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APPENDICES

APPENDIX A Finite difference equations.

The computations are carried out with a two-dimensional Eulerian mesh of
non-uniform size finite difference computational cells by using ICE method. The
cells (x,y) are rectangles with dimensions 8 and 6y]. A typical computational cell
(]) 1s shown in Figure Al

yorz 4
(Vidijh2
(gk)i,J
(PK)ij
8z (i-1/2,j)T (Wi * D) ¢ (ug)i+12;
(Twi;
(®x)ij
) G3-172)
L— Sri ——N

rorx

Figure Al Computational mesh cell centered in a fluid cell.

The label cell (i,j) counts cell centers in the X direction and the y direction,
respectively, and assumes only positive integer values. The half-integer indexes
denote cell edge positions. The scalar variables (sk, Tk Pk, Tk) are located at the cell
center and the vector variables (vk, [Tk]) at the cell boundaries.

The finite difference is approximated to the hydrodynamic equations from a
system of nonlinear algebraic equations relating quantities at time t = (n+1) St, where

IS zero or a positive integer and 5t is the time increment by which these quantities
advance each computational cycle.
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Averaging Process

Quantities in the finite difference equations required at spatial locations
other than where they are defined are obtained by weighted averaging.

1) Cell Centered Quantities
The cell centered properties T are defined at the cell center at (). At other
locations averaging is used as follows,

= 2&TT (A>
=S +8rz ) <A2)
2° 12
AR = (SMSzj, 1*1, + 8rgzHPPMI +Srhz x  14Srhy, A (A3)

2° 12
Boundary Centered Quantities

The boundary centered quantity in r(x) direction is - which is defined at
1+1/2,]. The average is as follows,

Uij = 2 (U] + UMI2)) (A)
Uil = AT, 7] + 20 o (A5)
e g— 2 H(Ui-llsj + Udloj)+ QG ( il + UMDY (AG)

475l
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The boundary centered quantity in z direction is VVwhich is defined at
1+1/2,]. The average is as follow,

Vij = 2 (Ve + Vil > (A7)

"t Wi [oritl ViH 2 + SriViHLjH/2] (As)

o#f2j TT7T—Brii(VidH2 + Vile)+ sve j-I2 + vidji2)] (A9)

NCoritlf2

Continuity Equations
The continuity equations are difference fully implicitly as follows,

(EKPK)"r = (EKPK) - |1 (ekPkOiJ: - g”-(s kPk\/k)'7j+1 (A10)

Momentum Equations

The momentum equations are difference over a staggered mesh (Figure 3)
using a scheme in which the convective terms are treated explicitly and all other
terms are treated implicitly. The difference equations are,
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J+112
CONTINUITY —
J
p*- -MOMENTUM 4
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1
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J+112 1
~ CONTINUITY
J
J-112 :
I-1/2 i 1+1/2

Figure A2 The staggered finite difference computational mesh for momentum
equations.
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(EKPKVK)i]II2 = (EKPKVK)ij+li2 - (Frk )ijtl - (Pkr )= (Wk)“li/2gzSt
02 j+1/2

+ St|zf(|P|k 512 (VDI - (vk)idif2 )+ / (Tek)"jil - (ck ) 1) (A12)
=f, j+112

Where for fluid phase Wf=pf and Tcf= 0, and for particulate phases (k=I,2,3,...,N),
W, = — (A].?))

All the explicit terms are lumped into the “tilde” quantities as shown below,

St N

(SkPKUK)i+112,) = (EkPKUK)isl/2,j _ ((Ekpkuk)uk)istizj (7] ((Ekpku k)VK)isll2,]
Aritl

1 - S [ﬂ/le Titl] lVlkrr I,j. SSZtl qurz /Y+I/2,j+|/2 (Ikiz /Y|+I/2,j-l/2 (A14)

Sr+|

. St
tkPkvk Jlj+t2 = (Ekpkvk[j+1/2 Pkuk ((Ekpkv i
( )d ( it brefe 1 KAV K)ij+112
3 !
\(szz /Y,j+| !7'kzz XJ rkrz ¥+|/2,j+1/2 “krz )Y-llz,j+1/2 /A]'Sl
7j+112 1

The flux quantities denoted by (TUK) and (T'VK) are calculated using

donor-cell difference, where T refers to (SkPK), (SPkUK), or (BKVK) quantities. The
anqular brackets represent donor cell different quantities as shown below,
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r i i (KimpT o
(ukjmHfzp* <
< if (IlkmHi2p” o-
Y (A16)
o If (UKHl2pT 0-
M ip1i2.p
N If (IK)mHi2p™ 0-
i if (likmHi2p—o.
(],
if (KmHi2p<o.
*) g (AL))
if (IlmHi2p™ 0*
KLI2 *
i if (IK)mHi2p™ 0-

The viscous stress components are calculated with standard centered
difference, i.e.,

K)ili2j ~ (UK)i-li2j + (VKJijili2 ~ (uki-1r2
()JJ) j + (Wij é) (AL8)

For the fluid phase, Pk is replaced by ste+.

2 Ol
(Xkr )ij ~ 2 (pki, V(Uk)l HZJG'r(U Ji-li2. +l( 1>.*n)ln (Alg)



o4

VK2 - vk LR
(Tku ).,J = 2k)i,j Vi 52,(\, J + 3Kk V VKL (AZO)

)i+ k)1 H 1 (vieLj ~(vk)i-if (A21)

(Tk. )i,j = 2kk)i,j ) _
v Szjll2 + 2j+12 B-172 + Aritlf2 y

(WK)i+12# =k )i+ 112)  (vK)i+Lj+1/2 = (VK)ij+1/2
(Tkz )i+l/2j+1/2 = 2k ) ii+l12j+/2 _
v AZj+IN 1412

(A2)

Solution of the Momentum Equations

To facilitate the particular method of solution the equations are recast in the
following form. The momentum equations inr- direction could be collected together
in a matrix form.

(A )it (A23)
Aff An Af2 AN
Af An A2 Ain

A= (A24)
ANf  Ani An2 Ann

Where

B )n fork(=f,123..N) (A%

akk = (Ecp )™ + 0t

=M=z

e
-

'

Ay = Ak =-5t(pk) fOfk,||(:f,|,2,3,...,N) (A26)



efpfuf)- (Pftij - (o) 1)- Pk ot

" EiPiui)- lz(friti - (oi)ir)- (Sipikst w2

VUnJ
(snPnUn)-»  ((pdi+t] - (Pn)-J1)- (SNPN)grSt

\ i+2 >

and similarly, momentum equation in z- direction can be written as

(A),,J*‘(V)" V7 (Bv )n,iJ (A28)

EfPfvE)- A~ ((p fE | - (PF) 1)- (sTpfk st

o eiPiva)- Zj+2((Pi)i,ii-(Pi)i,r)-(£ipikgt -

(SNPrv n)- ((pw )i - (pnR 1)- (EnPrk St
V 1Y) y

Convergence on Fluid Continuity Equation

The solution process proceeds as follows. The calculations are started with
a quessed pressure field that is either the specified initial condition or the pressure
field computed in the previous time step. Using this guessed pressure field, the
velocities are calculated from the matrices above. The particulate phase continuity
equations are solved using the updated velocities to calculate the particulate phase
volume fractions. The gas volume fraction, sf, is them calculated from equation.
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=17,k (%)

Using sf and the updated fluid velocities, the residue of the fluid continuity
equations, Djj is calculated,

Dij = -(Efpf)"r + Efpf)"j - |r ((Sfpfk)"-14 A-((efPTK)iJ1  (A31)

|deally, for a converged solution, Djj should be zero. In the code, Djj is
compared with a very small number. The value of the convergence criterion is,

Dy £ CONV1* =EPSG ( p,): (A32)

where EPSG is read in. The default and recommended value of EPSG is 10+, The
computations begin at the left bottom-comer fluid cell. The pressure is corrected in
one cell at a time until convergence is obtained or the number of iterations exceeds
and inner iterations limit. The computations proceed from left to right and from
bottom to top until the entire computational regime is covered. At the end of such a
computational sweep, if a pressure adjustment was necessary in any of the cells, the
procedure is repeated until simultaneous convergence in all the cells is obtained. The
number of iterations, however, is restricted by an outer iteration limit. Figure A3
illustrates the procedure of computational sweep.
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NIT=NIT+1 | Next Outer Iteration

MUSH,EO Next Cell
KROS=-1
KLOOP=0
LOOP=0
DG
TARGET=(1-W)DG 0-DGI<5
®-DGl<
- Lo A
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Figure A3 The iterative procedure of the computational sweep.

Pressure Iteration
When Djj fails to meet the convergence criterion in any cell, the pressure is

adjusted using a combination of Newton’s method and secant method. The initial
adjustment of pressure uses Newton’s method,
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)=, ) A33
b = o) “aD/afor A33

where the indices i,j, and have been omitted. The index, m, indicates the iteration
level. - This is equivalent to using Newton’s method for each cell, where ©is a

relaxation parameter near unity, and p is computed as,

" ol
I 5(pf)1) Cl«] R~ dri, \;H (ef)itij + (s F)ivi,
e s sy (A3

once every time step. The sound speed Cij is given by,

f
= Spf A35
|} \GPF (A35)

where (3pf/ pf) can be determined from the equation of state.
This formulation is only approximate. Hence, subsequent correcions use the
secant method:

f m
ot - O =0 (39

The use of secant method is continued until Dij changes sign. Thereafter a
combination of the secant method and a hisection method is used.

Given the three pressures Pi, P2, and P3 of which pi and p2 bracket the
desired pressure and P3 lies between them and the respective mass residuals Di, Di,
and D3 do not satisfy the convergence criterion in cell (i,j), Di >0, and D2< 0. With
three pressures and their mass residuals obtained to describe, or otherwise a
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constrained two sided secant technigue is used to obtain further pressure adjustments.
From these pressures and their mass residuals, the pressure Pa and Pb are determined
by straight ling extrapolation and interpolation, respectively, as follows,

(p3Di-piD3)/(Di-DY  forDi* D3

Paz < (A37)
(p2- ps)/2 for Di = D3

and

(PD2—P2D3)/ (Uz2- D3 for D27 Ds.

Pp = < (A38)
(ni—p3)/2 forD2=D3

The new estimate of the advanced time pressure is then computed s,

(p)*1=|(PatPh) (A39)

If the pressure, Pa should lie outside the interval Pi to p3 it is given the
value  (pA +Pb)- After (Pfjm is estimated, point 2 is discarded and points Land 3

are retained as improved bounds for the next pressure estimate. When Djj changes
sign, the value of P(J s also updated for future iterations as,

"= Bl-0, (A
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Appendix B Means of subroutines and parameters in simulation.

This program 1 composed of the various subroutings and functions
following below this here:

BDRY
BETAS

DENSG
DENSL
FACES
FLIC
INDX
ITER
KDRAGS
MASFK
MATS
MULTI
NEWP
PROG

QESOL
SETC

SETPRE

Sets the boundary conditions - reflects cell centered quantities
Calculates the reciprocal derivatives of the mass residuals with respect

to pressure Pif = (<D/ Opf) J for iteration procedure,

Calculates the steam density by using empirical correlation for
specific volume of saturated steam

Calculates the steam density by using empirical correlation for
specific volume of saturated liuid.

Sets the boundary conditions in the continuous outflow and the rigid
cells boundaries.

Sets cell flogs based on input data.

Calculate indices for array guantities.

Perform the iterative solution of the difference equations of mass
momentum and energy equations.

Calculates fluid-liguid or solid drag for low or high particulate phase
concentration.

Calculates mass fluxes for the phases.

Calculates the matrix component for velocity of each component.
Calculates inter-phase momentum exchange coefficient and particle to
particle interaction.

Calculates a new estimate of advanced time pressure from three
(pressure, residual) points.

Control the program flow and output.

Solves quadratic equation.

Initialize constants, functions, static solids pressure and cohesive
force, and calculate the volume fraction for each phase; SET =setup,
and ¢ = constant.

Sets initial pressure profile: SET = setup, and PRE = pressure,



SETRZ

SETUP

TAPERD

TAPEWR
TILDE

ULMOMF
ULVS
VARDT
VELINV
VELSK
VLMOMF
VLVS
VRELS
PREFILE
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Initialize the radii for the variable computing mesh; SET = setup, and
RZ =r1- and z- direction.

Defines the initial values of field variables in the fluid, inflow and
outflow boundary cells, using the input data.

Read the restart file for initial conditions; TAPE = tape, and RD =
read.

Write to a restart file; TAPE = tape, and WR = write.

Calculate momentum due to convection, gravity, Viscous stress,
particulate phase pressure and cohesive stress (tilde quantities).
Calculates fluxes of radial momentum for the phases.

Calculates stress tensor terms for the phases in radial direction.
Adjusts time increment st during execution of the program,

Uses Gauss-Dolittle method for symmetric matrix inversion.
Calculates velocities on the four boundaries ofthe cell.

Calculate fluxes of axial momentum for the phaes.

Calculates stress tensor term for the phases in axial direction.
Calculates square of relative velocity between fields.

This subroutine is for pressure profile if the pressure is constant at the
top of the bed while the pressure at the bottom of the bed is being
changed.

Description about variable in “mish.com”.

NI
N
NS
NO
NT
Cl
C2
C3
C4

Number of x-axis's cells or cells in the radial direction.

Number of y-axis's cells or cells in the axial direction.

Number of solid phases.

Number of fluid, inflow and outflow blocks.

Number of total blocks defined.

First coefficient of saturated vapor temperature function.

Second coefficient of saturated vapor temperature function,

Third coefficient of saturated vapor temperature function (-6.064).
Steam specific heat (1.54*107 erg/g*°C)
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Cé

C7
Cs
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Reference temperature To for fluid and particulate phases at which
reference specific energy is zero (value = 300 K).

steam specific internal energy at reference temperature 373 K
(2.509* 1010 erglg*°C).

Water specific heat (4.22* 107 erg/g*°C).

Water specific internal energy at reference temperature 373 K
(4.19%109erg/g*C).

But ClI, C2, C3, ... ,Cs are not used in the program.
C9, CIO, Cl Land C12 are parameters in equation of state:

Where

PE cieppecrpeTllt  goms

C12=RM
R = Gas constant = 8,3143* 107 erg / gmole / K
M = Molecular weight ( g / gmole)

But these value is defined in mish.com :

Therefore,

And

€9=00,C10=1, C11=0
pr=clprr  CL2ERIM

T = Temperature (K )

C13and C14 are parameters in cohesive stress function:

Tok =10~cn'B+4dynes /cm?2

Cl5and Cle are parameters in solids stress function:

W here

G{ek) = 1015 +C16dynes /cm 2

C15=8.686 and C16 = 6.385
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Table BL A List of FORTRAN Symbols

Symbol
ABETA(U)

AKL(K1)
APP(M, )

AR()
AUNN)
AULINN)
AV(NN)
AVI(NN)
AZ()
BR()
BU(NN)
BULINN)
BV(N,N)
BVI(NN)
BZ()
CL(K)

COHF(0:1000)
CONV(l))
CPHI(K)

ORES
D1,02,D3
DENOM

DG

Description
1/pjj=(0D/ Spf)jj computedin BETAS and ITER.

