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1. Introduction

Liquid meta free-surface flows provide an option of a renewable surface for heat
absorption, removal of impurities, and eliminating the problems of erosion and thermal
stresses [1], [2]. In a tokamak liquid metal flows through a strong magnetic field, which
results in a magnetohydrodynamic (MHD) interaction. For a free-surface flow the MHD
interaction may be even more important than for the duct flows in blankets, because the
electromagnetic forces may significantly deform the free-surface and thus make it
unfavourable for heat extraction. The MHD-related problems for the free-surface flows
have been reviewed in [3]. Among the most important ones are the effects of nonuniform
magnetic fields, inertia, surface tension, wettability and roughness of walls on both the
jet/drop shape and tragjectory.

The main problems for the jet divertor are shown in Figure 1 and Figure 2 [4]. Particular
issues related to some of the problems listed in these figures have already been tackled
(Problem 1in[5]-[7],4in[8],[9],5in[9],6in[4], 7and 10in[9], 9in [10]). Once main
fundamental aspects for each of these sub-problems are understood, the analysis will have
been performed for a particular divertor design.

The flow analysis in [4]-[8], [10] has been performed using the asymptotic model for
high values of the Hartmann number, Ha, in the inertiaess approximation, while in [9]
inertial effects have been taken into account. The dimensionless parameters are defined in
Sec. 5.1.2. In large-scal e tokamaks the magnetic field is ~5-10T, which results in high or
very high values of Ha and N, the interaction parameter (Table 1). Recently it has been
suggested that the presence of liquid Li inside a plasma chamber might stabilize the
plasma [11]. Thus a decision has been made in the US to test a free-surface device in
smaller machines, such as NSTX or C-MOD [12]. In these machines the magnetic fields
arelower (Table 1), and consequently the high-Ha analysis may not apply.

Therefore, the decision has been made to attempt Direct Numerical Simulation (DNS) to
model flows for lower magnetic fields. It should be emphasized that compared to the
high-Ha flow model, DNS for MHD flows may be considered to be in its infancy,
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although some initial progress has been made ([13]-[22], [44]). A genera discussion of
the difficulties with DNS modelling for fusion-related MHD flows and the

recommendations for further model development are givenin Sec. 7.

Tablel Dimensionless parameters and expected flow regimes for Li duct- and
free-surface flows in various tokamaks (parameters have been
estimated in [3], [5], [9]).

NSTX C-MOD LARGE-SCALE
MACHINES
Hartmann ~50-500 ~500-1000 ~10*-10°
number
Interaction 0.1-1 ~50-10" ~10*10°
parameter
Flow regime | Fully three- Laminar; possibly 2-D | Laminar MHD
dimensional, turbulent MHD
turbulent MHD
Features MHD effects are MHD effects are MHD effectsare
weak; both bending | strong. However, both | very strong.
and “flattening” of poloidal and radial Although both
the jet may not be field are about 10% of | poloidal and radial
very expressed the toroidal one: field are about 10%
bending of the jet may | of the toroidal one,
not be very expressed | bending of thejet
may be significant
High-Ha no yes yes, especially for
model thisregime
applicable?
DNS Not without Yes, but will require | Not with current
applicable? turbulence models, great computational computational
which do not exist at | power facilities, even those
present employing
supercomputers

For modelling ordinary hydrodynamic flows several commercial codes are available,
such as CFX, FLUENT, FLOW-3D, etc. Although most of them do not model MHD
flows automatically, they can be modified using user-defined subroutines to include the
body forces, such as the Lorentz force, and couple the momentum equations with the

other MHD equations.



ANL/TD/TM02-30 Page 6

We have decided to base the MHD code on CFX [23], which is a very flexible finite-
volume code widely used in the industrial applications of MHD. The user can introduce
several scalar equations and even to modify the accuracy of the numerical scheme ([23],

O. Widlund, private communication).

The aims of this report are: to summarise the first steps in the development of the
extension of CFX for modelling MHD flows, to present the results of testing the code on
several benchmark problems, and to present the description of the code for further

reference.

2. Software

The commercia fluid dynamics software package CFX 4.4 is used for solving MHD
problems described below. Main features, options and commands relevant to the current
study are described in Secs. 3-5. More details are given in [23]. CFX consists of the

following modules:
Pre-processing tools
- CFX-Build4.4

An MSC-Patran based geometry and grid generator. It is used for creating the
computational domain, specifying patches (i. e. parts of the domain where the
boundary conditions will be defined — such aswalls, inlets, outlets, symmetry planes,
pressure boundaries etc.) and generating grid. Grid generation tools allow creation of

non-uniform grids, which enables one to resolve boundary layers where needed.
- CFX-Setup

Thismodule is used for creating the command file, containing information about fluid

properties, physical models, boundary conditions and solver data.

- Fortran routines
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Additional Fortran routines are used in order to implement the Magnetohydrodynamic

flows and other extrafeatures as described below.
Solver tools
-  CFX-Solver

The basis of the code is a conservative finite-volume method. All variables are
defined at the centre of control volumes, and the equations are integrated over each
control volume to obtain discrete equations. The complete set of equations is solved
by iterative method. Pressure-correction algorithm is used to ensure mass

conservation.
Post-Processing tools
- CFX-Analyse4.4

Graphic post-processor used for analysis and presentation of results obtained from the

solver.
In addition to CFX, the following software tools have been used:
Digital Fortran
It isused for compilation of the user subroutines that are used by the CFX solver.
Matlab

Although CFX Anayse provides a wide range of graphic functions, sometimes

Matlab is used for visualising solution.

3. Solution process

The process of problem solution in CFX consists roughly of the following stages:

Pre-processing
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Problem formulation.
Geometry creation.

The geometry is created using CFX-Build. First, al blocks forming the
computational domain are created. Then patches (two-dimensional or three-
dimensional subdomains where the boundary conditions will be set) are specified.
Finally, computational mesh is set up and the geometry file *. GEO containing the
information about mesh points, patches and block gluing information is created.

Simple geometries can be created using the command file.
Command file.

The command file *. FC containing information about the model is created using

CFX-Setup program or any text editor.
Fortran subroutines.

Additional Fortran subroutines *.F are required in order to implement MHD model.
They are adso used for specifying variable boundary conditions, setting

convergence criteria etc.

