODE = IPTSRF(l)
IBDRY = INODE-NCELL
INODE1= IPNODB(IBDRY, 1)
IFACE = IPFACB(IBDRY)
AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)
+AREA(IFACE,2)*AREA(IFACE,2)
+ +AREA(IFACE, 3)*AREA(IFACE,3) )

FLUX = FINJ2*AREAM

SUU(INODEL,IPHINJ)=SUU(INODE1,IPHINJ)+FLUX

TOTAL = TOTAL+FLUX

TOTALA = TOTALA+AREAM
C  WRITE(NWRITE* ' FLUX='FLUX
C  WRITE(NWRITE*) ' X,Y,Z=",XP(INODE1),YP(INODE1),ZP(INODE1)
101 CONTINUE
C  WRITE(NWRITE*) 'TOTAL GAS FLUX="TOTAL, TOTAL AREA='TOTALA
C
C
C U VELOCITY
C

+

ELSE IF(CALIAS.EQ.'U VELOCITY') THEN
C
TOTAL = 0.0
DO 201 I=1,NISURF
INODE = IPTSRF(l)
IBDRY = INODE-NCELL
INODE1= IPNODB(IBDRY, 1)
IFACE = IPFACB(IBDRY)
AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)
+AREA(IFACE,2)*AREA(IFACE,2)
+ +AREA(IFACE,3)*AREA(IFACE,3) )
FLUX = FINJ2*AREAM*UGASIN
SUU(INODEL,IPHINJ)=SUU(INODE1,IPHINJ)+FLUX
TOTAL = TOTAL+FLUX
C  WRITE(NWRITE* ' FLUX="FLUX
201 CONTINUE

+
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V VELOCITY

ELSE IF(CALIAS.EQ.'V VELOCITY') THEN

O 00000

TOTAL = 0.0
DO 301 I=1,NISURF
INODE = IPTSRF(l)
IBDRY = INODE-NCELL
INODE1= IPNODB(IBDRY, 1)
IFACE = IPFACB(IBDRY)
AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)
+AREA(IFACE,2)*AREA(IFACE,2)
+ +AREA(IFACE,3)*AREA(IFACE,3) )
FLUX = FINJ2*AREAM*VGASIN
SUU(INODEL,IPHINJ)=SUU(INODE1,IPHINJ)+FLUX
TOTAL = TOTAL+FLUX
C  WRITE(NWRITE*) ' FLUX='FLUX
301 CONTINUE
C
C
C
C W VELOCITY
C
ELSE IF(CALIAS.EQ.'W VELOCITY') THEN
C
TOTAL = 0.0
DO 401 I=1,NISURF
INODE = IPTSRF(l)
IBDRY = INODE-NCELL
INODE1= IPNODB(IBDRY, 1)
IFACE = IPFACB(IBDRY)
AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)
+AREA(IFACE,2)*AREA(IFACE,2)
+ +AREA(IFACE,3)*AREA(IFACE,3) )
FLUX = FINJ2*AREAM*WGASIN
SUU(INODEL,IPHINJ)=SUU(INODE1,IPHINJ)+FLUX
TOTAL = TOTAL+FLUX
C  WRITE(NWRITE* ' FLUX='FLUX
401 CONTINUE
C
ENDIF
C
RETURN
END

+

+

[eXeXe]

SUBROUTINE DEGAS(CALIAS,SUP,U,VFRAC,DEN,AREA,IPTSRF,NDSURF

+ ,IPNODB,IPFACB,TOTAL)

UTILITY SUBROUTINE FOR USER-SUPPLIED FREE SURFACE DEGASSING

USRSRC

THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINES

CREATED
03/05/94 SML
MODIFIED

02/06/98 DTC MODIFIED DEGAS FOR CONTINUOUS CASTING MODEL

SUBROUTINE ARGUMENTS

CALIAS - ALIAS OF EQUATION NAME

SUP - SP IN LINEARISATION OF SOURCE TERM
U - VELOCITY COMPONENT FOR DEGASSING
VFRAC - VOLUME FRACTION

DEN - DENSITY OF FLUID

00000000 QO0OO00QOOO0OQO0O0O0Q0O
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AREA - AREA OF CELLS

IPTSRF - 1D POINTER ARRAY

NDSURF - NUMBER OF SURFACE NODES

IPNODB - POINTER FROM BOUNDARY CENTERS TO CELL CENTERS
IPFACB - POINTER FROM BOUNDARY CENTERS TO BOUNDARY FACES
TOTAL - TOTAL OF SOURCE ADDED

XP - X COORDINATE OF NODE LOCATIONS

YP -Y COORDINATE OF NODE LOCATIONS

ZP - Z COORDINATE OF NODE LOCATIONS

FINJ2 - MASS FLOW RATE OF INJECTED GAS

UGASIN - U VELOCITY OF INJECTED GAS

VGASIN -V VELOCITY OF INJECTED GAS

WGASIN - W VELOCITY OF INJECTED GAS

0OQO00O00O00O0O000O00O0O

CHARACTER CALIAS*24

@]

C+++++++++++++++++ USER AREA 1 +++++++++++++++++++++++++H+H++H+HH+H+H 4
C---- AREA FOR USERS EXPLICITLY DECLARED VARIABLES
C
C+++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++
C

COMMON

+/ALL/  NBLOCK,NCELL,NBDRY,NNODE,NFACE,NVERT,NDIM

+ /ALLWRK/ NRWS,NIWS, NCWS, IWRFRE, IWIFRE,IWCFRE

+ /ADDIMS/ NPHASE,NSCAL,NVAR,NPROP

+ ,NDVAR,NDPROP,NDXNN,NDGEOM,NDCOEF,NILIST,NRLIST,NTOPOL

+ /DEVICE/ NREAD,NWRITE,NRDISK,NWDISK
C
C+++++++++++++++++ USER AREA 2 +++++++++++++++++++++++++H+H++H 4
C---- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS
C THESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE
C NO CONFLICT WITH NON-USER COMMON BLOCKS
C
C+++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C

DIMENSION SUP(NCELL,NPHASE)

+ U(NNODE,NPHASE),VFRAC(NNODE,NPHASE), DEN(NNODE,NPHASE)

+ AREA(NFACE,3),IPTSRF(NDSURF),IPNODB(NBDRY ,4),IPFACB(NBDRY)
C
C+++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++HH++H 4
C---- AREA FOR USERS TO DIMENSION THEIR ARRAYS

C

C---- AREA FOR USERS TO DEFINE DATA STATEMENTS

C

C+++++++++++++++++ END OF USER AREA 3 +++++++++++++++++++++++++H+H++H++++++
C

C---- STATEMENT FUNCTION FOR ADRESSING

C IP(1,3,K)=IPT((K-1)*ILEN*JLEN+(J-1)*ILEN+I)

g+++++++++++++++++ USER AREA 4 ++++++++++++++++++++++H -+ +
g+++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++
g+++++++++++++++++ USER AREA 5 ++++++++++++++++++++++++++ -+t +
Cc

SUBROUTINE DEGAS CALCULATES THE LINEARIZED SOURCE TERM SP
TO ACCOUNT FOR GAS REMOVAL AT THE TOP SURFACE. THE AMOUNT
OF GAS REMOVED DEPENDS ON THE UPWARDS VELOCITY OF THE GAS
PHASE AT EACH LOCATION ON THE TOP SURFACE.

————— DEGASSING PHASE INDEX. THE PHASE TO REMOVE, AS SET IN THE
COMMAND FILE. FOR THIS PROBLEM, 1 = LIQUID PHASE, 2 = GAS PHASE.