Thermal conductivity of fluid and particulate phases.

A (p 1)1 as diagonal element.

.....

Component of matrix A for cell (1+1/2).
Component of matrix A for celf (i-1/2,)).
Component of matrix A for cell (i,j+1/2).
Component of matrix A for cell (ij-1/2).
@1/2000
8rj/28rj+1k=1-AZ(l).
Component of matrix B for cell
Component of matrix B for cell
Component of matrix B for cell (i
Component of matrix B for cell (i
82)/28zj+i12--AZ(J).

Heat capacity(erg/(g*K)); K=0 for continuous phase and K > 0 for
dispersed phase; K=0,NSOLID.

Cohesive stress values ( ).

Pressure iteration convergence criteria computed in BETAS,

4k = Packing fraction (SX) of each phases at maximum packing; K=0
for continuous phases, and K>0 for dispersed phases; K=0,NSOLID.
Coefficient of restitution.

Values of D).

=tk * \[k = DK(K)*PHI(K); K=0 for continuous phase and K>0 for
dispersed phase.

Djj - Tolerance in fluid continuity equation.

1+112)).
i-112,)).
ij+12).
1-112).

_



Symbol
DK(K)

DKF(KK)

DR()
DRCOE
DRP(l)

DT
DTNXT
DTOBDR(l))
DTODR(U)
DTODRP(lJ)
DTODZ(1))
DTODZP(l))
DZ())
DZP()
EPSG

EPSL

EPSU
GRAVX
GRAVY

GTH(IK)
|
B

IB1
IBLJB2
B2
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_ Description
Diameter of each phases; K=0 for continuous phases, and K>0 for

dispersed phases; K=0,NSOLID.
&pkpi(dk +d,y 125t {pkdk2+p,d,3)

Srofeach cell in x- orr- direction at i-th column; 1=1,1B2,
Cd= drag coefficient = 0.44 at Reic> 1000.
+12 of each cell in x- or r- direction at the (i+l/2)th column;
1=1,m2.
At for running simulation (second).
Time step changes supplies (second).
5t/riH20riHR
Sy
S+
SU &
St/ Szjtn
Szj of each cell iny- or z- direction atjtcolumn; J=1,JB2.
DZj+12 of each cell y- or z- direction at 0+1/2) th column; J=1,JB2.
Convergent limit.
[(ek-<phiy+{-a)(-O)K) <P
(H)[<)kH-0)6)
Horizontal gravity accelerate (2.
Vertical gravity accelerate (cm/s2. Positive = upward flow, and
Negative = downward flow.
Solids stress values = G(ck) =10¢c1s5 BeClo)
| -Computing mesh column index (x- or r- direction).
Number of cell in the radial direction excluding the two fictitious
columns along the boundaries; (IB = 1B2-2).
1B2-1
IB1*)B2 =(IB2-1)*JB2 = IB2*B2 - JB2
Number of cells in x- or - direction.



Symbol
IB2JB

IB2JB?
ICOH
IFL(U)
IFLZB
N

B
1JBR
L
M
1P
UR
1IRR
uT
7L
TR
7T
HUNT
IMJ
IMIM
IMJP
INDCO

INDSO
INENT
I0B(MN)

IPJ
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Description
EB2*IBL = IB2*(JB2 - 1) = IB2*B2 - ffi2
1B2*JB2
Cohesive force model; 0 -No, and >0 -Yes,
Cell flags set up in FLIC.
Fluidized bed; 0 -No, and 1-Yes,
Index of quantities for cell(ij); = I+(J-1)fB2.
Index of cell centered quantities associated with cell (i,j-1).
Index of cell centered quantities associated with cell (i+1,j-1).
Index of cell centered quantities associated with cell (i-1,)).
Index of cell (i,j-1).
Index of cell (i j+).
Index of cell centered quantities associated with cell (i+1).
Index of cell centered quantities associated with cell (1+2,)).
Index of cell centered quantities associated with cell (i,j+1)
Index of cell centered quantities associated with cell (I-1j+1)
Index of cell centered quantities associated with cell (i+1,j+1)
Index of cell centered quantities associated with cell (1,j+2)
Kinetic theory of granular solids model.
Index of cell (I-1)).
Index of cell (I-1j-1).
Index of cell (-1j+1)
Storage of rpj, IMJ, 1P, 1IM, IPJP, IMJP, IPJM, and IMIM for each
ij>-
(Sjtorage of IR, UL, NT, IJB, JTR, WTL, IBR, IJRR, and HTT for
each (i,).
Energy equations; 1- Internal energy, 2 - Enthalpy.
Coordinates; 10B(I,N)=Value of started x, 10B(2,N)=Value of final
x, 10B(3,N)=Value of started y, and 10B(4,N)=Value of final y;
M=1,4 and N=INTOT,
Index of cell (i+1j).



Symbol
[PIM )

IPJP
IPRES
IREVS

ISTW

ISWIT
ITC
ITD
ITX
ITXMX

JB

JB1
JB2

KV
LCAT1
LCAT2
MAXIT
MODAB
NAME
NC
NCAL

NCONT
NF
NFL
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Description
Index of cell (i+1j-1).

Index of cell (i+1,j+1).
Initial pressure profile; 0=Fluid weight, and I=Bed weight.

Cylindrical coordinate specification: IREVS=0 for center line at left
side, [REVS=1 for center line at right side, and IREVS=2 for center
line at center of the bed. _
System property (not used for fluidized bed); ISTW=0 for air/water

system, ISTW=1 for fluidized bed; and else for steam/water system.
Switch continuous and dispersed phases; 0-No, and 1-Yes.

Set coordinates system; 0=Cartesian, and 1Cylindrical.

ITD=0 ( No restart ), and ITD=2 ( Restart )

Number of loops for iteration.

Number of DTNXT (Time step changes supplies).

J - Computing mesh incex (y- or z- direction).

Number of cell in the axial direction excluding the two fictitious rows
along the boundaries; JB = JB2-2.

JB2-1.

Number of cells iny - direction.

Index for the phases.

Index for continuous phase.

Locations of leg n.

Locations of leg 111 ( not used for fluidized bed ).

Maximum number of iterations.

Model of professor Dimitri Gidaspow; [=Model A and 2=Model B.
Problem identifier - input data line2.

Total number of cells (> 1B2JB2).

Number of total blocks, excepted obstacle = NFL(fluid) + NIN
(inflow) + NOUT (outflow).

Number of continuous phases; I=Gas/Liquid, and 2= Gas & Liquid.
NPHASE*(NPHASE+1)/2

Number of fluid blocks.



Symbol
NIMB

NIN
NIT

NO
NOBS
NOUT
NP
NPHASE
NS
NSL(l)

NSOLID
NT
NTHS(K)
NTOT

P(1)
PLP2P3
PHI(K)

PHILIM(K,KK)

PIO(N)
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~Description
0 - branching tee, =1 -fluidized bed, and else - impacting tee.

Number of inflow blocks.

|teration counter used in ITER.

Number of inflow, outflow and fluid blocks.

Number of obstacle blocks.

Number of outflow blocks,

Total number of phases (> NPHASE).

Number of total phaes.

Total number of solids phases (> NSOLID).

Boundary condition at bottom of column; 1-Active, 2-Free slip, 3-No
slip for gasfliquid, 4-Outflow(dPjexit=0), 5-Inflow(Flow&P), 6-
Inflow, 7-Outflow(Plexit=const), s-Fluid only outflow(P|exit=const).
Boundary condition at left of column.

Boundary condition at top of column.

Boundary condition at right of column.

Flag of the Nthblocks on zone 6 in "sam.d"; L-Active, 2-Free slip, 3-
No slip for gasfliquid, 4-Outflow(dP|exit=0), 5-Inflow(Flow&P), 6-
Inflow, 7-Outflow(P|exit=const), 8-Fluid only outflow(P|exit=const);
N=NTOT.

Number of solids in the system.

Number of total obstacles.

Continuous phase number (0 or 1),

Number of total blocks = NFL(fluid) + NIN(inflow) + NOUT
(outflow) + NOBS(obstacle).

(nf)ij - Pressure in cell (i)).

Values of (P)ij

Sphericity shape factor of each phases; K=0 for continuous phases,
and K>0 for dispersed phases; K=0,NSOLID.

Xk

Pressure of fluid or continuous phase; ;N=1,NCAL.



Symbol
PLP(Q{

PN(U)
PS(K, )
PVISC(K)

R()
RADP
RAGS
RBY()
RDR()
RDRP(l)
RDZ()
RDZP())
REYN

RGP(1J)
RKPG(K. )
RL(K)

RLFRK(K, )

RLFTK(K, )
RLIM
RLK(K, )
RLKN(K, )
RLX(K, )
ROG()
ROK(1)
RRB()
RRIDR()
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Description
DK/SK3-

(PP)ijn- Pressure in cell (1)) at time level .

(nf)jj - Solids Pressure in cell (i,)).

Viscosity coefficient of each phases; K=0 for continuous phases, and
K>0 for dispersed phases; K=0,NSOLID.

ri - Radial coordinate ofthe center of cell (i )).

Pipe radius (cm).

Cf2- Square of the reciprocal fluid adiabatic sound speed.

ri+12 - Radial coordinate of the right boundary of cell (i)).

N}

|[6ri+12-

I0Zj+h.

Reynolds Number = (efPf)(jvf-vk|)(dki/K)/pf = RLK(KV, ) * VREL
(K) * DENOM(K) / VISCL(KV, ).

(sfPf)ij - Macroscopic density of the fluid for cell i j).

Pk = Pkf-Fluid - particulate phase drag for cell (i,)).

Density of each phases; K=0 for continuous phases, and K>0 for
dispersed phases; K=0,NSOLID.

Flux of (skPk) across the right boundary of cell (i,j).

Flux of (Skpk) across the top boundary of cell (i.)).

Number of the minimum particles per cubic centimeter.

skpkoij = Macroscopic phase density of the fluid for cell (i,)).

(EKPK) -

Mixmre density for cell (i,j) = pouni = erer + IPK)Y-

(PRjj - Microscapic density of the fluid for cell (i,)).

(K)ij - Microscopic density of the fluid for cell (i,)).

|Iri+1h-

1S,



Symbol
RRIDRP(l)

RST
RUK(K, )
RVK(K,1)

SULB(K)
SULC(K)
SULL(K)
SULR(K)

SULT(K)

SVLB(K)
SVLL(K)
SVLR(K)

SVLT(K)

SVREL(K)
TARGET
TDUMP
TEMIO(KN)

TH(K.1)
THIOKKN)

THMEN
TIME
TPR
TPRR
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Description
IInj+il2sritil2.
Distance of the first cell in x- or r- direction from origin.
[pkPkuk)»
s kPkvk)-

(RskTk,r2)ij = Product of radius, volume fraction, and shear stress.
(RKTk<pDIHik) = Product of volume fraction, and azimuthal stress.
(RskTkm)ij = Product of radius, volume fraction, and radial stress.
(RskTkm)itij = Same as SULL(K), but evaluated at cell location
(i+1)).
(RskTk,rz)itil2j+ir -
(i+1)+1).
(RskTk.zz)ij = Product of volume fraction, and axial stress.
(RskTk,r2)i-if2j+i2 = Product of radius, volume fraction, and axial stress.
(RskTk ra)iviizj+i = Same & SVLL(K), but evaluated at cell location
(i+1/2,j+112)

(RskTkzz)ij+i = Same as SVLB(K), but evaluated at cell location
(ij+1)

Square of relative velocity of particulate.

Used in the pressure iteration to provide over or under relaxation.
Dump time (second).

Temperature; K=0 (velocity of fluid) and K>0 (velocity of solid);
K=0,NSOLED and N=1,NCAL.

8kij = Volume fraction for cell (i,))

Volume fraction; K=0 (velocity of fluid) and K>0 (velocity of solid);
K=0,NSOLID andN=I,NCAL.

Minimum fluid volume fraction.

Set start time for running simulation ( second ).

Print time (Second).

Kept data time.

Same as SULB(K), but evaluated at cell location



Symbol
TSKIOy(K,N)

TSTOP
UIO(KN)

UK(K, )

ULFB(K1))
ULFL(K, )
ULFR(K, )
ULFT(K, )
VIOKN)

VISCL(K, )
VKK, )

VLFB(K, )
VLFL(K, )
VLFRKK, )
VLFT(K, )

VREL(K)
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Description
Granular temperature; K=0 for continuous phase and K> 0 for

dispersed phase; K=0,NSOLED and N=1,NCAL.

Set stop time for running simulation ( second ).

Velocity in x- or r- direction; K=0 (velocity of fluid) and K>0
(velocity of solid); K=0,NSOLID and N=1,NCAL..

(UK)itif2) - Volume fractions for cell (i,]).

Radial momentum flux for the phases across the bottom boundary of
the radial momentum control volume centered about the point
(i+112j).

Radial momentum flux for the phases across the left boundary of the
radial momentum control volume centered about the point (i+1/2 ).
Radial momentum flux for the phases across the right boundary of the
radial momentum control volume centered about the point (i+1/2,)).
Radial momentum flux for the phases across the top boundary of the
radial momentum control volume centered about the point (i+1/2 ).
Velocity in y- or z- direction; K=0 (velocity of fluid) and K>0
(velocity of solid); K=0,NSOLID and N=1,NCAL.

(PKJij - particulate shear viscosity for cell ().

(VKJijHr2- Axial velocity for cell (1,)).

Axial momentum flux for the phases across the bottom boundary of
the radial momentum control volume centered about the point
(1j+112).