Solving

All files created during the pre-processing stage are passed to the CFX-solver. It
reserves the workspace, checks the validity of the information provided and runs
the problem. During the solution process, some information about it can be
displayed on dynamic graphs. Usually it is the residual values for each of the flow
variables. It allows user to control the solution process and to see the progress of

the solution.

When the calculation is finished, CFX-Solver writes output data into the dump file
*.DMP. Additional information about the solution process (e.g. summary of input
data, residuals) and some statistics (e.g. drag on the walls, flow rates at all inlets

and outlets etc.) are written to an output file *.FO. Additional information may be
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included into the dump/output file using command file options and user

subroutines.
Post-processing

Data produced by CFX-Solver can be post-processed using CFX-Anayse or any
other graphical tools. In the latter case, data should be written in required format.
This can be achieved by using special options in the command file or user
subroutines. CFX-Analyse is the built-in post-processing tool that alows user to
create 2D plots, mesh plots, streamlines, contour plots, animations etc. It also has

some simple calculation tools.

4. Hardware

All three-dimensional problems have been run on a Compaq Alpha Server DS20. It
features 2 processors, 500 MHz each and 768 Mb RAM. Some two-dimensional
problems have been solved using Pentium-3 (1GHz) with 1 Gb RAM.

5. MHD flow modelling with CFX

5.1 Formulation

We will first discuss the set of governing equations and how these are implemented in the
CFX. Since the magnetohydrodynamic features are not included in CFX by default,
certain modifications are made in order to implement MHD into the CFX model. These
include introduction of the Lorentz force into the momentum equation and solution of the
electric potentia equation using the additional scalar option available in CFX. By defaullt,
CFX deals with dimensional quantities. In order to use the non-dimensional formulation,
appropriate coefficients should be introduced as discussed below. Different scales will be
used for different problems, based on a particular flow, and these will be discussed
separately when formulating the corresponding problem. Moreover, in the free-surface
flows the dimensional model is used in some cases. Both transient flow and free-surface

flow models are available in CFX.
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5.1.1 Governing equations

Consider the flow of a viscous, electrically conducting, incompressible fluid subject to a

strong magnetic field B, = B by . It is assumed throughout this study that the magnetic
Reynolds number Re, =msv,a is small. This is not a necessary assumption, see the

discussionin [5].
Then the dimensional governing equations are the Navier-Stokes equation

r%ﬂ(v* RV =-Rp oy +F, (1)

the Ohm'’s law

j*=s(- N*f*+v*’B*), 2)
and conservation of mass and current
N xv" =0, ©)
N" %" =0. 4

In the above, t istime, v* isthe fluid velocity, p’ is pressure, f is the electric potential,

F" isthe volumetric body force, j is the electric current density, E” is the electric field, m

is the dynamic viscosity, s is electric conductivity and r is fluid density. In MHD

problems considered here, the body force includes the Lorentz force and gravity force:
F = B +rg,

whereq’ isthe gravity vector. Using expression (2) for the electric current, the body force
can berewritten as

F'=-sNf" "B +sv'"v'B +rg . (5)
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Taking divergence of Eqg. (2) and using Eq. (4), an equation governing the electric
potential is obtained. It reads

~

K2 =R v~ B). (6)

Thus a set of equations (1), (3) and (6) for fluid velocity, electric potentia and pressure
has to be solved subject to appropriate boundary conditions. The Ohm’s law (2) is used

for calculation of the electric current.

5.1.2 Dimensionless equations

The characteristic values of the length, the fluid velocity, time, the electric potential and
the pressure are a, Vo, alVo, avoBo and asv,B?, respectively. Then the non-dimensional

equations governing the flow are

Qﬂ_V+(V>N)vli':-Np+ Ha ?N?v- Nf “ B+v” B” B+dg, ()

&1t i

N—l

N =Rxv’ B), Nxv=0, (8-9)

where Ha=aB,,/s /rn is the Hartmann number that expresses the ratio of the
electromagnetic to the viscous force, N =asBZ /v, is the interaction parameter, which
expresses the ratio of the electromagnetic to the inertial force, d =rg/sv,B? is the

parameter which expresses the ratio of the gravitational to the electromagnetic force; g is

the unit vector in the direction of gravity.

The electric current can be calculated from the non-dimensional form of the Ohm’slaw
j=- Nf +v” B. (10)

The velocity scale, Vo, depends on a particular problem. If gravity isimportant, we select

v, =rg/sB;, (12)
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so that d = 1. In case of the pressure-driven flow, the average duct velocity Q/a (Q is the

flow rate) is chosen as the velocity scale.

It is possible to model flows with three components of the magnetic field. In the
following benchmark problems the field is supposed to have only one component in the

direction of y.
5.1.3 Boundary conditions

The boundary condition for the fluid velocity at each wall isthe no-dlip condition
v=0. (12)

For an electrically insulating wall,

.o~ f

i = an =0 (13)
at the wall. Here n isthe normal unit vector to the wall. Additional symmetry conditions
are specified for each problem if needed.
For a perfectly conducting wall,

f =0at thewall. 14
5.1.4 Freesurfaceflows

CFX models free-surface flows by assuming that the surrounding medium is dynamically
active. A liquid metal is surrounded by what is called "air" with certain values of density,

r 1, and dynamic viscosity, m. The"air" may be vacuum if both r;and m tend to zero.

For the coupled liquid metal-"air" system governing equations (7)-(9) (only Egs. (7), (9)
for "air" without the MHD terms) are solved for each phase with appropriate parameters.
Free surface flow is modelled by volume of fluid method. In this case the boundary
conditions at the free surface are satisfied automatically. Details of the two-phase model
used aregivenin Sec. 5.2.3.
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5.1.5 Surfacetension

At the interface between two fluids, there is a surface tension force. Physically this force
acts directly on the surface. This is hard to achieve in CFX as the surface is always
smeared out in some way by the discretisation. The model used in CFX-4 is based on the
Continuum Surface Force model. This models the surface tension force as a force which
exists throughout the flow based upon derivatives of volume fraction, but which has the

same effect overal as the surface force, even when the surface is smeared.

The model leads to an extra body force, F;, in the momentum equation given by:
F.=0'N'r, (15)

where gis the surface tension coefficient, r is the volume fraction of the first phase and k”

isthe surface curvature defined by:

0
k’ =é %A Ai (16)
A P P

%E?rﬁ

Here A = Nr isaunit vector normal to the free surface.