IPHDG=2

VOLUME FRACTION

O000 000000000000

IF(CALIAS.EQ."VOLUME FRACTION') THEN
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C
TOTAL = 0.0
DO 101 I=1,NDSURF

INODE = IPTSRF(l)

IBDRY = INODE-NCELL

INODE1= IPNODB(IBDRY, 1)

IFACE = IPFACB(IBDRY)

AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)

+AREA(IFACE,2)*AREA(IFACE,2)

+

+ +AREA(IFACE, 3)*AREA(IFACE,3) )
FLUX = DEN(INODE1,IPHDG)*
+ AREAM*MAX(W(INODEL,IPHDG),0.0)

SUP(INODEL1,IPHDG)=SUP(INODEL,IPHDG)-FLUX
TOTAL = TOTAL+FLUX
C  WRITE(NWRITE* ' FLUX='FLUX
101 CONTINUE
C
C
C ALL OTHER VARIABLES
C
ELSE
C
TOTAL = 0.0
DO 201 I=1,NDSURF
INODE = IPTSRF(l)
IBDRY = INODE-NCELL
INODE1= IPNODB(IBDRY, 1)
IFACE = IPFACB(IBDRY)
AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)

+ +AREA(IFACE,2)*AREA(IFACE,2)
+ +AREA(IFACE,3)*AREA(IFACE,3) )

FLUX = VFRAC(INODE1,IPHDG)*DEN(INODE1,IPHDG)
+ *AREAM*MAX(U(INODE1,IPHDG),0.0)

SUP(INODEZ1,IPHDG)=SUP(INODEL,IPHDG)-FLUX
TOTAL = TOTAL+FLUX

C WRITE(NWRITE,*) ' FLUX="FLUX

201 CONTINUE

C
ENDIF
C
RETURN
END
C
C
C
SUBROUTINE USRTRN(U,V,W,P,VFRAC,DEN,VIS, TE,ED,RS,T,H,RF,SCAL,
+ XP,YP,ZP VOL,AREA,VPOR,ARPOR,WFACT,CONV,IPT,
+ IBLK,IPVERT,IPNODN,IPFACN,IPNODF,IPNODB,IPFACB,
+ WORK,IWORK,CWORK)

USER SUBROUTINE TO ALLOW USERS TO MODIFY OR MONITOR THE SOLUTION AT
THE END OF EACH TIME STEP

THIS SUBROUTINE IS CALLED BEFORE THE START OF THE RUN AS WELL AS AT
THE END OF EACH TIME STEP

>>> IMPORTANT <<<

>>> <<<

>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WITHIN <<<
>>> THE DESIGNATED USER AREAS <<<

THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINES
CUSR TRNMOD

CREATED
27/04/90 ADB

MODIFIED
05/08/91 IRH NEW STRUCTURE
01/10/91 DSC REDUCE COMMENT LINE GOING OVER COLUMN 72.
29/11/91 PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT,

CHANGE LAST DIMENSION OF RS TO 6 AND IVERS TO 2

05/06/92 PHA ADD PRECISION FLAG AND CHANGE IVERS TO 3

00000000 QO000QO0OO0O00O0O00O000QO
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03/07/92 DSC CORRECT COMMON MLTGRD.
23/11/93 CSH EXPLICITLY DIMENSION IPVERT ETC.
03/02/94 PHA CHANGE FLOW3D TO CFDS-FLOW3D

SUBROUTINE ARGUMENTS

U - U COMPONENT OF VELOCITY

V -V COMPONENT OF VELOCITY

W - W COMPONENT OF VELOCITY

P - PRESSURE

VFRAC - VOLUME FRACTION

DEN - DENSITY OF FLUID

VIS - VISCOSITY OF FLUID

TE - TURBULENT KINETIC ENERGY

ED - EPSILON

RS - REYNOLD STRESSES

T -TEMPERATURE

H - ENTHALPY

RF - REYNOLD FLUXES

SCAL - SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS)
XP - X COORDINATES OF CELL CENTRES
YP -Y COORDINATES OF CELL CENTRES
ZP - Z COORDINATES OF CELL CENTRES
VOL - VOLUME OF CELLS

AREA - AREA OF CELLS

VPOR - POROUS VOLUME

ARPOR - POROUS AREA

WFACT - WEIGHT FACTORS

CONV - CONVECTION COEFFICIENTS

IPT -1D POINTER ARRAY

IBLK - BLOCK SIZE INFORMATION

IPVERT - POINTER FROM CELL CENTERS TO 8 NEIGHBOURING VERTICES
IPNODN - POINTER FROM CELL CENTERS TO 6 NEIGHBOURING CELLS
IPFACN - POINTER FROM CELL CENTERS TO 6 NEIGHBOURING FACES
IPNODF - POINTER FROM CELL FACES TO 2 NEIGHBOURING CELL CENTERS
IPNODB - POINTER FROM BOUNDARY CENTERS TO CELL CENTERS

IPFACB - POINTER FROM BOUNDARY CENTERS TO BOUNDARY FACESS

WORK - REAL WORKSPACE ARRAY
IWORK - INTEGER WORKSPACE ARRAY
CWORK - CHARACTER WORKSPACE ARRAY

SUBROUTINE ARGUMENTS PRECEDED WITH A *' ARE ARGUMENTS THAT MUST
BE SET BY THE USER IN THIS ROUTINE.

NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFDS-FLOW3D USING THE
ROUTINE GETADD, FOR FURTHER DETAILS SEE THE RELEASE 3
USER MANUAL.

0O0QO0O00000000000000000000000000000000O000O0000000000QO0OO0O

Cc

Cc

CH++++++++++++++++ USER AREA 1 ++++++++++++++++++++++++H 4

LOGICAL LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP
+ ,LRECT,LCYN,LAXIS,LPOROS,LTRANS

CHARACTER*(*) CWORK

C---- AREA FOR USERS EXPLICITLY DECLARED VARIABLES

Cc

CH++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++H++++

C

COMMON

+/ALL/  NBLOCK,NCELL,NBDRY,NNODE,NFACE,NVERT,NDIM
+ /ALLWRK/ NRWS,NIWS,NCWS,IWRFRE,IWIFRE,IWCFRE

+ /ADDIMS/ NPHASE ,NSCAL,NVAR,NPROP

+ ,NDVAR,NDPROP,NDXNN,NDGEOM,NDCOEF,NILIST,NRLIST,NTOPOL
+ /CHKUSR/ IVERS,IUCALL,IUSED

+/CONC/ NCONC

+ /DEVICE/ NREAD,NWRITE,NRDISK,NWDISK

+/IDUM/ ILEN,JLEN

+/LOGIC/ LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP

+ ,LRECT,LCYN,LAXIS,LPOROS,LTRANS
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+ /MLTGRD/ MLEVEL,NLEVEL,ILEVEL
+/SGLDBL/ IFLGPR,ICHKPR
+/SPARM/ SMALL,SORMAX,NITER,INDPRI,MAXIT,NODREF,NODMON
+/TIMUSR/ DTUSR
+ /TRANSI/ NSTEP, KSTEP,MF,INCORE
+ /TRANSR/ TIME,DT,DTINVF, TPARM
C
C++++++++++++++++ USER AREA 2 ++++++++++++++++++++++++++H+H++H+H 4
C---- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS
C THESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE
C  NO CONFLICT WITH NON-USER COMMON BLOCKS
C
COMMON /UCSURF/ JISURF,NISURF,JDSURF,NDSURF
COMMON /UCINJR/ FINJ2,UGASIN,VGASIN,WGASIN
COMMON /UCFLUX/ GASIN,GASOUT
C
C++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++H++++
C
DIMENSION
+ U(NNODE,NPHASE),V(NNODE,NPHASE), W(NNODE,NPHASE),P(NNODE, NPHASE)
+ VFRAC(NNODE,NPHASE), DEN(NNODE,NPHASE),VIS(NNODE,NPHASE)
+ TE(NNODE,NPHASE),ED(NNODE,NPHASE),RS(NNODE, NPHASE, 6)
+ T(NNODE,NPHASE),H(NNODE,NPHASE),RF(NNODE,NPHASE, 4)
+ SCAL(NNODE,NPHASE,NSCAL)
DIMENSION
+ XP(NNODE),YP(NNODE),ZP(NNODE)
+VOL(NCELL), AREA(NFACE,3),VPOR(NCELL),ARPOR(NFACE,3)
+ WFACT(NFACE),CONV(NFACE,NPHASE)
+IPT(*),IBLK(5,NBLOCK)
+IPVERT(NCELL,8),IPNODN(NCELL,6),IPFACN(NCELL,6),IPNODF(NFACE,4)
+IPNODB(NBDRY,4),IPFACB(NBDRY)
+IWORK(*), WORK(¥), CWORK(*)
C
C++++++++++++++++ USER AREA 3 ++++++++++++++++++++++++++++++HHH++HHH+++H+H+
C---- AREA FOR USERS TO DIMENSION THEIR ARRAYS
C
C---- AREA FOR USERS TO DEFINE DATA STATEMENTS
C
C++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
C
C---- STATEMENT FUNCTION FOR ADDRESSING
IP(1,3,K)=IPT((K-1)*ILEN*JLEN+(J-1)*ILEN+I)