Axial momentum flux for the phases across the left boundary of the
radial momentum control volume centered about the point (1j+1/2).
Axial momentum flux for the phases across the right boundary of the
radial momentum control volume centered about the point (1,j+1/2).
Axial momentum flux for the phases across the top boundary of the
radial momentum control volume centered about the point (1J+1/2).
VE-VKI = Velocity of solid phase relative to fluid phase =
(DU*DUDV*DV)**05 .
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APPENDIX ¢ HT code,

DO OO O OO O OO OO

C
C

TRANSIENT TWO-DIMENSIONAL |
MULTIPHASE FLOW PROGRAM |
WITH MODEL-A/-B & STEAM PROPERTY CORRECTIONS |
Version 3.3 (October'%4) |
|
MODIFIED BY |
BING SUN & DR. DIMITRI GIDASPOW |
|
ILLINOIS INSTITUTE OF TECHNOLOGY, CHICAGO EL 60616 |

PROGRAM MICEFLOW

INCLUDE 'mish.com'

CHARACTER* 10 RESFIL,GAS,WATER RATIO
CHARACTER*80 NAME

READ AND ECHO INPUT DATA
OPEN(5,FILE=sam.dl
OPEn(s,FILE-sam. out)
READ(,'(A))RESFIL
OPEN(9,FILE=RESFIL ,FORM-UNFORMATTEDISTATUS-UNKNOWN)
READ(,'(A))NAME
WRITE(s,'(A))' MULTIFLOW PROBLEM IDENTIFIER - (NAME
READ(5,(A))GAS
OPEN(12FILE-GAS)
READ(5,'(A))WATER
OPEN(13,FELE=WATER)
READ(5,'(A))RATIO
OPEN(16,FILE-RATIO)



READ(5,4)ITC,IB2JB2NSOLED
WRITE(6,210)ITC,ffi2,JB2

NPHASE=NSOLID+1
m=[B2-2

IB1=IB2-1

JB=JB2-2

JB1=JB2-1
EB2JB2=EB2*]B2
ffi2)BI=ffi2)B2-ffi2
EB1IB2=EB2JB2-JB2

READ(5,*)RST,(DR(1),}=LEBY)
WRITE(6,215)RST,(DR(1),1=1,1B2)

READ(5, (DZ(J),J=10B2)
WRITE(6,216)(DZ(J),J=1JB2)

READ(5,*)NCONT MODAB,IPRES,ICOH,ISWIT (FLZB
WRITE(6,320)NCONT MODAB, IPRES, ICOH, ISWIT,IFLZB
WRITE(6,250)NPHASE

DO 6 K=0,NSOLID
READ(5,*)DK(K),RL(K),PHI(K),CPHI(K),PVISC(K)
WRITE(6,255)DK (K) RL(K),PHI(K),CPHI(K) PVISC(K)
CONTINUE

READ(5,*)(NSL(M),M=L4)
WRITE(6,220)(NSL(M),M=L,4)
READ(5*)NFL,NIN,NOUT NOB
WRITE(6,230)NFL,NIN,NOUT,NOB

NCAL=NIN+NOUT+NFL
NTOT=NCAL+NOBS

WRITE(6,240)



DO 5N=INTOT
READ(5,*)NSO(N),(I0B(M,N),M=14)

5 WRITE(6,245)NSO(N),(0B(M,N),M=1 4)
WRITE(6,280)
DO 10N=1,NCAL
READ(5,%)UIO(0,N), VIO(O.N),PIO(N), THIO(O.N), TEMIO(ON)
READ(5,*)(UIO(K,N), VIO(K,N), THIO(K.N), TEMIO(K,N)
1 K=TNSOLED)

10 WRITE(6,285)N-LUIO(ON), VIO(O,N), PIO(N), THIO(ON)
1, TEMIO(ON)
WRITE(6,290)
DO 15N=1NCAL

15 WRITE(6,295)(N-| K, UIO(K,N), VIO(K,N), TFIO(K )
| TEMIO(K,N),K=I,NSOLID)
READ(5*)ITD
READ(5, TIME,TSTOP,DT, ITX
READ(5,*)TPR TDUMP,TPRR
WRITE(6,300)ITD, TIME,TSTOP,ITX,DT. TPR TDUMP
READ(5,*)ITXMX,(DTNXT(IX),IX=L ITXMX)
WRITE(6,305)I TXMX,(DTNXT(IX),IX=L, ITXMX)
READ(5,*)GRAVX, GRAVY
WRITE(6,310)GRAVX, GRAVY
READ(5,*)EPSG,THMIN,RLIM,ISTW
WRITE(5,330)EPSG, THMIN,RLIM
WRITE(6,350)
WRITE(6,340)ISTW!
READ(5*)NIMBR LCAT LLCAT?
WRITE(6,370)
WRITE(5,380)NIMBR
WRITE(6,390)LCAT LLCAT?

¢ READ RESTART FILE IF NECESSARY
REWIND(9)
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EF(ITD.EQ.2)CALL TAPERD

c

¢ INITIALIZE CELL FLAGS, CONSTANTS, AND DEPENDENT VARIABLES
CALLFLIC
CALL SETUP

¢ MARCHINTIME»»>
CALL PROG
STOP

210 FORMATC 1 GEOMETRY'/ A COORDINATES (0- CARTESIAN,’
1 1- CYLINDRICAL, 2- SPHERICAL)="12/" B. MESH SIZE'

I R (or X)-dir, EB2-13,,
I'Z (or Y)-dir, JB2="13/" c¢. CELL SIZES)

215 FORMAT(7X, Distance ofFIRST Cell from Center ="F10.5,
1 em'/7X/'InR (or X)-direction, DR (cm) =76(2X,F9.5))

216 FORMAT(7X,'Inz (or Y)-direction, DZ (cm) ='/6(2X,F9.5))

320 FORMAT(/' 2. MODELS: (=0- NO, >0- YES)'/10x,' OF |,
I'CONTINUOUS PHASES (1- GAS/LIQUID, 2- GAS&LIQUID) =" 12
1/10X,MODEL (1- A, 2-MOD. B)="12110x, INITIAL
I'PRESSURE PROFILE (0- FLUID WT., 1-BED WT.) =" 12
1/10X,'COHESIVE FORCE MODEL=',1211.0x,'SWITCH CONTINUOUS'
1, & DISPERSED PHASES (0- NO, 1- YES) =12,
10X, FLUIDIZED BED (0- NO, 1- YES) ='12)

250 FORMATS 3. DATAFOR'12 PHASES :'/4X'DIAMETER '
1'DENSITY  SPHERICITY PACKING
LVISCOSITY740X,'FRACTION COEFFICIENT/
16X,'(cm)'5X,'(g/emA) '.27X,'(g/(cm.)))

255 FORMAT(2X,2(2X,59.3),2X,G10.3 4X F6.4,5X,G9.4,3X,G10.3)

220 FORMAT(/' 3. CELL FLAGS'6X,'(1- FLUID, 2- FREE SLIP,"
V/3-NO SLIP, 4- OUTFLOW (dPJexit = 0)77X,5-|
1' INFLOW (FLOW &P), 6- INFLOW, 7- OUTFLOW (PJexit,

1' = const)77X,'8- FLUID OUTFLOW (Plexit = const))/
I A BOUNDARLES77X,BOTTOM-,13



r LEFT-13' TOP-13' RIGHT='I3)

230 FORMAT(4X,B. NUMBERS OF: FLUID BLOCKS-'12,

1, INFLOW BLOCKS='12/20X,'OUTFLOW'
1 BLOCKS -'12,', OBSTACLE BLOCKS-',12)

240 FORMAT(7X, FLAG5X, - COORDINATES--------- )

245 FORMAT(5X,13,4(4X,15))

280 FORMATC c. INFLOW - OUTFLOW DATA (FLUID)I' BLOCK',
11U10'8X,'VI0',8X,P10'8X, THIO'6X, TEMIO'
II7X.'(cmls)',5X,'(cm/s) (dynesiemAR)', 12X, '(Kelvin))

285 FORMAT(1X,12,1X,5(1PE11.4),2(1PE10.3))

290 FORMATC D. INFLOW - OUTFLOW DATA (SOLIDS)/
1'BLOCK PHASE',6X,'UPIO" 9X,'VPIO' 8X, THPIO' 8X,
L'TEMPIO"7X/L7X, (cm/s)', 7X.(cm/s)
16X,'(Kelvin)',4X,'((cm/s)A2))

295 FORMAT((2X,123X,132X,5(2X, IPE11.4)))

300 FORMAT(/' 6. CONTROL' 3X,’A. DUMP AND RESTART?,
1 ITD=,121(0- NO RESTART, 2- RESTART)I B.'

I'TIME (secs.): TSTART='1PE1L4,, TSTOP-'IPE11.4,
1, DT(\12,)=,1PE114/' ¢. PRINTING AND',
IPLOTTING (secs.): TPR-'1PE114' TDUMP='1PE114)

305 FORMAT(3X,D. TIME INCREMENTS: TOTAL-' 123X,
1'DELTAT (secs.) = 7(8X,6(1X,1PE10.4)))

310 FORMAT(/' 7. GRAVITY (cm/sR)V A GRAVX',

1-R (or X) component =, 1PE15.7/,
16X,GRAVY -z (orY) component - 1PE15.7)

330 FORMAT(/' 8. OTHER:74X,
1'CONVERGENCE LIMIT =",G10.4/
14X, MINIMUM FLUID VOLUME FRACTION - ' F9.4/
14X,FACTOR FOR MIN. SOLIDS VOL. FRACTION - ',G10.4/)

350 format(/" 9. AIRIWATER AND STEAM/WATER SWITCH:)

340 format(4x,1 TW-,i3,/2x," ISTW-0 FOR AIRIWATER SYSTEM1
l,Ix,"',2x,'ELSE FOR STEAM/WATER SYSTEM)



370 FORMAT(/'10. BRANCHING TEE / IMPACTING TEE SWITCH:)

380 FORMAT(4X,TSnMBR="13,/2X;" NIMBR=0 FOR BRANCHING TEE'

|,IX,',2X,INIMBR=I FOR F1UIDIZED BED'1X,"',2X,
I'ELSE FOR IMPACTING TEE)
390 FORMAT(4X,LOCATI(LOCATION for 1eg H)='\12,4X;LOCAT2
1(LOCATION FOR LEG I11)-,12)
END

SUBROUTINE BDRY

INCLUDE 'mish.com'
c
¢ SETS BOUNDARY CONDITIONS - REFLECTS CELL CENTER
QUANTITIES
c

DO 200J=2,)B1

DO 200 1=2|B1

1)=1+(J-1)*EB2
¢ SKIP IFNOT A FLUID CELL

EF(EFL(1J).EQ. 1)THEN
c

IPI=INDC(U, J)

IMJ=INDC(1J,2)

lJP=INDC(1J,3)

lIM=INDC(1J,4)

IPJP=INDC(1J,5)

EMIP=INDC(1J,6)

EPIM=INDC(1J,7)

lJR=INDS( 1)

IJL=INDS( ,2)
IJT=INDS( ,3)
1JB=INDS( 4)
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DO 10K=NCONT+,NSOLID
IF(RLK(K,).GT.0.0)THEN
PLP(K)=DK(K)ITH(K, **(L/3)
ELSE
PLP(K)=0.0
ENDIF

10 CONTINUE

C

¢ CHECKS OUTFLOW CELLS ON RIGHT AND TOP
NFLX=IFL(IP)
NFLXY-IFL(IPJP)
NFLY=IFL(1JP)
NFLYX=IFL(IPJP)

IX=IR
|JBX=EP)
Y=NT
1JBY-IJP
RBPM=RB(1+])

C
CALL FACES

¢ CHECKS OUTFLOW CELLS ON LEFT AND BOTTOM
NFLX=IFL(IM))
NFLXY=IFL(IMJP)
NFLY=IFL(IM)
NFLYX=IFL(IPIM)

IX=IL
|JBX=EM
0Y=1IB
JBY=IIM
RBPM=RB(I-1)

CALL FACES
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ENDIF

200 CONTINUE
RETURN
END

SUBROUTINE BETAS
INCLUDE 'mish.com'

c

¢ CALCULATES RECIPROCAL DERIVATIVES OF D WRT p, ABETA(N),

¢ FOR ITERATION

c
DO 10J=2,JB1
DO 101=2IB1
1J=1+(J-1)*IB2
IF(IFL(1J).NE. )GOTO 10
IPJ=INDC(1J,1)
IMJ=INDC(1J,2)
lJP=INDC(J,3)
|JM=INDC(1J,4)
lJR=INDS(1J,1)
1)L=INDS(1J,2)
1JT=INDS(1J,3)
1JB=INDS(1J,4)
KV=NTHS( )

FR{IFL(IPJ) EQ.LOR. EFL(IPJ).EQ.4.0R IFL(IPJ).GE. ))THEN
RIG=RB(1) *(AR(1) *TH(KV, LJ}#BR(1) *TH(KV, LIR)) DTODRP(l)
ELSE

RIG=0.