In a non-dimensional form based on gravitational pressure scaling (to be used in
Sec. 6.2.1 for a spreading drop problem), the surface tension body forceis equal to

F. =Bo'kNr, (17)

where Bo is the non-dimensional Bond number

(18)

If the variables are scaled as for the duct flows[9], then

F, =Ca'Ha’kNr, (17)
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where Ca isthe capillary number

rnv
Ca= 9.

This scaling will be used in Sec. 6.3 for modelling two-dimensional jet flow. For

convenience, we introduce parameter
| =Ca'Ha?,

which will be used in calculations.

5.2 Implementation in CFX

As has been mentioned above, CFX codes are built to work with dimensional equations.
Thus equations (1) and (3) can be implemented directly by setting physical properties of
the fluid in the command file. The “buoyant flow” option alows accounting for the
gravity force. However, the electromagnetic force has to be introduced as a source term
for the momentum equation. The treatment of the electromagnetic force is discussed
below.

Equation (6) can be solved treating the electric potential as a user-defined scalar governed

by the steady version of a diffusion-convection equation with the source term Nx(v" B)

calculated for each control volume.

In order to use non-dimensional formulation given by Egs. (7)-(9), appropriate non-
dimensional parameters should be used rather than actual viscosity, density etc. It follows
from Egs. (7), (1) that N* stands for fluid density while Ha® corresponds to fluid
viscosity. The gravity vector for gravity-dominated problems should have length 1
instead of 9.81, which can also be defined in CFX command language.

The details of how to introduce the Lorentz force into the momentum equations and the
source term into the electric potential equation are considered below separately for two-
dimensional and three-dimensional flows.
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Note that the two-dimensional model in CFX aways assumes that the co-ordinate zis the
direction in which nothing changes. In fully developed flows and flows in ducts the z co-
ordinate is aligned with the axis of the duct.

5.2.1 Boundary conditions

There are several types of boundary conditions available in CFX. The following types
have been used in this report: inlets, mass flow boundaries, pressure boundaries, walls.
These are described below. Most of the boundary conditions can be specified in the

command files. In more complicated problems, user subroutines are used.

To specify a boundary where the appropriate boundary conditions will be applied, specia
subdomains must be created beforehand. These are called "patches' and can be either
two-dimensional or three-dimensional.

Thus, a boundary condition in CFX command file consists of a patch name where the
condition holds, name of variable which is specified and the appropriate value of this
variable.

Inlet boundaries

Aninlet isaboundary where the values of variables are specified. Mathematically, thisis
known as a Dirichlet boundary condition. These values are set using the subcommand
>>|NLET BOUNDARIES in the command file. If variable profiles are required, they
have to be specified using the user Fortran subroutine USRBCS.

Default values of the flow variables are their ambient values. By default, the ambient
values are 0 and can be overridden in the command file using command >>AMBIENT
CONDITIONS.

In problems considered in this report, the following flow variables must be set at inlet
boundaries: normal velocity into domain, user scalar standing for electric potential where

applicable, volume fraction in free-surface flows.
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Mass flow boundaries

Mass flow boundaries are used to model inflow and outflow boundaries where the total
mass flow rate into or out of the domain is known, but the detailed velocity profileis not.
These mass flow rates and other information are specified using the >>FLUX and
>>INFLOW VARIABLES subcommands of >>MASS FLOW BOUNDARIES, which is
asubcommand of >>MODEL BOUNDARY CONDITIONS.

Mass flow boundaries are used at the entrance to the duct when the mass flow rate is
known. It can aso be used at the exit from the duct to model Neumann boundary
conditions. In this case, fractional mass flow rate equal to 1 is specified to indicate that

all outgoing fluid flows through this outlet.

If the flow is out of the domain, all variables except for pressure will satisfy Neumann
boundary conditions. If the flow is into domain (negative mass flow rate is specified),
Neumann boundary conditions are imposed on all flow variables except for user scalars
and pressure. This, unfortunately, means that even if the velocity profileis not known and
can be modelled by CFX using the specified flow rate, one still needs to specify correct
values for the electric potential. It can be set in the command file if constant. Variable

profiles must be set using the user routine USRBCS.

Pressure boundaries

They are used to model both inflow and outflow boundaries where the surface pressureis
known, but the detailed velocity distribution is not. These can be used in duct flows to set
a constant pressure drop instead of the flow rate. Fixed values of temperature and user
scalars must be specified at pressure boundaries if the flow is into the solution domain.
The pressure is specified at the pressure boundary using the command >>PRESSURE
BOUNDARIES which is a subcommand of >>MODEL BOUNDARY CONDITIONS.
Variable pressure profiles must be specified using the user subroutine USRBCS.
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Wall boundaries

Default conditions at solid walls are non-dip conditions for the velocity and zero
Dirichlet conditions for user scalars. Alternatively, non-zero values or shear stress can be
defined for the velocity. General type of boundary conditions can be set for user scalars.
Command >>WALL BOUNDARIES is used for this purpose. User subroutine USRBCS

can be used to set variable boundary conditions at solid walls.

5.2.2 Transent flow

Most of the problems considered in this report are the steady-state flows. However, in
some cases time-dependent formulation of the problem helps to improve problem
convergence. A steady-state calculation may be considered as a transient calculation with
an infinite time step. If atime accurate simulation of the flow from itsinitial guessto its
steady state solution indicates that the flow approaches the steady state solution in avery
complex manner, then it is quite likely that an attempt to reach the steady state solution in

asingle, large time step will overshoot the mark and never recover.

Therefore in some problems, particularly in free-surface flows, we kept the time-
dependent term in Eq. (7) and run the problem until the steady solution had been reached.

5.2.3 Free-surfaceflow

CFX offers several models for treating two-phase flows. The homogeneous model is the
most appropriate one when considering free-surface flows. This model is based on the
assumption that certain solution fields of each phase are identical (e.g. velocity, pressure)
whilst still solving for distinct volume fractions. Hence, individual phase continuity
equations can be solved to determine the volume fractions, while individua transport

equations can be summed over al phases to give a single transport equation.
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5.2.4 Convergencecriteria

The default convergence criterion for steady flows and transient flows with a fixed time
step is a condition on the mass flow residual. It is set in the command file using
subcommand MASS SOURCE TOLERANCE of the command PROGRAM CONTROL.
It may be modified in a user-defined Fortran routine USRCV G. This subroutine returns a
logical flag LCONVG. Setting LCONVG to .TRUE. indicates to the program that the

flow is satisfactorily converged.