C
C----VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG
C
IVERS=3
ICHKPR =1
C
C++++++++++++++++ USER AREA 4 +++++++++++++++++++++H+HH 4
C---- TO USE THIS USER ROUTINE FIRST SET IUSED=1
C
IUSED=1
IF (IUSED.EQ.0) RETURN
C++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++H+H+H++++++++
C
C---- FRONTEND CHECKING OF USER ROUTINE
IF (IUCALL.EQ.0) RETURN
C
C++++++++++++++++ USER AREA 5 +++++++++++++++++++++H+H+H+H+H++++H+++ -+
C
IF (KSTEP.EQ.0) THEN
C
C-----INJECTION BOUNDARY LOCATIONS
C
CALL IPALL(NOZZLE INLET',*'PATCH','/CENTRES',IPT,NPT,
+ CWORK,IWORK)

NISURF=NPT
SET INJECTION BOUNDARY LIST INTO INTERGER WORK SPACE
CALL SETPER(USRTRN','IWORK"'ISURF ',NISURF,JISURF)

@]

DO 101 I=1,NISURF
IWORK(JISURF+I-1)=IPT(l)
101 CONTINUE
WRITE(NWRITE*) ' *
WRITE(NWRITE,*) "***xxrk JSRTRN - INLET #rxitre
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WRITE(NWRITE,*) ' NISURF=',NISURF,' JISURF="JISURF
WRITE(NWRITE,*) ' IWORK(JISURF)=',IWORK(JISURF)
WRITE(NWRITE,*) ' IWORK(JISURF+NISURF-1)=",IWORK(JISURF+NISURF-1)

C-----INJECTION RATES: MASS FLUX IN kg/s, VELOCITY IN m/s
FGASIN = 0.0000001
UGASIN = 1.062
VGASIN =0.1
WGASIN = -0.427

C-----DETERMINE TOTAL AREA OF INLET BOUNDARY AND MASS FLUX PER AREA
TOTALA =0.0
DO 201 I=1,NISURF
INODE = IWORK(JISURF+I-1)
IBDRY = INODE-NCELL
IFACE = IPFACB(IBDRY)
AREAM = SQRT ( AREA(IFACE, 1)*AREA(IFACE, 1)
+AREA(IFACE,2)*AREA(IFACE,2)
+ +AREA(IFACE,3)*AREA(IFACE,3) )
TOTALA = TOTALA+AREAM
201 CONTINUE
C
WRITE(NWRITE,*) ' TOTAL AREA OF INLET =, TOTALA
FINJ2 = FGASIN/TOTALA

+

WRITE(NWRITE,*) ' INJECTOR'"
WRITE(NWRITE,*) ' AIR FLOW RATE (kg/s)= ',FGASIN
WRITE(NWRITE,*) ' AIR FLOW RATE (kg/m~2*s)=",FINJ2
WRITE(NWRITE,*) ' JET VELOCITY (m/s)=",UGASIN,VGASIN,WGASIN

----- DEGASSING BOUNDARY LOCATIONS

OO0

CALL IPALL('TOP SURFACE',*,'PATCH',/CENTRES",IPT,NPT,
+ CWORK,IWORK)

NDSURF=NPT

SET DEGASSING BOUNDARY LIST INTO INTERGER WORK SPACE
CALL SETPER(USRTRN','IWORK ','DSURF ',NDSURF,JDSURF)
C

@]

DO 401 I=1,NDSURF
IWORK(JDSURF+I-1)=IPT(l)
401 CONTINUE
WRITE(NWRITE,*) * '
WRITE(NWRITE,*) "+t USRTRN - QUTLET #n
WRITE(NWRITE,*) ' NDSURF=',NDSURF,' JDSURF=" JDSURF
WRITE(NWRITE,*) ' IWORK(JDSURF)=",IWORK(JDSURF)
WRITE(NWRITE,*) ' IWORK(JDSURF+NDSURF-1)=",IWORK(JDSURF+NDSURF-1)

ENDIF

END OPERATION
IF(KSTEP.EQ.NSTEP) THEN

=====CHECK MASS BALANCE

0000 0000 O

CALL IPALL(NOZZLE INLET',*'PATCH','/CENTRES',IPT,NPT,
+ CWORK,IWORK)

WATIN = 0.0
C.....GASIN INITIALISED IN USRSRC
DO 501 I=1,NPT
INODE = IPT(l)
IBDRY = INODE-NCELL
IFACE = IPFACB(IBDRY)
WATIN = WATIN+CONV(IFACE, 1)
GASIN = GASIN+CONV/(IFACE, 2)
501 CONTINUE

CALL IPALL('OUTLET',"*,'PATCH','/CENTRES',IPT,NPT,
+ CWORK,IWORK)
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WATOUT = 0.0
....GASOUT INITIALISED IN USRSRC
DO 601 I=1,NPT
INODE = IPT(l)
IBDRY = INODE-NCELL
IFACE = IPFACB(IBDRY)
WATOUT = WATOUT+CONV(IFACE, 1)
GASOUT = GASOUT+CONV(IFACE,2)

601 CONTINUE

Cc

C
C

C
C
C

c

WRITE(NWRITE,*) ' #* MASS BALANCE *+*
WRITE(NWRITE ) '

WRITE(NWRITE,*) ' AIR’

WRITE(NWRITE,*) ' INFLOW (kg/s) = ,GASIN
WRITE(NWRITE,*)' OUTFLOW (kg/s) =',GASOUT
GASERR=(GASOUT-GASIN)*100.0/GASIN
WRITE(NWRITE,*) ' % ERROR = GASERR
WRITE(NWRITE ) '

WRITE(NWRITE,*) ' WATER'

WRITE(NWRITE,*) ' INFLOW (Kg/s) =, WATIN
WRITE(NWRITE,*)' OUTFLOW (kg/s) = ,WATOUT
WATERR=(WATOUT-WATIN)*100.0/WATIN
WRITE(NWRITE,*) ' % ERROR = WATERR
WRITE(NWRITE ) '

NOT FOR RESTART.

IPLT=0

..... FILTER OUT VELOCITY WITH SMALL VOLUME FRACTION

IF(IPLT.EQ.1) THEN
DO 701 INODE=1,NNODE
FILTER=1.0-EXP(-3.0*"VFRAC(INODE,2)/1.E-4)
U(INODE,2)=U(INODE, 2)*FILTER
V(INODE,2)=V(INODE,2)*FILTER
W(INODE, 2)=W(INODE, 2)*FILTER

701  CONTINUE

c

Cc

Cc

CH++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++H++++

Cc

ENDIF

ENDIF

RETURN
END

SET IPLT=1 TO CLEAN UP VELOCITY FOR PLOTTING
C*****NOTE THAT THIS OPERATION WILL SLIGHTLY ALTER THE VELOCITY FIELD
HENCE THE DUMP FILE GENERATED SHOULD BE USED FOR PLOTTING ONLY
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Appendix E. Parametric Study Results

For each case in the multiphase parametric study, plots of velocity at the centerplane,
wide face and top surface, plots of pressure at the centerplane and top surface, and plots
of turbulence kinetic energy (K) are given.

Centerplane velocity is plotted on the centerplane parallel to the wide face. Wide face
velocity is plotted at 1 mm from the wide face boundary. Top surface velocity is plotted
at 1 mm below the top surface of the domain.