ENDIF

IF(IFL(IMJ).NE.2.AND.IFL(IMJ).NE.3 AND.FL(IMJ)NE.5)

1THEN



EFL=RB(I-)*(BR(I-)*TH(KV, 1) +AR(I-) *TH(KV, L))
1*DTODRP(-1)
FLSE
EFL=0,
ENDIF
BF{IFL(1JP).EQ.LOR. EFL(1JP)EQ.4. OR IFL(1JP).GE.7)THEN
TOP=(AZ(3)*TH(KV,|)#BZ() ¥TH(KV, 1JT)) *DTODZP())
ELSE
TOP=0,
ENDIF
IF(EFL(IIM)EQ.LOR. IFL(IM).EQ 4.0R IFL(LIM) EQ.6)THEN
BOT=(BZ(J- ¥ TH(KV, 1)) +AZ(-)*TH(KV.1JB))*DTODZP(}-1)
ELSE
BOT=0.
ENDIF

C
CONV(IJ)=EPSG*RLK(KV, )
RBETA=RLK(KV, 1J)/P(13)+DTODZ(J)*(TOP+BOT)
14DTORDR(!) *RIG+EFL)
ABETA(1))=1/RBETA

10 CONTINUE
RETURN
END

SUBROUTINE DENSG(MM)
INCLUDE 'mish.com'
C
¢ CALCULATE STEAM DENSITY BY USING EMPIRICAL
CORRELATIONS
¢ FOR SPECIFIC VOLUME OF SATURATED STEAM

C
PPC=220.55E+06



¢=3.10559
¢ set coefficiens for equations
A0=0.85188
Al=-0.26786667
A2=-0.10696316
A3=-0.015826285
A4=-9.0169534E-4
AAQ=2.8570183
AA1=1.1796202
AA2=-6,0239948
AA3=5.5896454
AA4=2 8224224E-01
AA5=-11378390
AAG=-4.1258599
AAT=-5.3664933
AA8=17579898E+01
AA9=-9,5465496
c
KKK=0
EF(P(1VIM).LE.2L.03E+07)KXK-1
IF(P(MM).LE.2.79E+07)KKK=2
GOTO(10,L1)KKK
11 CCI=ALOG(P(MM)/PPC)
CC=EXP(AQ+A1*cc 1+A2*c ¢ 1%*%2 +A3*CC 1¥*3 +
1A4*CCL**4)
GOTO 100
10 CCl==P(MM)/PPC
CC=AAO+AAL*CCL+AA2*CC1**2 +AAS*CCL**3.+
LAA4*CCL**4,+AAS*CC1**5 +AAG*CCL**6, +AAT*
1CC1¥*7 +AAB*CCL**8.+AAG*CCL**9,
100 RC=1/CC
ROG(MM)=P(MM)*RCIPPC/VVC



RETURN
END
S DENSL

SUBROUTINE DENSL(LL)
INCLUDE 'mish.com'

c
¢ CALCULATE THE LIQUID DENSITY BY USING THE EMPIRICAL
CORRECTIONS
¢ FOR SPECIFIC VOLUME OF SATURATED LIQUID
C

KKK=0
¢ set coefficients for equations

PPC=220.55E+06

w c=3.10559

A0=3.2931007E-1

Al=1.6699940

A2=-4.4002253E+01

A3=T7.3518335E+02

Ad=-4.7497294E+403

AAQ=3.4444232E-01

AA1=4,6716602E-01

AA2=-1.1950608

AA3=2.6415460

AA4=-2.1301049

AAAQ=-1.4115188

AAA1=3.2105379

AAA2=-4.7830621

AAA3=-2.6579266

AAA4=1.3685529E+01

AAA5=-4,9699783E-01

AAAG=-2.6656921E+01

AAAT=2.6411591E+01



AAAS=-T 5368481
CCL=P(LL)/PPC

IF(P(LL).LE.20.78E+07)KKK=1
EF(P(LL).LE.9.20E+07)KKK=2
IF(P(LL).LE. 1.25E+07)KKK=3
GOTO(10,11,12)KKK

12 CC=AO+A1*cc 1+A2*cC 1**2 +tA3*CC 1¥43 4
1A4*CC1**4,
GOTO 100

11 CC=AA0+AA1*CCI+AA2*CCI**2 +AA3*CCI**3.+
1AA4*CC1**4,
GOTO 100

10 RC=AAA0+AAA1*CCI1+AAA2*CC1**2 +AAA3*CC1**3,
1+AAA4*CCL*¥*4 +AAAS*CCL**5.+AAAG*CCL**6.+
2AAAT*CCL**7 +AAAB*CC1**8,
CC=EXP(RC)

100 ROK(LL)=I,/VVclee
RETURN
END

P FACES
SUBROUTINE FACES
INCLUDE 'mish.com'

C

¢ CONTINUOUS OUTFLOW TO THE RIGHTILEFT
IF(NFLX.EQ.4. ORNFLX. GE.7)THEN
IF(IIX.EQ.IIL)THEN
UKKG=-UK(0,1)
FLSE
UKKG=UK(0,1)
ENDIF



IF( KKG.GT.0.)THEN
TL(O,UX)=TL(O, )
EF(NFLX.EQ.)THEN

TH(0,13X)=L0

NTHS(19X)=L
AKL(0,IX)=8.67E5(TL (0, 1JX)/1400.0) **1.786
VISCL(0,13X)=PVISC(0)

ELSE

TH(0,IX)=TH(, )
NTHS(IIX)=NTHS(1)
AKL(0,13X)=AKL(0, )
VISCL(0,X)=VISCL(0, )

ENDIF

EF(NFLX. EQ4)P(1IX)=P( )
ROG(1IX)=C+C 10*P(13X)/(C L2¥TL(0,lIX)+C LL*P(1IX))
IF(ISTW.NE.Q)CALL DENSG(IJX)
RLK(0,UX)=ROG(IIX)*TH(0,LX)
UK(0,1BX)=RB(I)*RLK(0, )* K(0, )(RBPM*RLK(0,13X))
EF(NFLXY.GE.4)VK(0,1JBX)=VK(0, )
ENDLF

EF(NFLX.NE.8)THEN

DO 10K=I,NSOLID
IF(X.EQ.IIL)THEN

UKKL=-UK(K, )

ELSE

UKKL=UK(K, )

ENDIF

IF(UKKL.GT.0.0)THEN

THK IX)=THK, )

RLK(K, lIX)=RLK(K, )

TL(K, IX)=TL(K, )

IF(RLK(K, 1JX).GT 0.0)THEN



UK(K, BX)=RB(1)*RLK(K, 1)) *UK(K, )I(RBPM*RLK(K,13X))
FLSE
UK(K,BX)=0.0
ENDIF
AKL(K, 1X)=AKL (K, 1)
VISCL(K,IIX)=VISCL(K, )
VISBL(K,X)=VISBL(K, 1)
PS(K,IIX)=P (K1)
GCON(K,1X)=GCON(K, )
IF(NFLXY GEAVK(K, IBX)=VK(K, )
ENDIF

10 CONTINUE
ENDIF
ENDLF

C

¢ CONTINUOUS OUTFLOW ON THE TOP/BOTTOM
EF(NFLY.EQ4.ORNFLY. GE.7)THEN
IF(13Y.EQ.IJB)THEN
YKKG=-VK(0, )
ELSE
VKKG=VK(0, )
ENDIF
LF(VKKG.GT.0.0)THEN
TLOIY)=TL(, )
IF(NFLY.EQ.8)THEN
TH(O,UY)=L0
NTHS(1JY)=0.0
AKL(0,11Y)=8.67E5X(TL(0,13Y)/1400.0)**1.786
VISCL(0,13Y)=PVTSC(0)
ELSE
TH(O,0Y)=TH(, )
NTHS(1JY)=NTHS(1J)



AKL(0,3Y)=AKL(0, )
VISCL(0,1JY)=VTSCL(O, )

ENDIF

IF(NFLY.EQ4)P(IY)=P( )
ROG(1Y)=CI+C 10*P(IIY)/(CL2*TL(OLIY+C LL*P(1IY))
EF(ISTW.NE.O)CALL DENSG(1JY)
RLK(0,10Y)=ROG(1IY)*TH(0, 1Y)
VK(O,LBY)=RLK(0, J*VK(0, )RLK(0,Y)
IF(NFLYX.GE.4)UK(0,lJBY)=UK(0, )
ENDIF

IF(NFLY.NE.8)THEN

DO 30 K=I,NSOLED
EF(1JY.EQ.IJB)THEN

VKKL=-VK(K, )

ELSE

VKKL=VK(K, )

ENDIF

IF(VKKL.GT.0.0)THEN
THIKDY)=THK, )
RLK(K,1JY)=RLK(K, )
TL(K,NY)=TL(K, )
IF(RLK(K,JY).GT.0.0) THEN
VK(K,IIBY)=RLK(K, J*VK(K, JIRLK(K,1JY)
FLSE

VK(K,11BY)=00

ENDIF

AKL(K, IY)=AKL(K, )

VI CL(K,IIY)=VISCL(K, )
VISBL(K,NY)=VISBL(K, )

0 (KNY)=P (K, )
GCON(K,1JY)=GCON(K, )
IF(NFLYX. GEAUK(K,IIBY)=UK(K, )



ENDIF
30 CONTINUE
ENDIF
ENDIF
C
¢ SET BOUNDARY CONDITIONS IN RIGID CELLS-
¢ GAS & PARTICLE VELOCITIES: GRANULAR TEMPERATURES
C
¢ FREE SLIPWALL ON THE RIGHT/LEFT
EF(NFLX .EQ. 2)THEN
LF(NFLXY.EQ.2.0R.NFLXY.EQ3)THEN
DO 5 K=0,NSOLID
55 VK(K, BX)=VK(K, )
ENDIF
C
¢ NO SLIPWALL ON THE RIGHT/LEFT
ELSEIF(NFLX.EQ.3)THEN
IF(NFLXY.EQ.2 OR.NFLXY.EQ 3)THEN
DO 60 K=0,NCONT
60 VK(K,JBX)=-VK(K 1)
DO 65 K=NCONT+|,NSOLID
65 VK(K, IBX)=VK(K, 1) *(PLP(K)-DR(I))/(PLP (K)+DR())
ENDIF
ENDIF
C
¢ FREE SLIPWALL ON THE TOP/BOTTOM
IF(NFLY EQ2)THEN
IF(NFLYX.EQ.2 ORNFLYX.EQ3)THEN
DO 75 K=0NSOLID
75 UK(K,IBY)=UK(K, )
ENDIF
C
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¢ NO SLIP WALL ON THE TOP/BOTTOM
ELSEIF(NFLY.EQ.3)THEN
IF(NFLYX.EQ.2. ORNFLYX.EQ.3)THEN
DO 80 K=0,NCONT

80 UK(K, BY)=-UK(K, )
DO 8 K=NCONT+/,NSOLID

8 UK(K,WBY)=UK(K,I)J*(PLP(K)-DZ()/(PLP(K)+DZ(J))
ENDIF
ENDIF
RETURN
END

SUBROUTINE FLIC
INCLUDE 'mish.com'

¢ SETS CELL FLAG BASED UPON INPUT DATA
DO 150J=1,JB2

DO 150 1=1,m2
1J=1+(-1)*1B2

D

SETS EACH CELL FLAG, IFL(1)=1, CELL FLAG WILL BE CHANGED
FOR OTHER TYPES
EFL (1)L

D

D

SETS CELL FLAG FOR LEFT COLUMN (1=1)
IF(1.EQ.)THEN

EFL(1))=NSL(2)

SETS CELL FLAG FOR RIGHT COLUMN (1=IB2)
ELSEIF(1.EQIB2)THEN

IFL(1))=NSL(4)

ENDIF

D



¢ SETS CELL FLAG FOR TOP ROW (1=JB2)
EF(JEQ.JB2)THEN
EFL(M)=NSL(3)

¢ SETS CELL FLAG FOR BOTTOM ROW (J=I)
ELSEIF(J.EQ. )THEN
EFL(1))=NSL(1)

ENDIF

150 CONTINUE

C

¢ SETS FLAGS FOR OBSTACLE CELLS AND OTHER FLUID CELLS
DO 300N=L,NTOT
DO 300 I=I0B(I,N),I0B(2.N)

DO 300 J=I0B(3N), I0B(4,N)
1J=1+(3-1)*1B2
EFL(1))=NSO(N)

300 CONTINUE
EF(IFL(1B2JB2-1).EQ 4. AND.IFL(IB2JB1).EQ4)IFL(1B2IB2)=4
IF(IFL(1B2JB2-1).EQ.7.AND.IFL(IB2JBL).EQ.7)IFL(IB2JB2)=7
RETURN
END

SUBROUTINE INDX
INCLUDE 'mish.com'
DO 30 J=T JB2
DO 30 1=1B2
1J=1+(J-1)*IB2
C
¢ CALCULATE INDICES FOR ARRAY QUANTITIES
C
LPJ=1J+1
IF(1.EQ.IB2)IPJ=1]
|JP=1J+IB2



EF(1EQJB2)IP=U
IMJ=1)-L

EF(1.EQ. 1)IMJ=1]
1IM=1J-Ffi2

EF(JEQ. DIIMET)
IPIP=IPJ+fi2
EF(J.EQ.JB2)IPIP=IP)
IMJP=LMJ+/B2
IF(.EQ.JB2)IMIP=IM]
IPIM=IP-IB2
EF(JEQ. J)EPIM=IP]
IMIM=IMJ-ffi2
IF(EQ. 1)IMIM=IMJ

INDC(1J,1)=EP]
INDC(1J,2)=IMJ
INDC(13,3)=19P
INDC(1J.4)=1M
INDC(1J,5)=IPIP
INDC(1J 6)=IMJP
INDC(13,7)=IPIM
INDC({1J 8)=IMIM
C
¢ INITIALIZE'INDC
1JR=IP]
EF(IFL(IP).EQ2.0R IFL(IPJ).EQ.3)IIR=I]
NE[N
IF(EFL(EMJ)EQ.2.0R IFL(IMJ)EQ.3)1L=1]
NEN:
FF(EFL(1P) EQ.2.0R IFL(IJP).EQ.3)lT=1]
1JB=TIM
IF(EFL(IIM).EQ.2.0R JFL(IIM).EQ.3)1JB=1J



|JTR=IPJP
EF(1J.EQ.(EBJB 1-1) AND.EFL(EPIP) EQ ALITR=1]
EF(EFL(EPIP).EQ2.0R EFL(IPJP)EQ.I)TIEEN
ITR=1JT

IF(1.EQ.IJT)THEN

ITR=IR

FLSE

EF(IINE.IR)ITR=1]

ENDIF

ENDIF

ITL=IMIP

BF{IFL(IMIP)EQ.2. OR.IFL(IMIP) £Q.3) THEN
TL=1T

EF(IJEQ.IT)THEN

TL=IL

FLSE

IF(UNE.NL)NTL=I]

ENDIF

ENDIF

1JBR=IPIM

IF(IFL(JBR).EQ.2. OR.IFL(IJBR).EQ 3)THEN
1JBR=1JB

IF(1.EQ.IJB)THEN

1JBR=IIR

ELSE

IF( NEJR)IJBR=1J

ENDIF

ENDIF

JRR=IR#1

F(1.GE.IBL)RR=IIR
FF(EFL(1JRR).EQ.2. OR IFL(IIRR)EQ.3)lJRR=IIR
|JTT=IT+EB?
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IF(.GE.JBLITT=NT
IF(IFL(JTT).EQ2.0RIFL(NTT).EQ3)NTT=1IT

INDS(13,1)=1JR
INDS(11,2)=1L
INDS(1J,3)=10T
INDS(13.4)=118
INDS(13,5)=1JTR
INDS(l3,6)=1TL
INDS(1J,7)=1JBR
INDS{1J 8)=IJRR

INDS(1J,9)=NTT
30 CONTINUE

RETURN

END

SUBROUTINE ITER
INCLUDE 'mish.com'
c
¢ PERFORM THE ITERATIVE SOLUTION OF DIFFERENCE EQUATIONS OF
¢ MASS, MOMENTUM AND ENERGY EQUATIONS
c
LOGICAL MUSTIT
PARAMETER (NTMAX-400,LMAX-5,0MEGA-1.0)
MUSTIT-.FALSE.
DO 200 NIT=1NTMAX
NITER(ITX)=NITER(ITX)+1
DO 100 J=2,JB1
DO 100 1=2,IB1
)=1+(J-1)*EB2
IF(IFL(1J).NE.)GOTO 100
LOOP-0