The MASS SOURCE TOLERANCE is not used for transient flows using the adaptive
time stepping option. In this case user has more control over the convergence and
divergence criteria from the command language. The relevant parameters are set using
the subcommands >>CONTROL PARAMETERS and >>CONVERGENCE TESTING
ON VARIABLE of the >>TRANSIENT CONTROL command. Any variable can be
chosen to test for convergence, not just the mass source residual. Convergence is obtained
when the residual for the tested variable for the first phase satisfies the condition RES <
MAX (RESMIN, MIN(RESMAX, RES5/REDUC)), where RES is the residual of the
corresponding variable, RESMIN is the minimum required residual value, RESMAX is
the maximum allowed residual value, REDUC is the residual reduction factor and RES5

isthe value of the variable'sresidual computed on the fifth iteration.

5.2.5 2D flows

In a two-dimensional approximation the description of the flow is considerably
simplified. All quantities with the exception of f are supposed to be independent of z. If
laterally the flow is confined by perfectly conducting sidewalls located at z=+L", which
are connected through a resistor, then the resulting electric field is given. In this case,
sufficiently far from the sidewalls the electric current flows in the z-direction only, while
the flow may be considered two-dimensional in the (X, y) plane. If the sidewalls are not

connected, no electric field is present in the fluid and therefore both E and f vanish.
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Therefore, the potential equation (8) does not need to be solved. For a magnetic field

B(x)y the electric current reduces to one component:
], =E+uB. (19)
The Lorentz force only actsin x-direction, and is equal to
=-(E+uB(x))B(x), (20)
and the resulting body force is
F = (- EB(x) - uB*(x) +dg,)X +dg,y, (21)

where gy and gy, are the corresponding components of the gravity vector; E is a given

constant, which is known and may be equal to zero depending on the problem.

Thus two-dimensional problems are described by the following equations deduced from
Egs. (7)-(9):

N- 1eﬂu+uﬂ+vﬂu_-m+Ha'2Ni’U- (E+UB)B+ng, (22)

TR N VT T

N~ 1?+uﬂ+vﬂ5:-m+ Ha_ZNiyV'ngy. (23)

e ™x  fya W
Body force defined by Eq. (21) can be implemented in CFX in a straightforward way.
Since al the components of the body force are defined at the centre of the control
volume, the source term for each control volume in the momentum equation will be equal
to F multiplied by the volume of the respective cell. An example of implementing

Lorentz forcein case of an MHD jet isgiven in Appendix 2.

In order to solve free-surface flowsin CFX, similar equations but without the MHD terms

governing the surrounding medium (e. g. air) should also be provided.
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5.2.6 3D flows

The situation is different in fully three-dimensional flows. In this case the electric
potential equation (8) has to be solved which is coupled to the Navier-Stokes equation
(7). There are non-zero three-dimensional electric currents induced by the magnetic field
inside the fluid. These consist of the electric field -Nf and the electromotive force v’ B
(see expression (10)). The straightforward approach to the problem is to approximate the
body force defined in the expression (26) at the centre of each cell and multiply this value
by the volume of the cell. However, this approach fails in some cases and a more careful
numerical treatment of the body force should be introduced in order to preserve global

electric current conservation ([20]).

Electric currents

For fully three-dimensional flows, non-zero three-dimensional currents defined by
Eq. (10) are present in the fluid. For a magnetic field B = By, applied in the y-direction,

the three components of the electric current are
jx=-—-wB, j,=-—, |, =-——+uB. (24)

Values of the electric current at cell centres can be calculated easily in CFX using actual
values of the velocity stored in arrays U and W, and the utility subroutine GRADS for
calculation of the gradient of the electric potential.

Electric potential equation

The electric potential satisfies Eg. (8). The right-hand side of this equation can be written
as

Rixy’ B)=- 1w, fu (25)

x 9z
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The straightforward approach in introducing such a source term into the electric potential
equation would involve using utility subroutine GRADV for calculation of the gradients
of velocity components at the cell centre and then multiplying it by the volume of the
corresponding cell. In Appendix 3, such an approach is used in user subroutine USRSRC
for a fully developed flow in a duct with conducting Hartmann walls and insulating
paralel walls. (Note that the source term in CFX appears at the same side of the equation

asthe diffusion term, therefore -NXv” B) times cell volumeis actually used).

Lorentzforce

The Lorentz force in avertical magnetic field has only two components:
sz-sz’ Fzzij (26)

with the electric current components determined from Eg. (24). Again, the
straightforward approach illustrated in Appendix 3 isto evaluate the electric current at the

cell centres as described above and to introduce it into the momentum equations.

I ntegral approach

However, in some cases the straightforward approach introduces considerable error. It
happens especially on highly non-uniform or non-orthogonal grids. In such cases, more
appropriate integration of the source term and the body force over each control volume
should be used developed in [20]. It is briefly described below for orthogonal grids (from
[20]).

Electric potential equation

The source term in the electric potential equation (8) is Nx(v” B) . To specify the source

term for the CFX solver, it hasto be integrated over a control volume. Then

S¥ =\ xv’ B)dVv = (v’ B)*idA. (27)

\%
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Here Visthe volume of the cell. Thus the source term can be approximated as

S==§ A (v’ B)x, (28)

<|k

where f denotes the 6 faces of the control volume, A is the area of the corresponding face,

and n isthe outward normal unit vector of the face. For an orthogonal grid,
1 , , . ,
S=[A( B)L.- (v B)L)*A( B),.- (v B),)

+A (v B), - (v B),)]. (29)

In the above, A, Ay and A, are the areas of the cell faces in x, y and z directions,

respectively; (v’ B),,, (v' B),, and (v’ B),, are values of the vector at the faces in

x+ 1

corresponding co-ordinate directions, + standing for face with higher x (y, 2 and -
standing for lower one. These values are interpolated from values at the adjacent cell

centres using weight factors availablein CFX.

Lorentz force and electric current density

The Lorentz force in the momentum equation (7) involves the electric current. For the
problem to be consistent, the second termv”™ B must be calculated in the way similar to
the source term in the potential equation. To integrate this term over a control volume,
one needs its values at the cell faces. These are interpolated using the weight factors
availablein CFX.