Centerplane pressure is plotted on the centerplane parallel to the wide face
Top surface pressure is plotted at 1 mm below the top surface, where the gradient of p is

small.
Centerplane K is plotted on the centerplane parallel to the wide face. Top surface K is
plotted at 16 mm below the top surface (2 nodes from the top surface boundary) where

the gradient of K is small.

All centerplane and wide face velocity figures show the top 1.75 m of the domain.
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Figure E.17. Case 5. Centerplane (left), Wide Face (right) and Top Surface (top)
Velocity. Standard Conditions, 0.5 mm Bubble Diameter, 20% Gas.
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Figure E.21. Case 6. Centerplane (left), Wide Face (right) and Top Surface (top)

Velocity. Standard Conditions, 2.0 mm Bubble Diameter, 6% Gas.
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Figure E.22. Case 6. Standard Conditions, 2.0 mm Bubble Diameter, 6% Gas.
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Figure E.25. Case 7. Centerplane (left), Wide Face (right) and Top Surface (top)
Velocity. Standard Conditions, 2.0 mm Bubble Diameter, 20% Gas.
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Figure E.26. Case 7. Standard Conditions, 2.0 mm Bubble Diameter, 20% Gas.
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Figure E.29. Case 8. Centerplane (left), Wide Face (right) and Top Surface (top)
Velocity. Casting Speed 8.35 m/s, 2.0 mm Bubble Diameter, 6% Gas.
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Figure E.30. Case 8. Casting Speed 8.35 m/s, 2.0 mm Bubble Diameter, 6% Gas.
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Speed 8.35 m/s, 2.0 mm Bubble Diameter, 6% Gas.



0.1m/s

WF
S5y
CL13
\
\§
N cL

0.1m/s

1mis
CL S=SU0NF CLS

T

/////4\\\

IREEEETIN
rrrzssa L
VAV
AN AVAV NN

VAV VN

\\\\\
///////

///////////

\
L1111 s s s s e s SEETTE
[ A A A A A A A A A A \\\\\'\X&
RN RN A A A A A A A A
RN
IR A A A A A R
iy
IR AR R RN oy
VUL
EEERERN RN ,
Y R RN A

trrrrrrrre e

SUUERLLLLEV L

AR R R R R A o

(IR RN RN I AR

(RN RN RN

(AR RN R A

(AR AR N N A

[RRRAR R A

IR .

“\4\\\\\\\\\\\\_.—»'—-/'/«////////

I N AN NS T

159

P
S

\
IR AN SN\

B
OSSNy

H“\\\\\\\\\\w/////// s

e ST
e PSS

LA A S S e e e e

RN P O I

WL I7 7777770

Wwrrrrrtrrrzrs sz s

Wwerrttitrrrsr s s,

Wt e s s 0 oo
Tty

AR

!

!

!

!

!

7

’

!

!

/////

N

v

/A
S

[

Velocity. Casting Speed 41.75 m/s, 0% Gas.




Top Surface K (m’/s)

[ ] 1.0000E+03
8.2170E+02

6.4340E+02
4.6509E+02
‘ 2.8679E+02
1.0849E+02

<-5.0000E+01

Centl ane Prasure/msz) Cterpl aneK (/)

160

8.6200E+02

5.5431E+02

2.0815E+02
-1.3800E+02
-4.8415E+02
-8.3031E+02

<-1.1380E+03

a o B N W A~ O

5.0000E-
4.2454E-
3.3964E-
2.5474E-
1.6984E-
8.4947E-
5.0000E-

Figure E.34. Case 9. Casting Speed 41.75 m/s, 0% Gas.

02
02
02
02
02
03
06

0000E-02
2454E-02
3964E-02
5474E-02
6984E-02
4947E-03
.0000E-06



161

1500

—e— Centerline
—a— Wide Face

1000 7 f

500 | LS /

Top Surface Pressure (kg/msz)

-500 \\

_1000\\\\\\\\\\\\\\\\i\\\\\\\\\\\\\\\\
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Distance From Centerline Through Nozzle (m)
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Figure E.38. Case 10. Casting Speed 41.75 m/s, 1.0 mm Bubble Diameter, 20% Gas.
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Figure E.42. Case 11. Casting Speed 41.75 m/s, 0.5 mm Bubble Diameter, 6% Gas.
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Velocity. Submergence Depth 0.050 m, 0% Gas.
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Figure E.54. Case 14. Submergence Depth 0.050 m, 0.5 mm Bubble Diameter, 4% Gas.
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Figure E.62. Case 16. Submergence Depth 0.120 m, 0% Gas.
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Figure E.67. Case 17. Centerplane and Wide Face Top Surface Pressure. Submergence
Depth 0.120 m, 1.0 mm Bubble Diameter, 20% Gas.



0.035 ——+
| —e— Centerline
0.03 —ua— \Wide Face
0.025 - \
& 002 | /
: \
N
E [
< i
0.015
I / \\ |
\
0.005 | “ t_,‘/ AN \
i ‘\
;]:I/frrl*'/r |
0 L L L 1 L L 1 1 1 L 1 1 L 1
-0.1 0 0.1 0.2 0.3 0.4 0.6

Figure E.68. Case 17. Centerplane and Wide Face Turbulent Kinetic Energy (K).
Submergence Depth 0.120 m, 1.0 mm Bubble Diameter, 20% Gas.

Distance From Centerline Through Nozzle (m)

194



195

lmis
:Sé e S
ZZZz =SS
== ==
e R
27z NN
7772 I
i R} D
15 N L
| i 2
L i)l =
N ’,;/ = 7
il it %/;%/5/;///;
z 777

DO I ez

ZOZITTTIIN,
P \;w/

A AN S S = m == = = o s :
PRV AN S S ‘\l
P S )
N
/////// '
- - ‘l[
,,,,,,,,,,,,,, l
/::::://// ///////// \wf
IR A A A A S e R \\wj
NI s s s s e e e N
S .
I R R R R A A A A B RPN (ARARR RN A A A A A A A A A A \\\\l
I R N Lo - NN HHH!/!!/////////////////4-\\\\\x111/
F PP BRRRR, A PPOOOBNNNGH
T o mmmn///////////////,/A\\\\\\luf i
T T . mmvrrrrr////////////////,\\\\\ufl '
e . mmmm/rz////////////“\\\\wdw v
et . ummrrrfrrrzzz///f////,,,\\\\\Huww v
IR R SRR EEREVL TN ”'H””””H/‘/f////f////,/\\\\\lulllllljjll
R I T T T T A T A A B A ““HHHH“N“ H'H”H””Hfffrfff////1»4\\x\'lwll l
AR RN C WMM
R R SRR RTTRTvEnI o \wulllllfllllll
EERRRTRITIRI e "‘”UWWW
e AR AR R AR N I AN
e ERRERRRIRRRIIIY “”Hlj/mmw
R R A I S R S S S RSN ”H””“HHHT‘l‘\\\'\\\\,/////ll/j/jjf[llllu
o G AR AR R R R R SO
R N RRSRTIS I ”H!jj/[””lll“

Figure E.69. Case 18. Centerplane (left), Wide Face (right) and Top Surface (top)
Velocity. Width 1.60 m, 0% Gas.



196

- 4.3700E+02
2.8315E+02
1.1008E+02

-6.3000E+01

-2.3608E+02

-4.0915E+02

<-5.6300E+02

= 5.0000E-02
4.2454E-02
3.3964E-02
2.5474E-02
1.6984E-02

8.4947E-03

5.0000E-06

Top Surface K (m’/s)

[ ] 1.0000E+03 P> 5.0000E-02
8.2170E+02 4.2454E-02
6.4340E+02 3.3964E-02
4.6509E+02 2.5474E-02
2.8679E+02 1.6984E-02
1.0849E+02 8.4947E-03

<-5.0000E+01 5.0000E-06

Cerpl ane Pressure kg/m52) Centerplane K (mzlsz)

Figure E.70. Case 18. Width 1.60 m, 0% Gas.