KR0S=-1
KV=NTHS(1)
IPI=INDC(1J,1)
LMJ=INDC(1}2)
1P=INDC(13,3)
1IM=INDC(134)
1IR=INDS(1J, )
IL-INDS( ,2)
1IT=INDS(113)
1JB=INDS(1J,4)
DG=RLK(KV, 13)-RLKN(KV. 1J}+DTORDR()*RLFRK(KV, )
|-RLFRK(KV,IMJ))+DTODZ()*(RLFTK(KV, )-RLFTK(KV,IIM))
TARGET=(10-OMEGA)*DG
ADG=ABS(DG)
ADGTAR=AB (DG-TARGET)
DGORIG=ADG
IF(ADG.LE.CONV( ))GOTO 78
MUSTIT=FALSE.
D3=DG
P3=P(1J)
IF(NIT.EQ. 1)G0TO55

10 IF(D3.GT.TARGET)GOTO 1L
D2=D3
P2=P3
EF(KROS.EQ.-)KROS=!
IF(KROS.EQ.0)KROS=2
GOTOL

11 D1=D3
P1=P3
IF(KROS.EQ.-1)KROS=0
EF(KROS.EQ. ))KROS=2

12 IF(KROS.EQ.3)GOTO 54



IF(KR0S.EQ.2)GOTO 13
D3TAR=D3-TARGET
DP=-D3TAR*ABETA()
DSN=SIGN(1,D3TAR)
IF(-DP*DSN.GT.0.25P3)DP=-0 5*DSN*P3
P(J)=P( )+DP

GOTO 5

13 P()=(D 1*P2-D2*P UTARGET*(P :P2))/(D 1:D2)
ABETA(1)=(P 1-P2)(D 1:D2)

KROS=3

54 P3=P(1))

55 CONTINUE
ROG(N)=C9+C 10*P()/(C L2*TL(0,10)+C 1*p( ))
IF(ISTW.NE.O)CALL DENSG(J)

RLK(0.1)=TH(0, *ROG( )
CALL MATS

CALL VELSK

CALL MASFK(0,KV-1)

CALL MASFK(KV+I,NSOLED)

78 THX=00
DO 79 K=0,NSOLID
BF(K.NE.KV)THEN
RLK(K,I)=RLKN(K, )-DTORDR(*(RLFRK(K, )
1-RLFRK(K, IM))-DTODZ())*(RLFTK(K, )-RLFTK(K,lIM))
IFRLK(K, ).LT. LE-6*RLKMIN(K))RLK(K,13)=0.0
IF(K.EQ.0)THEN
IF(RLK(0, ).GT.ROG(IJ))RLK(0,U)=ROG()
TH(0,19)=RLK(0, )IROG( )

FLSE

IFRLK(K, )GTRL(K)RLK(K, )=RL(K)
THK,)=RLK(K, )RL(K)
IF(ISTW.NE.Q) THEN



CALL DENSL(N)
IFRLK(K, ).GTROK(I))RLK(K, l))=ROK(1)
TH(K, 1))=RLK(K, JROK( )
ENDEF
ENDIF
THX=THX+TH(K, )
ENDIF
79 CONTINUE
IF(THX.GT 0.8 THEN
DIV=0.8/THX
THX=03
DO 81 K=I,NSOLID
RLK(K, N)=RLK(K, J*DIV
81 CONTINUE
ENDIF
TH(KV,)=1.-THX
IF(KV.EQ.0)THEN
RLK(0,)=TH(0, J*ROG( )
FLSE
RLK(KV,1)=TH(KV, *RL(KV)
IF(ISTW.NE.Q)RLK(KV,[))=TH(KV, J*ROK( )
ENDIF
IF(ADGTAR LE. CONY(1J))GOTO 100
CALL MASFK(KV,KV)
DG=RLK(KV, )-RLKN(KV, }+DTORDR()*RLFRK(KV, )
1-RLFRK(KV, IMJ))+DTODZ()*RLFTK(KV, )-RLFTK(KV, M)
ADG=ABS(DG)
ADGTAR=ABS(DG-TARGET)
IF(ADGTAR.LE.CONV(1J).AND.ADG.LT.DGORIG)GOTO100
EF(NIT.EQ. L AND.LOOP.EQ.0)THEN
TARGET=(L-OMEGA)*DG
DGORIG=ADG



ENDIF
D3=DG
LOOP=L00P+1
EF(LOOP.EQ.LMAX)THEN
IF(KROS.LT.2)ABETA(lJ)=5*LMAX*ABETA(IJ)
GOTO 100
ENDIF
EF(KROS.EQ.3)CALL NEWP
GOTO10
100 CONTINUE
E{MU TIT)RETURN
MUSTIT=.TRUE.
IF(NIT.EQ.NTMAX)THEN
WRITE(s, 'MAX ITERATION AT TIME ="' TIME
MAXIT=TRUE.
NITER(ITX)=9999
ENDIF
200 CONTINUE
RETURN
END
e KDRAGS
SUBROUTINE KDRAGS(NPH L,NPH2)
INCLUDE 'mish.com'
C
¢ FLUID-PARTICLE FRICTION COEFFICIENT
C
IF(TH(KV, ).LT.LE-3)THEN
DO 5 K=NPH1,NPH?2
5 RKPG(K,1))=L.0E30
ELSE
DO 10 K=NPH 1, NPH?2
E{TH(K,1J).GT.0.0)THEN




Dv=054VK(KV, J-VK(K, J+VK(KV, LIM)-VK(K, 1]M)
IF(1.EQ.L)THEN
DU=UK(KV, )- K(K,N)
FLSE
DU=05*(RB(IJ*(UK(KV, )-UK(K, ))
LRB(I-D*( K(KV,EVD)-UK(K, IMI)IR()
ENDIP
VREL(K)=(DU*DU+DV*DV)**0.5
DENOM=DK(K)*PFn(K)*TH(KV, )
EF(TH(KV, ).GE.0.8)THEN

¢ CALCULATE DRAG USING EMPIRICAL CORRELATION (EPfluid >= 0.)
REYN=RLK(KV, J*VREL(K)*DENOMMI CL(KV, )
IF(REYN.LT. 1000 THEN
DRCOT=] .+ 15*REYN** 687
RKPG(K, )=18*DRCOT*TH(K, )*VISCL(KV, )
LI(TH(KV, )**1.65*DENOM*DENOM)
FLSE
RKPG(K, )= 75*DRCOEXTH(K, J*VREL(K)*RLK(KV, )
1/(DENOM*TH(KV, ) 1.65)
ENDIF
IF(RKPG(K, ).GT.10E30)RKPG(K,H)=L0E30
FLSE

¢ CALCULATE DRAG USING ERGUN EQUATION (EPfluid < 0.8)
RKPG(K,1)=(150.0%(LO-TH(KV, ))*VISCL(KV, )DENOM
1+175*RLK(KV, )*VREL(K)*TH(K, )DENOM
ENDIF
IF(MODAB NE. )RKPG(K, )-RKPG(K,I)TH(KV, )

FLSE
RKPG(K,1J)=0.0
ENDIF

10 CONTINUE
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ENDEF
RETURN
END

C =mmemmees MASFK
SUBROUTINE MASFK(NPH1,NPH2)
INCLUDE 'mish.com’

¢ CALCULATES MASS FLUXES FOR THE PHASES
C
DO 10K=NPHLNPH?
IF( K(K,IMJ)GE.0)THEN
RLFRK(K, IMJ)=UK(K, IMJ*RLK(K, 1JL) *RB(I-1)
FLSE
RLFRK(K, IMJ)=UK (K, EVJ)*RLK(K, )*RB(I-)
ENDIF
IF(VK(K,1JM).GE.0)THEN
RLFTK(K, IM)=VK (K, DM)*RLK(K, 15B)
FLSE
RLFTK(K, IM)=VK(K, IM)*RLK(K, 1)
ENDIF
10 CONTINUE
C
ENTRY MASFKA(NPHLNPH?)
DO 20 K=NPHLNPH?
FF{UK(K, ) GE.0) THEN
RLFRK(K,1)=UK(K, J*RLK(K, )*RB(l)
FLSE
RLFRK(K, 1))=UK(K, 1) *RLK(K, lJR) *RB()
ENDIF
IF(VK(K, ).GE.0)THEN
RLFTK(K, )=VK(K, J*RLK(K, )
FLSE



RLFTK(K, 1)=VK(K, J*RLK(K,T)
ENDIF
20 CONTINUE
RETURN
END

SUBROUTINE MATS
INCLUDE 'mish.com'
DIMENSION THKDPR(0:NS), THKDPZ(0:NS)

¢ CALCULATES THE MATRIX COMPONENTS FOR VELOCITY
COMPONENTS
C
DPR=DTODRP(I-I)*(P(1J)-P(1IL)
DPZ=DTODZP(J-1*(P(1))-P(1JB))
EF(MODAB.EQ. L)THEN
C MODEL-A
DO 1K=0NSOLID
THKDPR(K)=(AR(I-D*TH(K, IL}+BR(I-D¥TH(K, ))*DPR
1 THKDPZ(K)=(AZ(-L)*TH(K,IBJ+BZ(}-1)*TH(K, ))*DPZ
FLSE
C MODEL-
DO 2 K=0NSOLID
THKDPR(K)=0.0
2 THKDPZ(K)=0.0
THKDPR(KV)=DPR
THKDPZ(KV)=DPZ
ENDEF

DO 130 K=0,NSOLID
KP=K+1
BUI (KP)=RUK(K,IMJ)-THKDPR(K)



BV 1(KP)=RVK (K, lIM)- THKDPZ(K)
DO 110KK=1K
KS=K*KP/2+KK
AUL(KP KK)=AR(I1-1)*APP(KS, 1L} +BR(I-L)*APP(KS, )
AUL(KK, KP)=AU1(KP,KK)
AVL(KP KK)=AZ(J-L)*APP(KS,1JB}+BZ(J-L)*APP(KS, 1)
AVI(KK KP)=AVL(KPKK)
110 CONTINUE
KS=KP*(KP+1)/2
AUL(KP KP)=AR(I-)*(APP(KS, IL}*RLK(K,IIL)
14BR(I-)*(APP(KS, 1)) +RLK(K,1J)
AVI(KP KP)=AZ()-)*(APP(KS, 1IB}+RLK(K, B))
#BZ()-)*APP(KS,I+RLK(K, )
130 CONTINUE
C
ENTRY MATSA
DPR=DTODRP(I)*(P(LIR)-P(1))
DPZ=DTODZP()*(P(IT)-P(1)
EF(MODAB.EQ.)THEN
C MODEL-A
DO 3 K=ONSOLED
THKDPR(K)=(AR(I)*TH(K, BRI TH(K, lJR)}*DPR
3 THKDPZ(K)=(AZ()*TH(K, I}#BZ(1) *TH(K, 11T)) *DPZ
FLSE
C MODELB
DO 4 K=0NSOLID
THKDPR(K)=0.0
4 THKDPZ(K)=0.0
THKDPR(KV)=DPR
THKDPZ(KV)=DPZ
ENDEF



100

DO 230 K=0NSOLED
KP=K+1
BU(KP)=RUK (K, I9)-THKDPR(K)
BV(KP)=RYK(K, )-THKDPZ(K)
DO 210 KK=1K
KS=K*KP/2+KK
AU(KP KK)=AR(1)*APP
AU(KK KP)=AU(KP KK
AV(KP KK)=AZ(])*APP
AV(KK, KP)=AV(KP KK

KS, )+BR(IJ*APP(KS,IR)

~— —

KS, J+BZ()*APP(KS,IT)

<

210 CONTINUE

KS=KP*(KP+1)12

AU(KP KP)=AR(1) *(APP(KS, J+RLK(K, )
LBR()*(APP(KS,IR)+RLK(K,IIR))
AV(KP,KP)=AZ(J) *(APP(KS, )+RLK(K, ))
1+BZ(J) {(APP(KS, NT)+RLK (K, lIT))

230 CONTINUE

RETURN
END

SUBROUTINE MULTI
INCLUDE 'mish.com'

¢ CALCULATE INTERPHASE MOMENTUM EXCHANGE COEFFICIENT

DO 100 K=I,NSOLID

DO 90 KK=0K-1
KS=K*(K+1)/2+KK+1
IF(K.EQ.KV)THEN
APP(KS,)=-RKPG(KK, J*DT
ELSEIF(KK EQKV)THEN



APP(KS,1J)=-RKPG(K, )*DT
FLSE

¢ CALCULATE PARTICLE TO PARTICLE INTERACTION
EP M=TH(K,1)*TH(KK, )
IF(EPSUMNE.Q.0)THEN
IF(DK(K).GT.DK(KK))THEN
K1=K
K2=KK
FLSE
K1=KK
K2=K
ENDIF
XBAR=TH(KL, )/EPSUM
IF(XBAR LEPHILIM(K, KK))THEN
EPKL=EPSL (K KK)*XBAR+CPFN(K2)
FLSE
EPKL=EPSU(K KK)*(L.0-XBAR)+CPFn(KI)
ENDIF
CEPR=(EPSUM/EPKL)**(173)
EF(CEPR GE. LO)THEN
CON=4E10*RLK(K, J*RLK(KK,I)*DT*DKF(K,KK)
FLSE
CON=DT*RLK(K, J*RLK(KK, *DKF(KKK)
[¥(CEPR#3)/(L-CEPR)
ENDIF
IF(MODAB.NE. 0)CON=CONITH(KV, )
Dv=(VK(KK, )-VK(K, D) +VK(KK, IIM)-VK(K, [IM)) 05
IF(1.EQ.1)THEN
DU=UK(KK, )-UK(K, )
FLSE
DU=05*RB(I)*(UK(KK, )- K(K, ))
1+RB(1-) H(UK(KK, IMI)-UK(K, IM))/R()



ENDIF
VRELP=(DU*DU+DV*DV)**05
APP(KS,1J)=-CON*VRELP
ELSE
APP(KS,19)=0.0
ENDIF
ENDIF

9 CONTINUE

100 CONTINUE

C
DO 200 K=ONSOLID
SUM=0.0
DO 110KK=0K-1
KS=K*(K+1)/2+KK+L

110 SUM=SUM+APP(KS, )
DO 120 KK=K+LNSOLID
KS=KK*(KK+D)/2+K+L

120 M=SUM+APP(KS, )
KS=(K+D)*(K+2)12

200 APP(KS, )=-SUM
RETURN
END

SUBROUTINE NEWP
INCLUDE 'mish.com'
C
C CALCULATE NEW ESTIMATES OF ADVANCED TIME PRESSURE
C FROM THREE (P, D) POINTS
C
|F(DLNE.D3)THEN
PA=(D1*P3-D3*p 1+ TARGET* (P 1-P3))/(D 1-D3)
ELSE