Thenterm v~ B at thecell centreis evaluated as
, 1o , "
(v B)=Ea(v B), m/A, . (30)
f

Values of thevector v B at the cell faces are obtained in the same way asin Eq. (28).
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The second term of the electric current, - Nf , can be calculated directly using the

subroutines provided by CFX for gradient calculation. It is modified slightly to include
the case when the Neumann boundary conditions are required at the inlets/outlets. It also

givesincorrect values near the walls, which should be recal culated correspondingly.

Unlike the straightforward approach discussed in the previous section, here the electric

current conservation is enforced, which gives more accurate results.

5.2.7 Command file options

Command files are used in CFX for specifying fluid properties, physical models,
boundary conditions and solver data. It is atext file with the following structure:

>>CFX4

(Subcomands and Keywor ds)
>>MODEL TOPOLOGY
(Subcomands and Keywor ds)
>>MODEL DATA

(Subcomands and Keywor ds)
>>SOLVER DATA
(Subcomands and Keywor ds)
>>CREATE GRID
(Subcomands and Keywor ds)
>>MODEL BOUNDARY CONDI Tl ONS
(Subcomands and Keywor ds)
>>QUTPUT OPTI ONS
(Subcomands and Keywor ds)
>>STOP

Hereafter a brief review of options relevant to the problems considered in this report is

given.
Command CFX4

This command specifies the major flow options, the list of the additional Fortran routines

used and names of variables and phases. The following subcommands are available:
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>> Options
The following options are used in this study:
TWO DIMENSIONS / THREE DIMENSIONS

Specifies whether two-dimensional or three-dimensional model is used. If two

dimensions option is chosen, then the grid must have only one grid step in the z-direction.
NUMBER OF PHASES

Specifies number of phases used. For a duct flow, only one phase (liquid metal) is used.

For afree-surface flows, two phases are used - "air" and liquid metal.
USER SCALAR EQUATIONS

Additional scalars may be introduced in CFX. These satisfy a generd
diffusion/convection equation as discussed above. However, if the name of user scalar
(defined as described below) starts with USRD, it is a dummy scalar and no equation is
solved for it. Dummy scalars can be used for calculating additional variables, such as
electric currents in three-dimensional flows, exact solutionsin order to check whether the
flow isfully developed at the entrance of the duct etc.

RECTANGULAR GRID / BODY FITTED GRID

Only rectangular grid has been used in this study.

LAMINAR FLOW / TURBULENT FLOW / TURBULENT FLOW WITH WILCOX MODEL
Only laminar flows have been considered in this study.

ISOTHERMAL FLOW / HEAT TRANSFER

Heat transfer option is switched on if the temperature equation needs to be solved. Only
isothermal flows have been considered in this report.
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COMPRESSIBLE FLOW / INCOMPRESSIBLE FLOW
Only incompressible flows have been considered in this report.
BUOYANT FLOW

Buoyancy is switched on if the flow is non-isothermal of if the gravity force should be
taken into account. In this case the gravity vector and the reference density should be
defined using command BUOY ANCY PARAMETERS.

TRANSIENT FLOW / STEADY STATE

The transient flow option is switched on when a time-dependent flow is considered. It can
also be switched on for complex steady flows if convergence difficulties are experienced.
We use the transient flow option for two-phase (free surface) flows. In duct flows, the
flow is considered steady.

>> User Fortran
Herethelist of the CFX Fortran subroutines used in the problem is given.
>> Variable names

Here the names of the variables used in the problem can be changed. For example,
standard names for user scalars are USER SCALAR N, where N is the number of the
scalar. Using a special name starting with USRD turns off the solution of the transport
equation for the scalar and allows one to use it to store arbitrary information. An example
of using the command is:

U VELOCI TY " AXI AL VELOCI TY'

V VELOCI TY ' VERTI CAL VELOCI TY'

W VELOCI TY ' AZI MUTHAL VELCCI TY'

USER SCALAR1 ' USRD EXACT'

USER SCALAR2 ' USRD B
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>> Phase names

Using this command, one can introduce arbitrary names for the phases used in the
problem. For example, in the free surface flow one can use command
>>PHASE NAMES

PHASEL ' AIR

PHASE2 ' METAL'

After that, names METAL and AIR can be used in all subsequent commands.

Command Model topology

This command deals with the geometry of the problem. It allows to create and to modify
simple geometries, patches and grids.

For example, a single rectangular block with 250, 118 and 1 mesh divisions in the x, y
and z directions, respectively, can be created by a command
>>CREATE BLOCK

BLOCK NAME ' DUCT'

BLOCK DI MENSI ONS 250 118 1

Patches are created using command CREATE PATCH. For example, to create a
two-dimensional pressure boundary at the top of the block DUCT, the following
command could be used:
>>CREATE PATCH

PATCH NAME ' TOP

BLOCK NAME ' DUCT'

PATCH TYPE ' PRESSURE BOUNDARY'

HGH J

Here HIGH J keyword means that the patch will contain nodes of the block DUCT with
the highest values of J.
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When the geometry is created using the CFX-Build program, MODEL TOPOLOGY
commands can be used in order to change names and types of patches. Thisis convenient
for introducing user-defined names for patches and changing the boundary conditions (for
example, at the entrance to the duct either mass flux, velocity or pressure can be given
depending on the problem). The following command changes the pressure boundary
defined in CFX-Build to inlet boundary. It also changes the name of the patch to
ENTRANCE with is more convenient when defining the boundary conditions and using
the post-processor.
>>MODI FY PATCH

OLD PATCH NAME ' PRESS1'

NEW PATCH NAME ' ENTRANCE'

NEW PATCH TYPE ' | NLET'

Command Model data

This command is used to specify properties of the fluids, physical and numerical models
etc.

>>Ambient variables

PHASE NAME / ALL PHASES

This option alows one to set the ambient variables for all phases at once or for each
phase separately.

After that, the list of variables being set and the corresponding valuesis entered.

For example, to set the ambient medium to air, the following commands can be used:
>>AMBI ENT VARI ABLES
PHASE NAME ' Al R
VOLUVE FRACTI ON 1. 0O000E+00
>>AMBI ENT VARI ABLES
PHASE NAME ' METAL'
VOLUVE FRACTI ON 0. O000E+00
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>>Body forces

This option allows one to introduce simple body forces of type F=C- Rv into the
momentum eguation. Here C is a constant vector, and R is a diagonal matrix with
constant elements; v is the fluid velocity. More sophisticated body forces are defined
using the user subroutine USRBF.