197

300
I —e— Centerline ]
| —=a— Wide Face f
200 'l
- L i
1)) = B
£ 100
(@)
é r B
o | i
> r B
7)) L B
0
o 0 \
o | i
q.) /
(&) r B
8 | i
3 ool / |
o -100
O |- 4
|_ L i
-200 M/
-300
-0.2 0 0.2 0.4 0.6 0.8

Distance From Centerline Through Nozzle (m)

Figure E.71. Case 18. Centerplane and Wide Face Top Surface Pressure. Width 1.60 m,
0% Gas.



198

0.005 —
—e— Centerline
—==— \Wide Face
0.004 R
, A
||
P
I | L
0.003 ! !
& : | \
Y ‘ \
o~ |
E | “
> f -
0.002 | | e
L "" *‘
\ | \ I
I ! \ w
0.001 1/ o \K
I \,/ I
|
[ \L\»
i
0 I I I I I I I I I I
-0.2 0 0.2 0.4 0.6 0.8

Distance From Centerline Through Nozzle (m)

Figure E.72. Case 18. Centerplane and Wide Face Turbulent Kinetic Energy (K). Width
1.60 m, 0% Gas.



199

0.1m/s

WF_

S=— s = = ==
= S i - -
e e N e
< D e s
R R b /77 i S N N S\ T L — - — — —_ —_ — —
4 : SCIITT T T T T ToToToToToC
NN ______ - -_-_-__-_‘- - - <> - o oo
g ﬁ\n%///////ff({x;:xxxxxvvv e L
i NS N N R
T
AR CTTITTTTTITT ool
RS SooooTTITTTToToTIoTollon
AN STITITIIIIIIIIIIIL L
.,%/,,,/,/,}”,/,,,Wu ool
N ) » P - [N N N N N N \ N \ N
,,/,,, N e S S
Tz o T
, AT s e A S
\ //ﬁ////ﬂf,//é%ﬁ oLl ) ) ' . .
Nk S A A
e R
f -
S -
o
w §
z &
| SZZZZZZZZ5ZZ:Z: 2 2 2 2 2 20 =
Wil R
I NN oot
(it A - - - - S -
Wit i1y Tttt Tttt s s
{HTiinessese——0 ttttTtomm s s s s s s s s
i = , oottt s s s
B i1urtttsssee—— R
I Lot m s s s
Il S S
:\\\\\\\\\\ JU110012207 oSS T T T T T - -
:\\\\\\ 11111110010222777 o T T T T N
%\,\\\\\\\\\S:
i , , ,
' e
£ SZZZZZ S S S oZoZoofs
- s s e e - - - -

[N

SEEEREL N
IR R R AR

, Wide Face (right) and Top Surface (top)

1 mm Bubble Diameter, 6% Gas

T
AN AR ENY]
NN AR

Width 1.60 m,

Figure E.73. Case 19. Centerplane (left)
Velocity



200

5.8000E+02
4.1019E+02
2.4038E+02
7.0566E+01
-9.9245E+01

-2.6906E+02

Top Surface Prr (kg/ms) | <-4.2000E+02

-> 5.0000E-02
4.2454E-02
3.3964E-02
2.5474E-02

1.6984E-02

8.4947E-03

Top Surface K (m’/s’) 5.0000E-06
- 1.0000E+03 5.0000E-02
8.2170E+02 4.2454E-02
6.4340E+02 3.3964E-02
4.6509E+02 2.5474E-02
2.8679E+02 1.6984E-02
1.0849E+02 8.4947E-03
<-5.0000E+01 5.0000E-06

Centerplane Pressure (kg/ms’)

Figure E.74. Case 19. Width 1.60 m, 1 mm Bubble Diameter, 6% Gas.
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Figure E.75. Case 19. Centerplane and Wide Face Top Surface Pressure. Width 1.60 m, 1
mm Bubble Diameter, 6% Gas.
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Figure E.78. Case 20. Width 1.60 m, 1 mm Bubble Diameter, 20% Gas.



205

700

—e— Centerline

600 - —=— Wide Face i

500 - /
400 | /

Top Surface Pressure (kg/msz)

300 - /
200 | //
100 |
i /
O | L 1 L L 1 L L 1 L L 1 L L 1 L
0.2 0 0.2 0.4 0.6 0.8

Distance From Centerline Through Nozzle (m)

Figure E.79. Case 20. Centerplane and Wide Face Top Surface Pressure. Width 1.60 m, 1
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Appendix F. Sample Command File for Multiphase
Model Using CFX

>>CFX4
>>OPTIONS
THREE DIMENSIONS
BODY FITTED GRID
CARTESIAN COORDINATES
TURBULENT FLOW
ISOTHERMAL FLOW
INCOMPRESSIBLE FLOW
BUOYANT FLOW
STEADY STATE
USER SCALAR EQUATIONS 1
NUMBER OF PHASES 2
>>USER FORTRAN
USRSRC
USRTRN
>>VARIABLE NAMES
U VELOCITY 'U VELOCITY'
V VELOCITY 'V VELOCITY'
W VELOCITY 'W VELOCITY'
PRESSURE 'PRESSURE'
VOLUME FRACTION 'VOLUME FRACTION'
DENSITY 'DENSITY'
VISCOSITY 'VISCOSITY'
K K'
EPSILON 'EPSILON'
USER SCALARL 'YPLUS'
>>MODEL DATA
>>AMBIENT VARIABLES
K 0.0502
EPSILON 0.4570
>>TITLE
PROBLEM TITLE 'INLAND MULTIPHASE FLOW MODEL'
>>PHYSICAL PROPERTIES
>>BUOYANCY PARAMETERS
PHASE NAME 'PHASE'
ALL PHASES
GRAVITY VECTOR 0.000000E+00 0.000000E+00 -9.800000E-+00
>>FLUID PARAMETERS
VISCOSITY 5.5500E-03
DENSITY 7.0200E+03
>>FLUID PARAMETERS
PHASE NAME 'PHASE2'
VISCOSITY 7.4200E-05
DENSITY 5.5900E-01
>>MULTIPHASE PARAMETERS
>>PHASE DESCRIPTION
PHASE NAME 'PHASE1'
LIQUID
CONTINUOUS
>>PHASE DESCRIPTION
PHASE NAME 'PHASE2'
GAS
DISPERSE
MEAN DIAMETER 1.0000E-03
>>MULTIPHASE MODELS
>>MOMENTUM
INTER PHASE TRANSFER
SINCE
>>INTER PHASE TRANSFER MODELS
>>MOMENTUM
FIRST PHASE NAME 'PHASE1'
SECOND PHASE NAME 'PHASE2"
>>PARTICLE MODEL
ALLEN
>>TURBULENCE PARAMETERS
>>TURBULENCE MODEL
PHASE NAME 'PHASE1'
TURBULENCE MODEL 'K-EPSILON'