¢ CONTROL THE PROGRAM FLOW AND QUTPUT

C

C
C

PA=0.5*(P2+P3)

ENDIF

IF(D2.NE.D3)THEN
PB=(D2*P3-D3*P2+TARGET*(P2-P3))/(D2-D3)
ELSE

PB=0.5*(P1+P3)

ENDIF

EF(DL-TARGET)*(D3-TARGET).GT.0. THEN
IF(PA.LT.P2.0R.PA.GTP3)PA=0.5*(P2+P3)
ELSE
EF(PB.LT.P3.0R.PB.GT.PI)PB=0.5*(PI+P3)
ENDIF

P(19)=05*(PA+PB)

RETURN

END
-------------------- PROG
SUBROUTINE PROG

INCLUDE 'mish.com'

TDUMPL=TIME
TPRI=TIME

TPRII=TIME
WRITE(L6,600)
CONTINUE
TPDT=TIME+0.1*DT
IF(MAXIT)CALL VARDT

SET BOUNDARY AND OBSTACLE CELLS
CALL BDRY

103



¢ SAVE VALUES AT PREVIOUS TIME STEP
DO 10J=2,JB2
DO 101=2,m2
)=1+(J-1)*EB2
EF(EFL(1J).NE.2.0R.IFL(1J).NE.3)THEN
IMI=INDC(1J,2)
lIM=INDC(1J,4)
RLX(1)=RLK(0, )
PN(1J)=P(1))
VISFN(D)=VISCL(0, )
DO 5K =INSOLED
5 RLX(H)=RLX(I)+RLK(K, )
DO 6 K=0,NSOLID
6 RLKN(K,1)=RLK(K, )
IF(IFL(1).EQ.4.0R.EFL(1).GT.7)THEN
KV=NTHS( )
CALL KDRAGS(0,NSOLID)
CALL MULTI
ENDIF
ENDIF
10 CONTINUE
c
IF(TPDT.GE.TPRII)THEN
TPRII=TPRII+TPRR
IF(NIMBR.NE. 1)THEN
¢ calculate the mass withdraw and quality ratio for outlet/inlet
W1=0.0
2=0.0
3=0.0
THG1=0.0
THG2=0.0
THG3=0.0



IF(NIMBR.EQ.O)THEN
¢ forbranching tee
1
DO 31 1=1,m2
1J=1+(J-1)*IB2
IF(IFL(1J).EQ 5)THEN
DO 32K=0,1
2 WI= L+REK(K,D)*VK(K, J*DR(l)
THGI=THGL+RLK(0, )*VK(0,1)*DR(1)
ENDIF
31 CONTINUE
ELSE
¢ forimpacting
1=1
DO 30J=1,JB2
1J=U-(J-1)*EB2
IF(EFL(1J).EQ.5)THEN
DO 11 K=0,1
1 1= MHRLK(K, )*
THGI=THGI+RLK(0, )*U
ENDIF
30 CONTINUE
ENDIF
X1=THGL/W1 Ix|—quality at inlet
J=LCATL
DO 121=1,m2
J=1+(J-1)*EB2
B(IFL(1J).EQ.3)GOTo 12
DO 13K=01
B3 2= 2+RLK(K, )*VK(K, )*DR(I) 2—MASS FLUX AT
OUTLET n
THG2=THG2+RLK(0, )*VK(0, )*DR(I)

1—mass flux at inlet

K(K, )*DZ()
0. )*DZ()
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12 CONTINUE
B 2EQ.0.0)THEN
X2-0.0
ELSE
X2=THG2AV?2 IX2—QUALITY AT OUTLET Il
ENDIF
IF(NIMBR.EQ.O)THEN
¢ forbranching tee at branch outletlll
I=LCAT?2
DO 33 J=1,JB2
1J=1+(J-1)*IB2
IF(EFL(1)).EQ.3)GOTo 33
DO 34 K=0,1
3 3= HRLK(K, )* K(K, )*DZ())
THG3=THG3+RLK(0, )* K(0, )*DZ())
33 CONTINUE
ELSE
¢ forimpacting tee
J=LCAT2
DO 14 1=1 B
1J=1+(J-1)*IB2
IF(EFL(1)).EQ.3)GOTo 14
DO 25 K=0,1
25 3= JRLK(K, )*VK(K, J*DR() 3—MASS FLUX AT
OUTLET m
THG3=THG3+RLK(0, )*VK(0, )*DR(l)
14 CONTINUE
ENDIF
IF( 3.EQ.0.0)THEN
X3=0.0 IX3—QUALITY AT OUTLET in
ELSE
X3=THG3/W3
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ENDEF
1=W3/w1 I 1—mass withdraw ratio for outletlll/inlet
21=" 2/W1 w21 —mass withdraw ratio at outletll
X31=X3/X1 Ix31—quahty ratio for outletin/inlet
X21=X2/X1 Ix21—quality ratio for outletll/inlet
WRITE(16,610)TIME, 21, 31,X21X31
ENDIF
ENDIF
BF(TPDT.GE.TPRI)THEN
WRITE(s,547)TIME
WRITE(12,547)TIME
WRITE(13,547)TIME

TPRI=TPRI+TPR
IF(TIME.GT.-0.L*DT)THEN
IF(NEMBRNE. 1)THEN
WRITE(A0WL 2, 3
WRITE(6 410)W2L 3L
WRITE(6,420)X21,X31
WRITE(s 430)X 1X2,X3
ENDIF

WRITE(6,548)

DO 325 I}=EB2JB2,IB2,-1B2

325 WRITE(6,550)(P(EL) IL=1-IBL)
DO 450 1)=1B2JB2,IB2,-1B2

450 WRITE(12,550)(TH(OEL).EL=IHB, )
DO 440 1J=EB2JB2,IB2,-IB?

440 WRITE(13550)(TH(LIL), IL=13-ffi 1, )
DO 337 k=0,NSOLID
WRITE(6,556)K K
DO 336 1=1B2JB2,IB2,-1B2

336 WRITE(6,550)(VK(K,EL) IL=I}-EBL, )
WRITE(6,557)K K



DO 337 J=EB2JB2,IB2,-1B2
337 WRITE(5,550)(UK(K,IL),IL=I-IB L)
ENDIF
ENDLF
C
¢ WRITE DATA ON DISK FOR RESTART
IF(TPDT.GT.TSTOP.OR TPDT.GT.TDUMPI)THEN
ITINT=ITINT+L
CALL TAPEWR
IF(ITX.NE. )THEN
ITXN=ITX-L
EF(ITINT. GE. IMX(ITX).OR NITER(ITXN).LT
I(NITER(ITX)-4)) THEN
CALL VARDTI
GOTO 100
ENDIF
ENDIF
EF(ITX.NEITXMX)THEN
ITXN=ITX+1
EF(NITER(ITXN).LT.(NITER(ITX)-2))CALL VARDTI
ENDIF
100 NITER(ITX)=0
REWIND(9)
TDUMPL=TDUMP L+TDUMP
ENDIF

IF(TPDT LT.TSTOP)THEN
CALL TILDE
CALL BETAS
CALL ITER
IF(NOT.(MAXIT).OR ITXMX.EQ. ))THEN
¢ CALCULATE NEW PHYSICAL PROPERTIES IN FLUID CELLS
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DO 20 J=2,JB2
DO 20 1=2,m2
1J=1+(J-1)*IB2
IF(IFL(1)).EQ. 1)THEN
ROG(1)=Ca+C10*P(I)/(C12*TL(0, )+c11*p( ))
IF(ISTW.NE.O)CALL DENSG(1J)
RLK(0,10)=TH(0, )*ROG( )
DO 15K=0,NSOLID
15 VISCL(K, )=pVISC(K)*TH(K, )
ENDIF
20 CONTINUE
ENDIF
TIME=TIME+DT
GOTO 1
ENDIF
RETURN
c
47 FORMAT( X/, IX,@ TIME =" 1PE12.5, secs)
548 FORMAT(1X/, IX,'FLUID PRESSURE, p (dynes/cmA?)'/)
549 FORMAT(1X/, IX,VOLUME FRACTION (PHASE- ‘11
1), THI1/)
550 FORMAT(1X,30(1X,G10.4))
b55 FORMAT(1X//, X, TEMPERATURE (PHASE-'
111)), TL' 1L, (Kelvin)/)
556 FORMAT(IX,/,IX,'VELOCITY -z (or Y) component,
1" (PHASE-'II), VK'Ii; (0 )))
557 FORMAT(IX,/,IX,'VELOCITY - R (or X) component,]
1" (PHASE-111,'), UK'IL' (0 )0
400 FORMAT(1X/, DX, INLET FLUX="G11,4,3X,RUN FLUX=',G114,3X,
1'BRANCH FLUX-,G114)
410 FORMAT(1X,/,.LX,RUN/INLET MASS RATIO='GI 1.4,3X,
1'BRANCH/INLET MASS RATIO="GI 1.4)



420 FORMAT(LX/.1X, RUN/INLET quality RATIO=\G1143X,
1'BRANCH/INLET QUALITY RATIO- G1L4)
430 FORMAT(LX,/, IX.'INLET QUALITY X1='G114.2,
1 'RUN QUALITY X2='G11.4,2XBRANCH QUALITY X3='G114)
600 FORMAT(IX,/,7X, TIME, X, 21°9X," 31'9X,'X21'0X
1 X31)
610 FORMAT(LX,5(1X,G114)
END

SUBROUTINE QESOL(APO,APL,AP2,XSOL)
C
¢ SOLVE QUADRATIC EQUATION
C
¢ SCALING OF COEFFICIENTS
AAPO-ABS(APO)
AAPI-ABS(API)
AAP2=ABS(AP2)
APMAX-AAP?
IF(APMAX.LT AAPL)APMAX=AAPL
IF(APMAX.LT AAPO)APMAX=AAPQ
APO-APO/APMAX
AP 1=AP JAPMAX
AP2-AP2IAPMAX

ENTRY QESOL 1(APO,AP LAP2, XSOL)
EF(AP0.EQ.0.0)THEN
IF(AP2EQ.0.0)THEN

XSOL-0.0

ELSE

XSOL--AP1/AP2
EF(XSOL.LT.0.0)XSOL=0.0

ENDIF



C

FLSE
EF(APLEQ.0.0)THEN
EF(AP2.EQ.0.0)THEN
XSOL-00

ELSE
DISC=-APOU/AP2
IF(DISC.LE.O.0)THEN
XS0L=00

ELSE
XSOL=DISC*+0.5
ENDIF

ENDIF

ELSE
LFAP2EQ0.0)THEN
XSOL=-APO/AP1
IF(XSOL.LT.0.0)XS0L=0.0
FLSE

GOTO 10

ENDIF

ENDIF

ENDIF

RETURN

ENTRY QESOL2(APO,AP1,AP2,XSOL)

10 CONTINUE

SAP1=AP1*AP1
DISC=SAPL-4.0*APO*AP2
IF(DISC.LT -LE-4*SAPL)THEN
XS0L=00

ELSE
EF(DISC.LT.0.0)DISC=00
IF(APLLT.0.0)THEN



XSOL=(-APL+DISC**0.5)(2.0+AP2)
FLSE
XSOL=-2.0*APO/(API+DISC*+0.5)
ENDIF

ENDIF

RETURN

END

SUBROUTINE SETC
INCLUDE 'mish.com'
c
¢ INITIALIZES CONSTANTS AND FUNCTIONS
c
SQTPI=PI**0.5
RSQTP=1/SQTPI
¢ INITIALIZE STATIC SOLIDS PRESSURE AND COHESIVE FORCE
DO 15 1=0,1000
THX=1/1000.
IF(ICOH.EQ.0)THEN
COHF(1)=0.0
ELSE
COHF(1)=10.**(-C13*THX+C 14)
ENDIF
¢ SOLIDS STRESS (ELASTIC MODULUS G) REGIME
GTH(I)=10.**(-C15*THX+C 16)
15 CONTINUE

C
¢ CALCULATE VOLUME FRACTION FOR (RUM particles/cmAS)

DO 20 K=ONSOLID

VOLP=P*DK (K)*DK(K)*DK(K)/6.0

RLKMIN(K)=RLIM*RL(K)*/OLP
20 CONTINUE



C

C

DO 50 K=NCONT NSOLED
VISDIL(K)=5.0*SQTPI*RL(K)*DK(K)/96.0
GCDIL(K)=(15.014.0)*VISDIL(K)

50 CONTINUE

C

MAXIT-FALSE.
ITINT=0

DO 30 IX=L,ITXMX
IMX(IX)=105-5#1X
NITER(IX)=0

30 CONTINUE

C

DRCOE=0.44

DO 55 K-I,NSOLID

DO 55 KK=0,K-1

IF(DK(K).GT DK(KK))THEN

K1=K

K2=KK

FLSE

K1=KK

K2=K

ENDIF

DRATX=(DK(K2)IDK(K ))**05

PHILIM(K KK)=CPHI(K )/(CPHI(K )+( LO-CPHI(K 1) *CPHI(K2))
EPSL(K,KK)=(CPUI(KL)-CPHI(K2)+( L0-DRATX)*(1 O-CPHI(KI))
T¥CPHI(K2))*(CPHI(KL)+(L,0-CPHI(K2))*CPHI(KI)ICPHI(KI)
EPSU(K KK)=(L.0-DRATX)*(CPFn(KI)
14(10-CPH3(K 1)) *CPHI(K2)

5 CONTINUE

RETURN
END
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C emrmmemmmemme e SETPRE
SUBROUTINE SETPRE
INCLUDE 'mish.com'
DIMENSION RLSUM(NO)

C

¢ SET INITIAL PRESSURE PROFILE

C
DO 10N=LNFL
RLSUM(N)=0.0
IF(IPRES.EQ.1)THEN
DO 5K=INSOLID

5 RLSUM(N)=RLSUM(N)+THIO(K,NJ*RL(K)
ENDIF

10 CONTINUE
POM=PIO()
RGSUM=(CO+C 10+PIO(1)/(C L2*TEMIO(,)
1+CLI*PIO(L))*THIO(,)
RLSUMO=RLSUM()

C
DO 30 N=LNFL
RLSUMN=RLSUM(N)
CS1=0.54THIO(O,N)*(-GRAVY)
DO 20 J=I0B(4,N),I0B(3 N),
£S2=POM+0.5%(DZ()}*(RGSUM+RLSUMO)+DZ(}+1)
1 *(CS*THIO(O,NJ*RLSUMN))* (-GRAVY)
AP0=-CS2*C12*TEMIO(ON)
AP1=CL2*TEMIO(ON)-CS2*CL1-CSL*DZ(}+1)*CL0
AP2=C11
IF(C10.£Q.00)THEN
POM=CS?
ELSEIF(C1LEQ.0.0)THEN
POM=-APO/AP1



ELSE
CALL QESOL2(APQ,APL,AP2,POM)
ENDIF
ROGT=(C9+C 10*POM/(C 12*TEMIO(0,N)+C 11*POM))
IF(ISTW.NE.Q)THEN
PPC=220.55E+06
W c=3.10559
AA0=0.85188
AAI=-0.26786667
AA2=-0.10696316
AA3=-0.015826285
AA4=-9,0169534E-4
¢ ¢ 1=ALOG(POM/PPC)
CC=EXP(AAO+AAL*CCI+AA2*CCL**2 +AAZ*CCL**3
LAA4*CCL**4.)
RC=1/CC
ROGT=POM*RC/PPC/Wc
ENDIF
RGSUM=ROGT*TFIIO(ON)
RLSUMO=RLSUMN
DO 20 1=1,1B2
1J=1+(J-1)*IB2
IF(EFL(1)).EQ. LOR.IFL(1J).EQ.6)THEN
P(1J)=POM
ROG(1))=ROGT
RLK(0,1))=RGSUM
ENDIF
20 CONTINUE
30 CONTINUE
RETURN

END
SETRZ



C

¢ INITIALIZE THE RADII AND ALL THE FIELD VARIABLES;
¢ DEFINE THE VARIABLE COMPUTING MESHR, z, DR AND DZ.