PATCH NAME
Specifies the name of athree-dimensional patch where the body forces will act.
PHASE NAME / ALL PHASES

This option alows one to set the body forces acting on all phases or on a particular phase.
For MHD flows, the Lorentz force will be acting on the liquid metal only, since the

electrical conductivity of the air is much lower than that of the metal.
BODY FORCE

This is the component of the body force independent of v. In CFX the body force is

represented in the following way:
F=C- Rv,

where C is the velocity-independent vector, R is the resistance constant, v is the velocity.
Thus, this command allows to introduce a constant body force component B. If more
complicated body forceis used, it should be specified in subroutine USRBF.

RESISTANCE CONSTANT

Here the second component of the body force is specified, i.e. the factor in front of -v.
Again, for more complicated cases USRBF subroutine should be used instead of this

command.
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>>Differencing scheme

This option specifies which differencing scheme is chosen for the advection term.
ALL EQUATIONS / <variable name>
Specifies whether the differencing scheme appliesto all equations or to a certain variable.

NO CONVECTION / UPWIND / HYBRID / HIGHER UPWIND / QUICK / CENTRAL / CONDIF /
CCCT / MIN-MOD / VAN LEER / SUPERBEE / NO MATRIX

This keyword chooses the corresponding differencing scheme. The "no convection”
option is used, for example, for the electric potential equation where no advection takes

place, or in inertialess flows for the Navier-Stokes equations.
>>Physical properties
>>Buoyancy parameters

This command allows one to introduce gravity force. We will consider only options
relevant to isothermal flows considered in this report.

PHASE NAME / ALL PHASES
Shows whether the options apply to all phases or a particular phase only.
GRAVITY VECTOR

The three components of the gravity vector are specified here. The gravity vector is the

same for all phases.

>>Fluid parameters

This subcommand is for specification of fluid properties.
PHASE NAME / ALL PHASES

Shows whether the options apply to all phases or a particular phase only.
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VISCOSITY
Fluid viscosity is specified by this command.
DENSITY
Fluid density is specified by this command.
>>Multiphase parameters
>>Multiphase models
This command sets the multiphase models used in the simulation.
>>Homogeneous

This command sets al physical processes except heat transfer to be
homogeneous (see description of the homogeneous model in chapter 5.2.3)

SURFACE SHARPENING ALGORITHM

This keyword specifies whether the surface sharpening algorithm is employed. It
is useful in transient free-surface flows, when the interface between two fluids is

sharpened by modifying the volume fraction field after each time step.

SURFACE SHARPENING LEVEL

There are four levels of surface sharpening available. The default level islevel 2.
SURFACE TENSION MODEL

This keyword invokes the surface tension model. If it is not included, there is no

surface tension in the problem.
SURFACE TENSION COEFFICIENT

This keyword is used to set a constant surface tension coefficient for the
interface between the two phases.
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WALL CONTACT ANGLE IN DEGREES

This keyword is used to set the wall contact angle as a real number between 0.0
and 180.0. This is the angle that the interface makes to the wall, which by
convention, isrelative to the first phase. If the wall in contact with the first phase
is hydrophobic then the wall contact angle will be greater than 90° and if the
wall in contact with the first phase is hydrophilic the angle will be less than 90°.
The contact angle has a default of 90°.

>>Momentum

This command sets the model for the momentum equation to be homogeneous. It
has same keyword as the >>Homogeneous command and therefore is not
described in detail .

>>Phase description
PHASE NAME
Name of the phase for which the description is given.
GAS/LIQUID / SOLID
Thermodynamic phase of the fluid.
CONTINUOUS / DISPERSE
Continuity of the phase.
MODIFY EMPTY CELL VELOCITY

In flows where buoyancy and other forces act, cells with small volume fractions
may attain large numerical values for velocities. The keyword MODIFY
EMPTY CELL VELOCITY setsvelocitiesto zero in cells with volume fractions
below that specified by the keyword.
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MINIMUM VOLUME FRACTION

In a multi-phase calculation, in order to avoid solving zero equations in parts of
the domain where the phase is not present, the minimum value of the volume
fraction for any phase is bounded below. By default, the bounding valueis 1.0E-
10, but this can be changed using the MINIMUM VOLUME FRACTION
keyword.

>>Scalar parameters
>> Diffusivities

Specifies diffusivity coefficients in additional scalar equations. For example, in the
electric potential equation (8) the coefficient in front of the diffusive term is equal to
unity.

PHASE NAME / ALL PHASES

Specifies whether the diffusivity specified below applies to all phases or a certain

phase.
USER SCALARN / ALL USER SCALARS / USER SCALARS

Specifies user scalar diffusivities. One diffusivity can be defined for a certain scalar,
all user scalars, or for all scalarsusing alist of data.

>>Transient parameters
>> Adaptive time stepping

This option allows CFX-4 to choose the time step from within a certain range. The
time step chosen will depend on how well the simulation is converging.

NUMBER OF TIME STEPS

Here an integer number is given specifying how many time steps are to be used. This

includes time steps that fail because of lack of convergence.
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INITIAL TIME STEP

Setstheinitial time step in seconds. By default, the initia time step is taken from the

restart file, if thereisone.

MINIMUM TIME STEP

Allows user to set a minimum possible time step, in seconds.
MAXIMUM TIME STEP

Allows user to set a maximum possible time step, in seconds.
MULTIPLY TIME STEP BY

Sets the factor by which the time step is increased when the time step increment

interval has been reached, see below.

DIVIDE TIME STEP BY

Setsthe factor by which the time step is divided when atime step fails.
MINIMUM INTERVAL BETWEEN INCREMENTS

Controls how many successful time stepsin arow there must be before the time step
isincreased.

MAXIMUM NUMBER OF CONTIGUOUS INCREMENTS

Controls the maximum number of times atime step can fail in arow beforetherunis
stopped.

BACKWARD DIFFERENCE / CRANCK NICOLSON

This keyword invokes a fully implicit Backward Euler differencing (default) or

Crank-Nicolson (central) differencing in time.
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LINEAR TIME DIFFERENCING / QUADRATIC TIME DIFFERENCING

This keyword sets a first-order time-stepping method (default) or a second-order
time-stepping method. It is recommended that this is not used with CRANK
NICOL SON but as an alternativeto it.