PARTICLE INDUCED TURBULENCE 'NONE'
>>TURBULENCE MODEL
PHASE NAME 'PHASE?2'
TURBULENCE MODEL 'LAMINAR'
PARTICLE INDUCED TURBULENCE 'NONE'
>>SOLVER DATA
>>PROGRAM CONTROL
MAXIMUM NUMBER OF ITERATIONS 1000
MASS SOURCE TOLERANCE 1.0000E-06
ITERATIONS OF TURBULENCE EQUATIONS 1
ITERATIONS OF VELOCITY AND PRESSURE EQUATIONS 1
ITERATIONS OF TEMPERATURE AND SCALAR EQUATIONS 1
ITERATIONS OF HYDRODYNAMIC EQUATIONS 1
SOLVER DEBUG PRINT STREAM 20
>>DEFERRED CORRECTION
K START 2001
K END 2001
EPSILON START 2001
EPSILON END 2001
>>UNDER RELAXATION FACTORS
ALL PHASES
U VELOCITY 7.0000E-01
V VELOCITY 7.0000E-01
W VELOCITY 7.0000E-01
PRESSURE 1.0000E+00
VOLUME FRACTION 1.0000E+00
VISCOSITY 1.0000E+00
K 7.0000E-01
EPSILON 7.0000E-01
>>MODEL BOUNDARY CONDITIONS
>>INLET BOUNDARIES
PHASE NAME 'PHASEL'
PATCH NAME 'NOZZLE INLET'
U VELOCITY 1.0620E+00
V VELOCITY 0.0000E+00
W VELOCITY -4.2700E-01
VOLUME FRACTION 1.0000E+00
K 0.0502
EPSILON 0.4570
>>INLET BOUNDARIES
PHASE NAME 'PHASE2'
PATCH NAME 'NOZZLE INLET'
U VELOCITY 1.0620E+00
V VELOCITY 0.0000E+00
W VELOCITY -4.2700E-01
VOLUME FRACTION 1.0000E-08
>>PRESSURE BOUNDARIES
PHASE NAME 'PHASEY'
PATCH NAME 'OUTLET'
PRESSURE 0.0000E+00
VOLUME FRACTION 1.0000E+00
>>PRESSURE BOUNDARIES
PHASE NAME 'PHASE2'
PATCH NAME 'OUTLET'
PRESSURE 0.0000E+00
VOLUME FRACTION 1.0000E-08
>>WALL BOUNDARIES
PHASE NAME 'PHASEL'
PATCH NAME 'TOP SURFACE'
U VELOCITY 0.0000E+00
V VELOCITY 0.0000E+00
W VELOCITY 0.0000E+00
>>WALL BOUNDARIES
ALL PHASES
PATCH NAME 'WIDE FACE'
U VELOCITY 0.0000E+00
V VELOCITY 0.0000E+00
W VELOCITY 0.0000E+00
>>WALL BOUNDARIES
ALL PHASES
PATCH NAME 'NARROW FACE'
U VELOCITY 0.0000E+00
V VELOCITY 0.0000E+00
W VELOCITY 0.0000E+00
>>0UTPUT OPTIONS
>>FRONTEND PRINTING
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NO TOPOLOGY STRUCTURE
>>PRINT OPTIONS
>>WHAT
NO VARIABLES
>>STOP



Appendix G. Sample Output File for Multiphase

Model Using CFX

CFX-4.2 started on Fri Aug 14 17:12:27 CDT 1998

This job was run on : thor

The command line was: /usr/local/apps/cfd/cfx/v4.2/bin/runsolve4 -rel 4.2 -dir
Iscratch-sif2/dcreech/multiphase/inland/bubble/.cfx4_tmpdir -c m01.fc -fort m01
.f -restart m01.dmp -geom m01.geo -dynam

User Fortran:
degas
injgas
usrsrc
usrtrn

>>CFX4
>>OPTIONS
THREE DIMENSIONS
BODY FITTED GRID
CARTESIAN COORDINATES
TURBULENT FLOW
ISOTHERMAL FLOW
INCOMPRESSIBLE FLOW
BUOYANT FLOW
STEADY STATE
USER SCALAR EQUATIONS 1
NUMBER OF PHASES 2
>>USER FORTRAN
USRSRC
USRTRN
>>VARIABLE NAMES
U VELOCITY 'U VELOCITY"
V VELOCITY 'V VELOCITY'
W VELOCITY 'W VELOCITY'
PRESSURE 'PRESSURE'
VOLUME FRACTION 'VOLUME FRACTION'
DENSITY 'DENSITY"
VISCOSITY 'VISCOSITY'
K K’
EPSILON 'EPSILON'
USER SCALARL 'YPLUS'
>>MODEL DATA
>>AMBIENT VARIABLES
K 0.0502
EPSILON 0.4570
>>TITLE
PROBLEM TITLE 'INLAND MULTIPHASE FLOW MODEL'
>>PHYSICAL PROPERTIES
>>BUOYANCY PARAMETERS
PHASE NAME 'PHASE1'
ALL PHASES
GRAVITY VECTOR 0.000000E+00 0.000000E+00 -9.800000E-+00
>>FLUID PARAMETERS
VISCOSITY 5.5500E-03
DENSITY 7.0200E+03
>>FLUID PARAMETERS
PHASE NAME 'PHASE2'
VISCOSITY 7.4200E-05
DENSITY 5.5900E-01
>>MULTIPHASE PARAMETERS
>>PHASE DESCRIPTION
PHASE NAME 'PHASE1’
LIQUID
CONTINUOUS
>>PHASE DESCRIPTION
PHASE NAME 'PHASE2'
GAS
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DISPERSE
MEAN DIAMETER 1.0000E-03
>>MULTIPHASE MODELS
>>MOMENTUM
INTER PHASE TRANSFER
SINCE
>>INTER PHASE TRANSFER MODELS
>>MOMENTUM
FIRST PHASE NAME 'PHASE1'
SECOND PHASE NAME 'PHASE?2'
>>PARTICLE MODEL
ALLEN
>>TURBULENCE PARAMETERS
>>TURBULENCE MODEL
PHASE NAME 'PHASEL'
TURBULENCE MODEL 'K-EPSILON'
PARTICLE INDUCED TURBULENCE 'NONE'
>>TURBULENCE MODEL
PHASE NAME 'PHASE?2'
TURBULENCE MODEL 'LAMINAR'
PARTICLE INDUCED TURBULENCE 'NONE'
>>SOLVER DATA
>>PROGRAM CONTROL
MAXIMUM NUMBER OF ITERATIONS 1000
MASS SOURCE TOLERANCE 1.0000E-06
ITERATIONS OF TURBULENCE EQUATIONS 1
ITERATIONS OF VELOCITY AND PRESSURE EQUATIONS 1
ITERATIONS OF TEMPERATURE AND SCALAR EQUATIONS 1
ITERATIONS OF HYDRODYNAMIC EQUATIONS 1
SOLVER DEBUG PRINT STREAM 20
>>DEFERRED CORRECTION
K START 2001
K END 2001
EPSILON START 2001
EPSILON END 2001
>>UNDER RELAXATION FACTORS
ALL PHASES
U VELOCITY 7.0000E-01
V VELOCITY 7.0000E-01
W VELOCITY 7.0000E-01
PRESSURE 1.0000E+00
VOLUME FRACTION 1.0000E+00
VISCOSITY 1.0000E+00
K 7.0000E-01
EPSILON 7.0000E-01
>>MODEL BOUNDARY CONDITIONS

PERMANENT WORKSPACE ALLOCATED
TYPE TOTAL SET TOTAL USED
REAL 22666880 9480198
INTEGER 11333440 4114066
CHARACTER 1438 748
SUMMARY OF RESTART DUMP FILE

FILE PRODUCED BY CFX-4.2
TIME 08:51:50 DATE 14 AUG 98

NUMBER OF VARIABLES 28
NUMBER OF PHASES 2
NUMBER OF BLOCKS 6
NUMBER OF CELLS 114534
NUMBER OF BOUNDARY NODES 25090
NUMBER OF TIME STEPS 1

INITIAL GUESS TAKEN FROM A FILE
FLOW OPTIONS
STEADY STATE
INCOMPRESSIBLE FLOW
TURBULENT FLOW
ISOTHERMAL
CARTESIAN COORDINATES
ACTIVE VARIABLES
U VELOCITY
V VELOCITY
W VELOCITY
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PRESSURE
VOLUME FRACTION
DENSITY
VISCOSITY