C

SUBROUTINE SETRZ
INCLUDE 'mish.com'

IF(ITD.NE. J)THEN

DO 11=1m i
DRP(1)=0.5*(DR(I)+DR(1+1)
RDR(l)=10/DR()

RDRP()= LO/DRP(])
AR(1)=05*DR(1+1)*RDRP(]

1 BR(I)=L0-AR(l)

DRP(IB2)=DR(IB?)
RDR(EB2)=10/DR(102)
RDRP(IB2)=RDR(IB2)
AR(IB2)=05

BR(IB2)=05

DO 2J=1,)BL.
DZP(J)=05*(DZ()*DZ(I+1)
RDZ(J)=10/DZ()
RDZP())=L0IDZP(J)
AZ()=05*DZ(}+1*RDZP()
BZ(1)=1.0-AZ()
DZP(JB2)=DZ(1B?)
RDZ(1B2)=10/DZ(1B2)
RDZP(JB2)=RDZ(JBY)
AZ(IB2)=05

BZ(1B2)=05

IF(TCEQ. )THEN
RTC=RST-0.5*DR(L)
RTB=RST

116



R(1)=RTC*ITC
RB(1)=RTB*ITC

¢ IFRTC.LEO.0AND.ITCEQ2R(L)=-R()
IF(RB(1) LT.LE-8)THEN
RRB(1)=0.0
ELSE
RRB(1)=L0IRB(L)
ENDIF
D031=2, 2
RTC=RTB+0.5*DR()
RTB=RTB-DR(l)
R(I)=RTC*ITC
RB(I)=RTB*ITC
RRBY(1)=1/RB()

3 CONTINUE

C
ELSE
DO ¢ 1=1,IB2
R()=L
RB(1)=L
RRB(1)=L

8 CONTINUE
ENDIF
DO 11 1=L,m?
RRIDR(I)=RDR(I)R()
RR1DRP(1)=RRB(I)*RDRP(l)

11 CONTINUE
ENDIF
DO 151=1m2
DTODR(I)=DT*RDR()
DTODRP(1)=DT*RDRP(l)
DTORDR(I)=DT*RRIDR()
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DTOBDR(1)=DT*RRIDRP(l)
15 CONTINUE
DO 16J=1,JB2
DTODZ())=DT*RDZ(J)
16 DTODZP(J)=DT*RDZP())
RETURN
END

SUBROUTINE SETUP
INCLUDE 'mish.com'
c
¢ DEFINES THE COMPUTING MESH FLUID VARIABLE
¢ INITIAL CONDITIONS FROM INPUT DATA
c
CALL SETC
CALL SETRZ
IF(ITD.NE. 1)THEN
WRITE(6,660)
DO 101J2=IB2JB2,1B2 -1B2
J1=1J2-EB1
10 WRITE(6,650)(IFL(IKPR),IKPR=1J1,1J2)
WRITE(6,660)
C
¢ CALCULATE INDICES
CALL INDX

IF(ITD NE.2)THEN

DO 60N=1,NCAL
UGY=UIO(0N)THIOWON)
DO 60 J=TOB(3N),I0B(4N)
DO 60 I=I0B(1:N),I0B(2.N)
|J=14(-1)*EB?



IF(IFL(1).NE.2 AND.IFL(13)-NE. 3)THEN
EPJ=INDC(J,)

P(1)=PIO(N)

TL(0,1J)=TEMIO(ON)

TH(0,1J)=THIO(ON)

EF(EFL()).EQ.40R.IFL(1]) £Q.5.OR.IFL(1).GE.)THEN
ROG(1J)=C4+C 10%P()/(C L2*¥TL(O,l+C U*p( )
IF(ISTW.NE.0)CALL DENSG()
RLK(0,1))=ROG(I)J*TH(0, )

ENDIF

UK(0,19)=UI0(0N)

EF(IFLZB.EQ. LAND.IFL(1J).NE.5AND.
LIFL(EPJ)NE.2 AND.IFL(IPJ).NE 3)UK(0,)=UGY
VK(, )=VIO(ON)

DO 56 K=I,NSOLID

TL(K,H)=TEMIO(KN)

UK(K,I)=UIO(KN)

VK(K,1)=VIO(K.N)

TH(K,N)=THIO(K )

EF(ISTW.NE.O)THEN

CALL DENSL(1)

RLK(K, 1)}=ROK(I) *THIO(K.N)

ELSE

RLK(K, )=RL(K) *THIO(K.N)

ENDIF

5 CONTINUE

ENDIF

60 CONTINUE

C

CALL SETPRE
ENDIF
ENDIF
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¢ INITIALIZE PHYSICAL PROPERTIES FLUID, INFLOW
¢ AND OUTFLOW CELLS

DO 70 J=1,JB2

DO 70 1=1,m2

=+ ()2

IF(IFL(1) NE.2 AND.IFL(1J) NE. 3)THEN

EMJ=INDC(1J,2)

1P=INDC(1J3)

IM=INDC(1J4)

JR=INDS( )

JT=INDS(1J,3)

FF(ITD.EQ.0)THEN
IF(IFLZB.EQ. 1 AND.IFL(U).NE.5.AND.IFL(IJP).NE.2
1 AND.EFL(IJP).NE.3)VK(0,10)=ROG(1J) *VK(0,1))
V(AZ())*RLK(0,0)+BZ(J)*RLK(0,1JT))
ELSE
ROG(1J)=C9+C10*p( )/(CL2*TL(0,l)+C1L*p( ))
IF(ISTW.NE.O)CALL DENSG(1J)
RLK(0,19)=TH(0, )*ROG( )
DO 65 K= NSOLID
IF(ISTW.NE.O)THEN
CALL DENSL(N)
RLK(K,)=TH(K, )*ROK( )
ELSE
RLK(K,)=TH(K, )*RL(K)
ENDIF
65 CONTINUE
ENDIF
CALL MASFKA(ONSOLED)
DO 66 K=0,NSOLID



VI CL(K,))=pVIsC(K)*TH(K, )
66 VISBL(K,])=0.0
ENDIF
c
¢ FIND CONTINUOUS PHASE
KV=0
IF(NCONT.EQ.2)THEN
CALL KDRAGS(1,1)
IF(ISWIT.EQ. 1)THEN
KV=1
CALL KDRAGS(0,0)
IF(RKPG(0, ).GTRKPG(L ))KV=0
RKPG(KV,1J)=0.0
ENDIF
ENDIF
NTHS(IJ)=KV
CALL KDRAGS(NCONT,NSOLID)
CALL MULTI
70 CONTINUE
650 FORMAT(LX,78I1)
660 FORMAT(//)
RETURN
END
[ wmmemmemmmemmemsecsecesecsececeeeene TAPERD
SUBROUTINE TAPERD
INCLUDE 'mish.com'
c
¢ READ INPUT DATA FROM TAPE
c
READ(9)TIME
IF(ITD.EQ.2)THEN
READ(9)DT,ITX, TDUMP LTPRI, TPRII, TPDT,



C
C
C

C

1(NITER(IX),IX= LITXMX)

ELSE

READ(9)

ENDEF

READ(9)(P(),1)=1, 2B2)
READ(9)((TH(K,1)),UK(K, ),VK(K, ), TL(K 1),
1K=0,NSOLED),1J=1,1B2]B2)

RETURN

END

---------------------------------------- TAPEWR
SUBROUTINE TAPEWR

INCLUDE 'mish.com'

WRITE INPUT DATA TO TAPE

WRITE(9)TIME,]B2,JB2,NSOLID
WRITE(9)DT,ITX, TDUMP L TPRL,TPRILTPDT,
1 (NITER(IX), IX=L I TXMX)
WRITE(9)(P(19),11=L,1B2IB2)

WRITEQ)(TH(K, JUK(K, ), VK(KI)TLK, ),
1K=0,NSOLID),l=1,1B2JB2)

RETURN

END

SUBROUTINE TILDE

INCLUDE 'mish.com'

DIMENSION RKR(0:NS),RKZ(0:NS),RKRAB(0:NS),RKZAB(0:NS)
DIMENSION RLGR(0:NS),RLGZ(0:NS)

¢ CALCULATE MOMENTA DUE TO CONVECTION, GRAVITY,
¢ VISCOUS STRESS, SOLIDS PRESSURE AND COHESIVE STRESS
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DO 100 J=2,)BL
DO 1001=2IB1
=1+ 1)*EB?
EF(IFL(1]).NE)GOTO 100
IPI=INDC(1J,1)
EMJ=INDC(1J,2)
1P=INDC(1J3)
IM=INDC(1J4)
EMIP=INDC(1J,6)
IPIM=INDC(1J,7)
1IR=INDS(1J,1)
JL=INDS(1J,2)
JT=INDS(1J,3)
1B=INDS(1J4)
|JTR=INDS(1J,5)
JTL=INDS(1J,)
JBR=INDS( ,7)
JRR=INDS( ,8)
ITT=INDS(13.9)

¢ FIND CONTINUOUS PHASE

KV=0

KVN=L

THAVRN=00
THAVZN=0.0
IF(NCONT.EQ.2)THEN
CALL KDRAGS(L,1)
IF(ISWITEQ. ))THEN
KV=1

CALL KDRAGS(0,0)
IF(RKPG(0, ).GT.RKPG(L, ))KV=0
RKPG(KV,1J)=0.0
ENDIF
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KVN=1-KV
THAVRN=AR(I)*TH(KVN, J+BR(I)*TH(KVN, lJR)
THAVZN=AZ())*THKVN, J+BZ(J)*TH(KVN, IT)
ENDIF

NTHS(1J)=KV

RLGR(0)=AR(I)*ROG(1])+BR(I)*ROG(IJR)
RLGZ(0)=AZ()}*ROG(I)+BZ(J)*ROG(IT)
DO 5K=I,NSOLID
RLGR(K)=RL(K)
RLGZ(K)=RL(K)
EF(ISTW.NE.O)THEN
RLGR(K)=AR(1) *ROK(IJ)+BR(1) *ROK(IJR)
RLGZ(K)=AZ())*ROK(]+BZ(J)*ROK(IT)
ENDIF

5 CONTINUE

C
THAVR=AR()*TH(KV, 1D}+BR{)¥TH(KV. lIR)
THAVZ=AZ() *TH(KV, lI#BZ()*TH(KV, 1JT)
IGKU=1000THAVR+THAVRN)
IGKV=1000%(THAVZ+THAVZN)
IGK=TH(0, )* 1000
IGKR=TH(0,}JR)* 1000
IGKT=TH(0,1JT)* 1000

C
DO 10K=0,NSOLID
RKR(K)=AR(1) *RLK(K, l)+BR(I)*RLK(K, lIR)
RKZ(K)=AZ(I)*RLK (K, )#BZ(*RLK(K,1IT)

10 CONTINUE

C
IF(MODAB EQ.2)THEN

C MODEL-B (MODIFIED)



RKRAB (KV)=RLGR(KV)
RKZAB(KV)=RLGZ(KV)
EF(NSOLID.EQ. 1)THEN

RKRAB (KVN)=(L0-RLGR(KV)/RLGR(KVN))*RKR(KVN)
RKZAB(KVN)=(L0-RLGZ(KV)RLGZ(KVN))*RKZ(KVN)
ELSE

DO 20 K=0,NSOLED
IF(KNE.KV)THEN

RKRAB (K)=RKR(K)*(L.0-(AR(I)*RLX(13)+BR(I)*RLX(IJR))

1IRLGR(K))ITHAVR
RKZAB (K)=RKZ(K)*(L0-(AZ(J)*RLX(13)+BZ()*RLX(1IT))
URLGZ(K))ITHAVZ
ENDIF

20 CONTINUE
ENDIF
ELSE

¢ MODEL-A
DO 30 K=0,NSOLED
RKRAB (K)=RKR(K)
RKZAB(K)=RKZ(K)

30 CONTINUE
ENDIF

DO 40 K=0,NSOLED
CALL ULMOMF

RUK(K, 19)=RKR(K)*UK (K, [J)+RKRAB (K) *GRAVX*DT
1-DTOBDR(I)*( LFR(K)-ULFL(K))
1-DTODZ(J)*(ULFT (K)-ULFB(K,1)-DT*  LC(K)
ULFL(K)=ULFR(K)

ULFB(K,I)=ULFT(K)

CALL VLMOMF

RVK(K, 13)=RKZ(K)*VK (K, IJ+RKZAB(K)*GRAVY*DT



1-DTORDR(I)*(VLFR(K)-VLFL(K))
-DTODZP(I)*(VLFT(K)-VLFB(K,))
VLFL(K)=VLFR(K)
VLFB (K, 1)=VLFT(K)
40 CONTINUE
C
DO 50 K=NCONT,NSOLID
RUK(K 19)=RUK(K, )-DTODRP(I)*(GTH(IGKU)*(TH(K, lJR)
L-TH(K, ))*P (K,IJR)-PS(K, )-COHF(IGKR)+COHF(IGK))
RVK(K, )=RVK(K, )-DTODZP()*(GTH(IGKV)*(TH(K,1JT)
1-TH(K, ))+p (K,JT)-PS(K, )-COHF(IGKT)+COHF(IGK))
50 CONTINUE
CALL KDRAGS(NCONT NSOLID)
CALL MULTI
100 CONTINUE
C
¢ CALCULATE VELOCITY ESTIMATES
DO 200 J=2,JB1
DO 200 1=2,1B1
1J=1+(J-1)*EB2
IF(IFL(13).NE. )\GOTO 200
EPJ=INDC(1J,1)
1JP=INDC(1J,3)
IJR=INDS( 1)
1IT=INDS(13,3)
KV=NTHS( )
CALL MATSA
CALL VELSK?
CALL MASFKA(KV,KV)
200 CONTINUE
RETURN
END
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C