INITIAL TIME

This keyword used to set the initia time, in seconds. This is most often used in a
restart job. The initial time is then taken from the restart file by default. Where the
run is not a restart, the default initial timeis zero. Using this keyword will overwrite
the defaullt.

MAXIMUM TIME

Sets the final model time, in seconds, of the transient solution. The user control over
the number of time steps performed, but since the time step varies, the final solution
time is not known. This keyword means that the smulation will either stop after the
NUMBER OF TIME STEPS have been performed, or if the current time stepisat a
time which is greater than or equal to the MAXIMUM TIME.

>> Extrapolation order

A further advantage of adaptive time stepping is the inclusion of an extrapolation
technique that improves the initial guess to the solution at each time step. This
reduces the number of iterations required for convergence. The order of extrapolation
is set to be first order by default, but can be changed using the
>>EXTRAPOLATION ORDER command. For example, the second-order

extrapolation would be recommended with second-order time differencing.



ANL/TD/TM02-30 Page 35

>> Fixed time stepping
TIME STEPS / TIME VALUES

Here the list of time steps or time values is given. For example, 10 * 0.1 means ten

time steps, 0.1 seconds each. Maximum of 10000 time steps can be specified.
BACKWARD DIFFERENCE / CRANCK NICOLSON

This keyword that invokes fully implicit Backward Euler differencing (default) or
Crank-Nicolson (central) differencing in time.

LINEAR TIME DIFFERENCING / QUADRATIC TIME DIFFERENCING

This keyword sets a first-order time-stepping method (default) or a second-order
time-stepping method. It is recommended that this is not used with CRANK
NICOL SON but as an alternativeto it.

INITIAL TIME

This keyword used to set the initia time, in seconds. This is most often used in a
restart job. The initial time is then taken from the restart file by default. Where the
run is not a restart, the default initial timeis zero. Using this keyword will overwrite
the defaullt.

>>Set initial guess

>> Set constant guess

PHASE NAME / ALL PHASES

Specifies whether the initial guessis set for all phases or for a certain phase only.
<variable name>

Specifies variables (u, v, w, pressure, volume fraction, enthalpy, user scalar n) and their

values used asthe initial guess.
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>>Sources

This command allows one to specify extra source terms for any of the transport equations
(u, v, w, pressure, volume fraction, enthalpy, user scalar n). Since these equations are
obtained by integrating the appropriate conservation laws over a control volume the
source terms have the form of the product of the source term and the volume of the
control volume. Only constant source terms can be specified here. For more complicated
cases user subroutine USRSRC should be used.

The source term for variable f is split into two parts as follows:

S=S+Sf. (31)
Thus, two numbers are specified for each source term.
PATCH NAME

Name of the two- or three-dimensional patches where the source term appears. In case of

atwo-dimensional patch, the source term is given per unit area of the corresponding cell.
PHASE NAME / ALL PHASES
Specifies whether the source termis set for al phases or for a certain phase only.

TOTAL / PER UNIT VOLUNE AND MASS OF PHASE / PER UNIT MASS OF PHASE / PER UNIT
VOLUME / PER UNIT MASS / PER UNIT AREA AND MASS OF PHASE / PER UNIT AREA OF
PHASE / PER UNIT AREA

This keyword specifies the way the source term is defined. Details can be found in CFX

user guide.
>>Title

Here atitle can be given to the problem that will appear in the output file.
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Command Solver data

>> Falsetimesteps

This command allows improving problem convergence by using the false time steps
method. It can be used in transient problems together with real time stepping. It can also
be combined with underrelaxation method.

PHASE NAME / ALL PHASES
Specifies whether false time steps apply to all phases or a particular phase.
ALL EQUATIONS / <variable name>

Specifies which equations should be integrated using false time steps and the
corresponding values of the fal se time steps.

>> Courant number falsetime steps

One of the difficulties of using false time stepsis that knowledge of the time scales of the
problem is needed: Courant number false time steps avoid that difficulty by calculating

the time scale from the grid size and the local velocity field.

Different false time steps can be chosen for different equations when using Courant
number false time steps. This is achieved by setting a multiple of the local Courant

number time scale for each equation.

PHASE NAME / ALL PHASES

Specifies whether the following options will apply to all phases or one particular phase.
ALL EQUATIONS / <variable name>

By this keyword(s) the multiple of the local Courant number time scale is given for all

equations or alist of variables.
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IGNORE SPEED OF SOUND

By default for fully compressible flows, the code uses the sum of velocity and the local
speed of sound when calculating the Courant number time scale. This can be changed to

just use the velocity, as for other flow types, by using this keyword.
INITIAL FALSE TIMESTEP

When the speed of sound is included, the Courant number time scale depends upon the
reciprocal of velocity. For the standard initial guess of no flow, this can lead to problems
on the first iteration. There is therefore a keyword INITIAL FALSE TIMESTEP for
setting a suitable value to be used just on thefirst iteration.

>> Equation solvers

The set of linearised difference equations for a particular variable, one equation for each
control volume in the flow, is passed to a simultaneous linear equation solver, which uses
an iterative solution method. The alternative methods, available for this purpose, are
specified within this command.

PHASE NAME / ALL PHASES

Specifies whether the following options will apply to all phases or one particular phase.
<variable name>

Specifies the variable for which the method is set.

LINE SOLVER / STONE / BLOCK STONE / ICCG / AMG / GENERAL AMG

These keywords set one of the following iteration methods: line relaxation, full field
Stone's method, block Stone's method, preconditioned conjugate gradients, algebraic
Multi-grid or general version of Algebraic Multi-grid. Usually the default method chosen
by CFX works satisfactory, and there is no need to change the solver.
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>> Pressurecorrection
SIMPLE / SIMPLEC / PISO / NON ITERATIVE PISO

By default, SIMPLE algorithm (Semi-Implicit Method for Pressure-Linked Equations) is
used for updating pressure and correcting velocity components in order to ensure mass
conservation. SIMPLEC is a modification of SIMPLE which differsin its derivation of a
simplified momentum equation. In the so-called PISO algorithm, a second pressure-
correction equation is solved in order to improve the solution of the momentum equations

while maintaining continuity. SIMPLE method has been used in this study.
>> Program control
MINIMUM NUMBER OF ITERATIONS

Specifies minimum number of iterations performed by solver before the convergence

testing is done.