K

EPSILON

YPLUS

END OF SUMMARY
RESTART USING LAST DATA GROUP

>>INLET BOUNDARIES
PHASE NAME 'PHASE1’
PATCH NAME 'NOZZLE INLET'
U VELOCITY 1.0620E+00
V VELOCITY 0.0000E+00
W VELOCITY -4.2700E-01
VOLUME FRACTION 1.0000E+00
K 0.0502
EPSILON 0.4570
>>INLET BOUNDARIES
PHASE NAME 'PHASE?2'
PATCH NAME 'NOZZLE INLET'
U VELOCITY 1.0620E+00
V VELOCITY 0.0000E+00
W VELOCITY -4.2700E-01
VOLUME FRACTION 1.0000E-08
>>PRESSURE BOUNDARIES
PHASE NAME 'PHASE1’
PATCH NAME 'OUTLET'
PRESSURE 0.0000E+00
VOLUME FRACTION 1.0000E+00
>>PRESSURE BOUNDARIES
PHASE NAME 'PHASE?2'
PATCH NAME 'OUTLET'
PRESSURE 0.0000E+00
VOLUME FRACTION 1.0000E-08
>>WALL BOUNDARIES
PHASE NAME 'PHASE1’
PATCH NAME 'TOP SURFACE'
U VELOCITY 0.0000E+00
V VELOCITY 0.0000E+00
W VELOCITY 0.0000E+00
>>WALL BOUNDARIES
ALL PHASES
PATCH NAME 'WIDE FACE'
U VELOCITY 0.0000E+00
V VELOCITY 0.0000E+00
W VELOCITY 0.0000E+00
>>WALL BOUNDARIES
ALL PHASES
PATCH NAME 'NARROW FACE'
U VELOCITY 0.0000E+00
V VELOCITY 0.0000E+00
W VELOCITY 0.0000E+00
>>0UTPUT OPTIONS

LINEAR SOLVER - BLOCK DEPENDENCY INFORMATION:

PERCENTAGE OF WELL ORDERED BLOCKS 100.0000
ORDERING USED
6 1 4 5 2 3

>>FRONTEND PRINTING
NO TOPOLOGY STRUCTURE
>>PRINT OPTIONS
>>WHAT
NO VARIABLES
>>STOP
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CCCCC FFFFFF XX XX 444 *
CCCCCCC FFFFFF XX XX 4444 *
CcC FF XXXX 44 44 *
CcC FFFFFF XX ==== 44 44 *
CcC FFFFFF  XXXX 44444444 *
CCCCCCC FF XX XX 44444444 *
CCCCC FF XX XX 44 *

*

*
*

3D LAMINAR AND TURBULENT FLOW *
PREDICTION PROGRAM *

*

VERSION 4.2 *

E

CFX-4 PROGRAM *
COPYRIGHT AEA TECHNOLOGY PLC *
DISTRIBUTED ONLY ON THE BASIS OF STRICT CONFIDENTIALITY.
CONFIDENTIALITY TO BE MAINTAINED *
*

*

*** INLAND MULTIPHASE FLOW MODEL e

RUN AT 17:12:56 ON 14:08:98

3-DIMENSIONAL 2-PHASE FLOW PREDICTION USING CFX-4

FLOW OPTIONS
TURBULENT FLOW
STEADY STATE
INCOMPRESSIBLE FLOW
NO. OF ADDITIONAL SCALAR EQUATIONS = 1

BUOYANT FLOW, GRAVITY VECTOR = 0.000E+00 0.000E+00 -9.800E+00

BUOYANCY REFERENCE DENSITY = 7.020E+03
BUOYANCY PARAMETERS FOR PHASE 1
BUOYANCY PARAMETERS FOR PHASE 2
FLUID FLOW PROPERTIES
PROPERTIES FOR PHASE 1
DENSITY = 7.020E+03 SET BY >> FLUID PARAMETERS
LAMINAR VISCOSITY = 5.550E-03 SET BY >> FLUID PARAMETERS
PROPERTIES FOR PHASE 2
DENSITY = 5.590E-01 SET BY >> FLUID PARAMETERS
LAMINAR VISCOSITY = 7.420E-05 SET BY >> FLUID PARAMETERS

HEAT AND MASS TRANSFER PROPERTIES
CALORICALLY PERFECT FLUID

PROPERTIES FOR PHASE 1

*
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PROPERTIES FOR PHASE 2
TURBULENCE PROPERTIES

TURBULENCE MODEL DETAILS FOR PHASE 1
MODEL = STANDARD K-EPSILON

TURBULENT PRANDTL NUMBERS AND LOG LAYER CONSTANTS

VARIABLE PRT ELOG  XYPLUS
VELOCITY 1.000E+00 9.793E+00 1.123E+01
K 1.000E+00

EPSILON 1.217E+00

TURBULENCE MODEL DETAILS FOR PHASE 2
MODEL = LAMINAR

MODEL PARAMETERS
Cl =1.440 C2 =1920 C3 = 0.000
CMU = 0.090 CAPPA = 0.419

MULTIPHASE PARAMETERS

PHASE DESCRIPTIONS
PHASE 1 TYPE =LIQUID CONTINUOUS
PHASE 2 TYPE=GAS DISPERSE MEAN DIAMETER = 1.000E-03

MULTIPHASE MODELS
IPSA =INTER PHASE TRANSFER HOMOG = HOMOGENEOUS

EXPLIC = EXPLICIT PARTIC = PARTICLE MODEL
MIXTUR = MIXTURE MODEL STRATI = STRATIFIED MODEL
EQUATION MODEL
MOMENTUM IPSA  SINCE
TURBULENCE IPSA  SINCE
CONCENTRATIONS IPSA  SINCE

INTER PHASE TRANSFER BETWEEN PHASE1 AND PHASE2

EQUATION MODEL

MOMENTUM PARTIC
DRAG MODEL = ALLEN
PARTICLE CONCENTRATION IS : DILUTE

WALL BOUNDARY CONDITIONS FOR PHASE 1
SYNTHETIC BOUNDARY CONDITIONS
LOGARITHMIC WALL PROFILES
DEFAULT NO SLIP BOUNDARY CONDITIONS

WALL BOUNDARY CONDITIONS FOR PHASE 2
NATURAL BOUNDARY CONDITIONS
QUADRATIC WALL PROFILES
DEFAULT NO SLIP BOUNDARY CONDITIONS

GEOMETRY AND GRID
NON-ORTHOGONAL MODE
CARTESIAN COORDINATES IN PHYSICAL SPACE

SOLUTION PROCEDURE OPTIONS
SIMPLE ALGORITHM
USING SIMPLEC CORRECTION, ALPHA = 1.000000

FDS = DIFFERENCING SCHEME RDFC = RESIDUAL REDUCTION FACTOR
URF = UNDER RELAXATION FACTOR MNSL = MINIMUM NUMBER OF ITERATIONS

DTF = FALSE TIME STEP MXSL = MAXIMUM NUMBER OF ITERATIONS
CRNT = COURANT NUMBER MOL = DIFFERENCE MOLECULE IN SOLVER
METH = SOLVER METHOD EXT = ORDER OF TIME EXTRAPOLATION

TYPE = VARIABLE TYPE
SOLUTION PARAMETERS FOR PHASE 1

EQUATION FDS URF DTF CRNT METH TYPE EXT
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U VELOCITY HDS 0.70 0.0E+00 0.0E+00 ST3D UNBOUNDED

0
V VELOCITY HDS 0.70 0.0E+00 0.0E+00 ST3D UNBOUNDED 0
W VELOCITY HDS 0.70 0.0E+00 0.0E+00 ST3D UNBOUNDED 0
PRESSURE CDS 1.00 0.0E+00 0.0E+00 ICCG UNBOUNDED 0
VOLUME FRACTION UDS 1.00 0.0E+00 0.0E+00 ST3D SIGN DEFINITE
K HDS 0.70 0.0E+00 0.0E+00 LRLX SIGN DEFINITE O
EPSILON HDS 0.70 0.0E+00 0.0E+00 LRLX SIGN DEFINITE O
EQUATION RDFC MNSL MXSL MOL
U VELOCITY 0.250 1 5 7-PT
V VELOCITY 0250 1 5 7-PT
W VELOCITY 0250 1 5 7-PT
PRESSURE 0.100 1 30 7-PT
VOLUME FRACTION 0250 1 5 7-PT
K 0250 1 5 7-PT
EPSILON 0250 1 5 7-PT
SOLUTION PARAMETERS FOR PHASE 2
EQUATION FDS URF DTF CRNT METH TYPE EXT
U VELOCITY HDS 0.70 0.0E+00 0.0E+00 ST3D UNBOUNDED 0
V VELOCITY HDS 0.70 0.0E+00 0.0E+00 ST3D UNBOUNDED 0
W VELOCITY HDS 0.70 0.0E+00 0.0E+00 ST3D UNBOUNDED 0
PRESSURE CDS 1.00 0.0E+00 0.0E+00 ICCG UNBOUNDED 0
VOLUME FRACTION UDS 1.00 0.0E+00 0.0E+00 ST3D SIGN DEFINITE
K HDS 0.70 0.0E+00 0.0E+00 LRLX SIGN DEFINITE O
EPSILON HDS 0.70 0.0E+00 O0.0E+00 LRLX SIGN DEFINITE O
EQUATION RDFC MNSL MXSL MOL
U VELOCITY 0.250 1 5 7-PT
V VELOCITY 0250 1 5 7-PT
W VELOCITY 0250 1 5 7-PT
PRESSURE 0.100 1 30 7-PT
VOLUME FRACTION 0250 1 5 7-PT
K 0250 1 5 7-PT
EPSILON 0250 1 5 7-PT