¢ CALCULATE FLUXES FOR RADIAL MOMENTUM FOR THE PHASES

C

ULMOMF

SUBROUTINE ULMOMF
INCLUDE 'mish.com’

¢ 5=0.5*(RB(I)*UK (K, 13)+RB(L+1) *UK(K, IPJ))
IF(CS.GE.O.)THEN
ULFR(K)=(AR(I)*RLK (K, 1)+BR(I)*RLK (K, lJR)) *UK (K, 13)*¢ §
ELSE
ULFR(K)=(AR(I+1)*RLK (K, IJR)+BR(I+1) *RLK (K, IJRR))
UK (K, IPJ)*CS

ENDIF

CS=AR()*VK(K, 13)+BR{I)*VK(K, IPJ)

IF(CS.GE.0.)THEN

ULFT(K)=(AR(I)*RLK(K, l)+BR(*RLK(K, JR)) *UK (K, 19)*C §
ELSE

ULFT(K)=(AR(I)*RLK(K, JT)+BR(*RLK (K, IJTR))
UK (K, 1JP)*CS

ENDIF

IF(IFL(IMJ).NE. 1)G0TO0 1

EF(IFL(IIM).NE. 1)GOTO 2

CALL ULVSB

RETURN

¢ 5=0.5%(RB(1)*UK (K, 1J)}+RB (I-1) *UK (K, EMJ))
IF(CS.GE.O.)THEN

ULFL(K)=(BR(I-D*RLK(K,13)}+AR(I- )*RLK(K,1JL))
1*UK (K, IMJ)*CS

ELSE
ULFL(K)=(AR(IJ*RLK(K,13)+BR(I*RLK (K, IIR)*UK(K, )*c
ENDIF
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C

EF(BFL(IJM).NE. 1)G0T02
CALL LILVSA
RETURN

¢ 5= AR(1)*VK (K, 1IM)+BR(1) *VK (K, DPIM)
IF(CS.GE.0.)THEN
ULFB(K,1)=(AR(I)*RLK(K,1JB)}+BR(I)*RLK(K, IBR))
UK (K, 1IM)*CS

ELSE

ULFB (K, )=(AR(I)*RLK(K, )+BR(I)*RLK(K,HR))*UK (K, 1J)*c s
ENDIF

CALL ULVS

RETURN

END

ULVS

SUBROUTINE ULVS
INCLUDE 'mish.com’

C CALCULATE TH*SIGMA(R,Z) AT 1+112, J-I12

C

SULB(K)=((VK (K, IPIM)-VK(K,1JM)) *RDRP()
1HUK(K, )- K(K,IIM))*RDZP(3-)*(AZ(3-1)
L+(AR(I)*VISCL(K, 13B)+BR(I)*VIs CL(K, 1JBR))
1+BZ(J-1)*(AR(N*VISCL(K, )+BR(I*VTSCL(K,IJR)))
ULFB(K,1)=ULFB (K, I)- ULB(K)

C CALCULATE R*TH*SIGMA(R,R) AT I,

ENTRY ULVSA
IF(EFL(IMJ)NE. 1) THEN

ULL(K)=2*VISCL(K, )*( K(K, )-UK(K,IMJ))*RDR(I)
14(VISBL(K,13)-(2.3)*VISCL(K, ))

1 *(RRIDR(I)*(RB(I)*UK(K, )-RB(1-)*UK(K,EMJ))
1+(VK(K, )-VK(K,JIM)*RDZ(3))*R()



C
C

C
C

ULFL(K)=ULFL(K)-SULL(K)
ENDIF

CALCULATE TH*SIGMA(R,Z) AT 1+112, J+112
R*TH*SIGMA(R,R) ATI+1, J
(TH/R)*SIGMA(PH3,PHI) AT 14112, J

ENTRY ULVSB

SULT(K)=((VK(K,IPJ)-VK(K, ))*RDRP(])

H+HUK(K, ?)- K(K, ))*RDZP(J))*(AZ(J)

T*(AR(I)*VISCL(K, 3)+BR(I)*V1s CL(K, IJR))

1+BZ(J)*(AR(I)*VISCL(K,IIT)+BR(I)*VISCL(K,IJTR)))

ULR(K)=2.*VIs CL(K,lJR)*(UK(K,IPJ)-UK(K, ))*RDR(I+1)

I+(VISBL(K,IJR)-(2./3.)*VISCL(K,IJR))

1*(RRIDR(I+1)*(RB(1+1)*UK(K,rPJ)-RB(I) *UK (K, ))

1+(VK(K, IPIVK (K, IPIM))*RDZ(J))*R(1+1)

ULFT(K)=ULFT (K)-SULT(K)

ULFR(K)=ULFR(K)-SULR(K)

ERITCNEO]THEN

SULC(K)=2.*(AR(I)*VISCL(K, l)#BR(1)*VISCL(K,1JR))

I*RRB(I)*UK (K, )+((AR(I)*VISBL(K, )

[+BR(I)*VISBL(K,1JR))-(2./3.)* (AR (I)*VISCL(K, )

+BR(I)*VISCL(K, 1JR))) *(0.5*RRIDRP(I)*(RB(I+1)*UK(K,IPJ)

1-RB(I-1)*UK (K, EMI))+(AR(I)*(VK(K, )-VK(K,1IM))

L+BR(1)*(VK (K, BPJ)-VK (K, IPIM))) *RDZ(J))

ELSE

LC(K)=0.0

ENDLF

RETURN

END

VARDT

SUBROUTINE VARDT
INCLUDE "mish.com’
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¢ ADJUSTS TIME INCREMENT (DT) DURING EXECUTION OF THE
PROGRAM

¢ IFMAX. ITERATION OCCURS, REDUCE DT

ITD=1
ITX=1TX+1
NITER(ITX)=0
MAXIT=FALSE
EF(ITX.LE.ITXMX)THEN
DT=DTNXT(ITX)

¢ READ RESTART FILE TO START AGAIN WITH LOWER DT

REWIND(9)

CALL TAPERD
TDUMP1=TDUMP 1-TDUMP
CALL SETUP

ELSE

ITX=ITXMX

ENDIF

GOTO 100

ENTRY VARDTI

¢ IF CONVERGENCE IS ACHIEVED FOR MORE THAN IMX TIMES
¢ FORADT, INCREASE DT

ITX=ITXN
DT=DTNXT(ITX)
ITD=1

CALL SETRZ

100 CONTINUE

ITINT=0
RETURN
END



c VELINV
SUBROUTINE VELINV(NS,NP,A,B)
DIMENSION A(NP,NP),B(NP)

C

¢ USE GAUSS-DOLITTLE METHOD FOR SYMMETRIC MATRIX

INVERSION
DO 136 K=2,NP
EF(ABS(A(K K)).GE. 1E-6)GOTO 136
DO 135 KK=1,NP
A(K KK)=0.0

135 A(KK,K)=0.0
B(K)=0.0

136 CONTINUE

C
DO 160 K=1,NP
IF(A(K K).EQ.0.0)GOTO 160
KP1=K+1
DIV=L/A(K K)

DO 140 KI=KP1NP

140 A(K,KJ)=A(K KJ)*DIV
B(K)=B(K)*DIV
DO 150 KI=KP1,NP
AMUL=A(KIK)

DO 145 KJ=KPLNP

145 AKILKI)=AKIKI)-AMUL*AK KJ)

150 B(KI)=B (KI)-AMUL*B(K)

160 CONTINUE
DO 170 K=NS, 1,-1
KP1=K+1
DO 170 KI=KP1,NP

170 B(K)=B(K)-B (KI)*A(K,KI)
RETURN



END

SUBROUTINE VELSK
INCLUDE 'mish.com'’
C

¢ CALCULATE (8) VELOCITIES ON THE FOUR BOUNDARIES OF THE

CELL
C
IFLL=EFL(IMJ)
IF(IFLL.EQ.2.0R.IFLL.EQ.3.0R.IFLL.EQ.5)G0TO0 200
CALL VELINV(NSOLID,NPHASE,AULBU )
DO 165 K=0,NSOLID
165 UK(K,IMJ)=BU L(K+1)
200 CONTINUE
IFLB=IFL(1IM)
IF(IFLB.EQ.2.0R.IFLB.EQ.3.0R.IFLB.EQ 5)G0T0 300
CALL VELINV(NSOLID,NPHASE AV 1BV1)
DO 265 K=0,NSOLID
265 VK(K,1IM)=BV1(K+1)
C
ENTRY VELSK?
300 CONTINUE
IFLR=IFL(IPJ)
IF(IFLR.EQ.2.OR.IFLR.EQ.3.0R. IFLR.EQ.5)GOTo 400
CALL VELINV(NSOLID,NPHASE AU BU)
DO 365 K=0,NSOLED
365 UK(K,10)=B (K+1)
400 CONTINUE
IFLT=IFL(IJP)
IF(IFLT EQ 2. OR.IFLT.EQ.3.OR. IFLTEQ.5)RETURN
CALL VELINV(NSOLID,NPHASE AV BV)
DO 465 K=0,NSOLID
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465 VK(K,1J)=BV(K+1)
RETURN
END
 mmmmmmmmmmmeeeeeeeeeeeeeeee e VLMOMF
SUBROUTINE VLMOMF
INCLUDE 'mish.com’
c
¢ CALCULATES FLUXES OF AXIAL MOMENTUM FOR THE PHASES
c
cs=05*(VK(K, )+VK(K,IJP))
IF(CS.GE.O.)THEN
VLFT(K)=(AZ(J)*RLK(K,1J)+BZ(J)*RLK(K, T))*VK(K, 1J)*c s
ELSE
VLFT(K)=(AZ(J+D)*RLK(K,JT)+BZ(J+1)*RLK(K,1JTT))
1*VK(K,[JP)*CS
ENDIF
CS=(AZ(J)*UK(K,19)+BZ(J)*UK(K,I1JP))*RB(I)
IF(CS.GE.O.)THEN
VLFR(K)=(AZ(J)*RLK (K, 1))+BZ(J)*RLK(K, IT))*VK (K, lJ)*C s
ELSE
VLFR(K)=(AZ(J)*RLK(K, IJR)+BZ(J)*RLK(K, JTR))
1*VK(K,IPJ)*CS
ENDIF
EF(EFL(IMJ).NE. 1)GOTO 1
EF(IFL(IJM).NE.1)GOTO 2
CALL VLVSB
RETURN

1 CS=(AZ(J)*UK(K,IMI)+BZ(J)*UK (K IMJP))*RB(I-1)
IF(CS.GE.O.)THEN
VLFL(K)=(AZ(J)*RLK(K,1JL)+BZ(J)*RLK(K,1ITL))
1VK(K EMJ)*CS



[ap)

FLSE
VLFL(K)=(AZ()*RLK(K, LIFBZ(RLK(K 1T *VK(K 19)*c s
ENDIF

EF{IFL(IIM)NE. 1)G0TO2

CALL VLVSA

RETURN

¢ 5=05*(VK(K, IMHVK(K 1)

IF(CS.GEQ)THEN

VLFB(K, 1)=(BZ(H) *RLK(K, +AZ(H)*RLK(K,1JB)

VKK IIM)CS

FLSE

VLFB(K, |)=(AZ()RLK(K, +BZ(PRLK(K IT)FVK(K IJ)*CS
ENDIF

CALL VLVS

RETURN

END
VLVS

SUBROUTINE VLVS
INCLUDE "mis.com’

CALCULATE TH'SIGMA(ZZ) AT, J
CS=(VK(K,1)-VK(K JIM)*RDZ())
SVLB(K)=2*VISCL(K, )*CSHVISBL(K, )
1213 VISCL(K, ))*(CS+RRIDR()*(RB(1)
THUK(K 19-RB(1-)*UK(K, IM))
VLFB(K,)=VLFB(K I)- VLB(K)

CALCULATE RFTH¥SIGMA(R Z) AT 1-2, 34112
ENTRY VLVSA

IF(IFL(IMJ)EQ.LTHEN

SVLL(K)=((VK(K, )-VK(K, IMJ)*RDRP(-])



1+(UK (K, IMJP)-UK(K,IMJ))*RDZP(J))*RB(I-1)
1*(AZ()*BRI-1)*VISCL(K,1)+AR(I-1)*VISCL(K,1IL))
1+BZ(J)*(BR(I-L)*VISCL(K,IIT)*AR(I-1)*VTSCL(K 1JTL)))
VLFL(K)=VLFL(K)-SVLL(K)
ENDIF

C

¢ CALCULATE TH*SIGMA(Z,Z) AT I, J+]

C R¥TH*SIGMA(R,Z) AT 1+1/2, J+112
ENTRY VLVSB
¢ =(VK(K, IIP)-VK(K, 1)) *RDZ(J+1)
SVLT(K)=2*VISCL(K,1JT)*CS+(VISBL(K,1T)
I-(2/3.)*VISCL(K,13T))*(CS+RRIDR(1)
1*RB(1)*UK (K, 13P)-RB(I-1)*UK (K, IMJIP)))
VLR(K)-((VK(K, IPJ)}-VK (K, 13)) *RDRP(l)
14(UK (K, 1P)-UK(K, ))*RDZP(J))*RB(l)
1*(AZ(I)*(AR()*VISCL(K,10)+BR(I)*VTSCL(K;1JR))
1+BZ(J)*(AR(1)*VISCL(K, lIT)+BR(I) *VISCL(K, JTR)))
VLFT(K)=VLFT(K)-SVLT(K)
VLFR(K)=VLFR(K)-SVLR(K)
RETURN
END

SUBROUTINE VRELS
INCLUDE 'mish.com’

¢ CALCULATE SQUARE OF RELATIVE VELOCITY BETWEEN FIELDS
DO 10 K=0,NSOLID
IF(K.NE.KV)THEN
Dv=05*(VK(KV, )-VK(K,IJ)+VK(KV,IIM)-VK(K,1IM))
DU=05*(RB(N*(UK(KV, )- K(K, ))
1+RB(I-)*(UK (KV,IMJ)-UK (K, IMI)R(I)
SVREL(K)=DU*DU+DV*DV



136

ENDIF

10 CONTINUE
RETURN
END
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