MULTIPHASE DAMPING OF THE RHIE-CHOW CORRECTION TERM

RESIDUAL MASS FLOW = 1.000E-06

REAL BOUNDARY CONDITIONS

e ALL WALLS HAVE DEFAULT BOUNDARY CONDITIONS Frk
e OF ZERO VELOCITY i

FLOW BOUNDARIES

NO. OF INLET BOUNDARY GROUP NUMBERS = 1
GROUP NO. PHASE NO. FLOW IN
1 1  8.499E+00
1 2  6.768E-12

NO. OF PRESSURE BOUNDARY GROUP NUMBERS = 1

TOTAL FLOW INTO REGION THROUGH INFLOW/OUTFLOW BOUNDARIES:
INLETS = 8.499E+00
OUTLETS = 0.000E+00

*kkkkkkk USRTRN - INLET *kkkkkkkkk
NISURF= 30 JISURF= 4130621
IWORK(JISURF)= 114535
IWORK(JISURF+NISURF-1)= 114564
TOTAL AREA OF INLET = 1.1400053E-03
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INJECTOR

AIR FLOW RATE (kg/s)=  9.8095654E-05

AIR FLOW RATE (kg/m~2*s)= 8.6048417E-02

JET VELOCITY (m/s)= 1.062000 0.1000000 -0.4270000

*kkkkkkk USRTRN - OUTLET *kkkkkkkk
NDSURF= 920 JDSURF= 4130651
IWORK(DSURF)= 125025
IWORK(IDSURF+NDSURF-1)= 125944

MONITORING POINT AT ( 2, 5, 20) IN BLOCK: BLOCK-NUMBER-1
ITER |----mmmmmmem ABSOLUTE RESIDUAL SOURCE SUMS Il FIELD
VALUES AT MONITORING POINT-------=-=--=----- |
NO. UMOM VMOM WMOM MASS VFRC TKIN EDIS UVEL. VVEL W
VEL. PRESS. VFRAC K EPS.
USR 1

PHASE: PHASE1
1 3.52E-5 3.58E-5 1.44E-3 4.01E-4 1.79E-4 2.62E-5 3.72E-4 3.058E-01-9.736E-03
8.798E-02 3.959E+00 9.269E-01 3.815E-02 1.076E-01
0.000E+00

PHASE: PHASE2
1 6.00E-1 6.52E-1 2.71E+1 4.01E-4 2.03E-4 0.00E+0 0.00E+0 3.053E-01-8.333E-03
2.128E-01 3.959E+00 7.311E-02 5.020E-02 4.570E-01
0.000E+00

Iterations 2 through 999 have been cut for space

PHASE: PHASE1
1000 7.38E-6 2.43E-6 9.46E-6 1.83E-5 3.54E-6 1.47E-6 3.34E-5 4.219E-01-1.131E-02
1.493E-01-2.040E+01 9.090E-01 4.707E-02 1.514E-01
0.000E+00

PHASE: PHASE2
1000 9.17E-3 7.48E-3 2.79E-3 1.83E-5 2.56E-6 0.00E+0 0.00E+0 4.216E-01-9.226E-03
2.695E-01-2.040E+01 9.098E-02 5.020E-02 4.570E-01
0.000E+00

###H## WARNING FROM SUBROUTINE FLOCAL ####

UNDER RELAXATION OF DEFERRED CORRECTION IS

LESS THAN 1.0 AT THE END OF ITERATIONS

VALUE FOR K 0.0000E+00 VALUE FOR EPSILON 0.0000E+00

AVERAGE REDUCTION FACTOR ACHIEVED BY LINEAR SOLVERS

PHASE NUMBER 1

U RESIDUALS (PHASE 1) 8.6E-03

V RESIDUALS (PHASE 1) 3.4E-02

W RESIDUALS (PHASE 1) 5.8E-03

MASS SOURCE RESIDUALS 1.9E-01
VFRAC RESIDUALS (PHASE 1) 2.3E-01

TE RESIDUALS (PHASE 1) 1.1E-01

ED RESIDUALS (PHASE 1) 2.0E-01

PHASE NUMBER 2

U RESIDUALS (PHASE 2) 8.8E-02

V RESIDUALS (PHASE 2) 9.5E-02

W RESIDUALS (PHASE 2) 7.3E-02

MASS SOURCE RESIDUALS 1.9E-01
VFRAC RESIDUALS (PHASE 2) 2.2E-01

TE RESIDUALS (PHASE 2) 0.0E+00

ED RESIDUALS (PHASE 2) 0.0E+00

MAXIMUM NUMBER OF ITERATIONS EXCEEDED, ITERATIONS TERMINATED
*** MASS BALANCE ***

AIR
INFLOW (kg/s) = 9.8095632E-05
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OUTFLOW (kg/s) = 9.8081284E-05
% ERROR = -1.4626735E-02

WATER
INFLOW (kg/s) = 8.499010
OUTFLOW (kg/s) = -8.500278
% ERROR = -200.0149

KEREER R MASS FLOW THROUGH INLETS ~ * % % & % x 5 &

8.499E+00 KG/S
6.768E-12 KG/S

TOTAL MASS FLOW THROUGH INLETS FOR PHASE 1
TOTAL MASS FLOW THROUGH INLETS FOR PHASE 2

FrE&xxxAxx* MASS FLOW THROUGH PRESSURE BOUNDARIES * * * * % * % % x x

-8.500E+00 KG/S
4.197E-11 KG/S

TOTAL MASS FLOW THROUGH PRESSURE BOUNDARIES FOR PHASE 1
TOTAL MASS FLOW THROUGH PRESSURE BOUNDARIES FOR PHASE 2

EE R Sk S S S S kS

RATIO OF RESIDUALS FROM SECOND AND LAST ITERATIONS

PHASE NUMBER 1

U RESIDUALS (PHASE 1) 4.9E+01

V RESIDUALS (PHASE 1) 7.6E+01

W RESIDUALS (PHASE 1) 1.8E+02

MASS SOURCE RESIDUALS 8.5E+01
VFRAC RESIDUALS (PHASE 1) 1.8E+01

TE RESIDUALS (PHASE 1) 1.8E+01

ED RESIDUALS (PHASE 1) 9.5E+00

PHASE NUMBER 2

U RESIDUALS (PHASE 2) 1.8E+01

V RESIDUALS (PHASE 2) 1.1E+01

W RESIDUALS (PHASE 2) 5.0E+02

MASS SOURCE RESIDUALS 8.5E+01
VFRAC RESIDUALS (PHASE 2) 3.6E+01

TE RESIDUALS (PHASE 2) 0.0E+00

ED RESIDUALS (PHASE 2) 0.0E+00

TOTAL REAL  WORKSPACE USED = 18435371
TOTAL INTEGER WORKSPACE USED = 4474304
TOTAL CHARACTER WORKSPACE USED = 967
TOTAL CPUTIME = 4.057E+04 SECONDS

CFX-4.2 finished on Sat Aug 15 08:02:20 CDT 1998
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