MAXIMUM NUMBER OF ITERATIONS

Specifies maximum number of iterations performed by solver.
MASS SOURCE TOLERANCE

Specifies the convergence criterion in terms of mass residual. To use other convergence
criteria, subroutine USRCV G should be used.

>> Reduction factors

On each "outer" iteration step, the set of linearised difference equations for a particular
variable is solved using an iterative solution method. An exact solution is not required
because this is just one step in the non-linear "outer" iteration. The computational effort
in obtaining a reasonable solution to the set of equations is controlled using command

>> Reduction factors and >>Sweeps information.
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The residual in a particular cell is the amount by which the linear equation there is not
satisfied. Residual reduction factor is the amount by which the residua should reduce
compared toitsinitial value.

PHASE NAME / ALL PHASES
Specifies whether the reduction factors are given for all phases or a particular phase.
<variable name> <factor>

Specifies a variable and a corresponding reduction factor. By default, the reduction factor

is0.1 for pressure and 0.25 for all other variables.
>> Sweepsinformation
MAXIMUM NUMBER

Specifies maximum number of inner iterations used for solving linearised equations on
each "outer" iteration step.

MINIMUM NUMBER

Specifies minimum number of inner iterations used for solving linearised equations on

each "outer" iteration step.
>> Transient control

The MASS SOURCE TOLERANCE is not used for transient flows using the adaptive
time stepping option. In this case any variable can be chosen to test for convergence, not
just the mass source residual. Convergence is obtained when the residual for the tested
variable for the first phase satisfies the condition RES < MAX (RESMIN,
MIN(RESMAX, RESS5/REDUC)), where RES is the residual of the corresponding
variable, RESMIN is the minimum required residua value, RESMAX is the maximum
allowed residual value, REDUC is the residual reduction factor and RESS is the value of
the variable'sresidual computed on the fifth iteration.
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>> Control parameters
MINIMUM RESIDUAL VALUE

Minimum required residual value for the variable specified by subcommand
CONVERGENCE TESTING ON VARIABLE.

MAXIMUM RESIDUAL VALUE

Maximum allowed residual value for the variable specified by subcommand
CONVERGENCE TESTING ON VARIABLE.

REDUCTION FACTOR
Residual reduction factor.
DICERGENCE RATIO

The time step solution is assumed to have diverged if any variable's residual increases to
be greater than the specified DIVERGENCE RATIO multiplied by its minimum residual
value to that point. The divergence test is only performed after 5 outer iterations in order

to avoid possible zero residual s that might occur initially.
>> Convergence testing on variable
<variable name>
Specifies the variable to which the convergence testing will apply.
>> Under relaxation factors
PHASE NAME / ALL PHASES
Specifies whether the command appliesto all phases or a particular phase only.
ALL EQUATIONS

Thiskeyword isused if the same underrelaxation factor is applied to all equations.
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<variable name> <under-relaxation factor>

This keyword specifies under-relaxation factors for particular variables. It also may be
used for under-relaxation of body forces in momentum equations (names BFX, BFY,
BFZ and BPX, BPY, BPZ are used for velocity-independent and velocity-dependent
components of the body force - see Sec. 5.2.8 for definitions).

Command Create grid

In most of the problems presented in this study both geometry and computational mesh
are created using pre-processing tools available in CFX. However, some simple
geometries are created in command file using command >>Model Topology. In this case,
computational mesh should be created using command Create Grid. Only simple
rectangular grids are used in this study.

>>Simplegrid

BLOCK NAME

This keyword is used to specify block name on which the grid is being created.
X START

The starting value of x co-ordinate.

Y START

The starting value of y co-ordinate.

Z START

The starting value of z co-ordinate.

DX

Grid increment in x-direction.
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DY

Grid increment in y-direction.
DZ

Grid increment in z-direction.
X

A list of cell verticesin x direction (can be used instead of keywords X/Y/Z START with
DX/DY/DZ).

Y

A list of cell verticesiny direction (can be used instead of keywords X/Y/Z START with
DX/DY/DZ).

A list of cell verticesin z direction (can be used instead of keywords X/Y/Z START with
DX/DY/DZ).

For example, the following command will create smple mesh with x ranging from O to 3
with step 0.1, y ranging from -0.5 to 0.5 with step 0.1 and z ranging from -1 to 1 with step
0.2.

>>S| MPLE GRI D

BLOCK NAME ' BLOCK 1'

X START 0.0

Y START -0.5

Z START -1.0

DX 30 * 0.1

Dy 10 * 0.1

Dz 10 * 0.2

END
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The same mesh can also be created in the following way:
>>S| MPLE GRI D

BLOCK NAME ' BLOCK 1'

X 0.0 TO3.0BYO0.1

Y -0.5TOO0.5 BY 0.1

Z-1.0 TO1.0 BY 0.2

END

Command Model boundary conditions

This command is used to specify boundary conditions. If non-constant boundary

conditions are needed, these are specified in user subroutine USRBCS.

>> |nlet boundaries

PATCH NAME

This keyword specifies on which patch of type INLET boundary conditions are set.
PHASE NAME / ALL PHASES

Specifies whether same inlet boundary conditions apply to al phases, or only to a

particular phase.

<variable name> <value>

Sets values for flow variables (velocities, pressure, user scalars, temperature etc.).
>> Mass flow boundaries

>> Flux

PHASE NAME / ALL PHASES

Specifies whether fluxes specified apply to all phases or a particular phase.
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FLUXES

This keyword sets fluxes for all mass flow patches. If several mass flow patch groups are
created, then several values of mass flux must be specified - one for each group of

patches.
MASS FLOW SPECIFIED / FRACTIONAL MASS FLOW SPECIFIED

Specifies whether absolute value of mass flux is given, or fraction of overall mass flux

into domain.
>> |nflow variables

This command alows user to set constant values of flow variables on mass flow

boundaries.

PHASE NAME / ALL PHASES

Specifies whether command appliesto all phases or a particular phase.
PATCH NAME

Name of the mass flow patch where the flow variables are specified.
VOLUME FRACTION

Volume fraction can be specified on a mass flow boundary (for example, when a jet
enters the domain, negative mass flux and volume fraction = 1 can be set at the

corresponding patch).
<variable name> <value>

Allows user to set values of flow variables (velocities, user scalars, temperature etc.) at a
mass flow boundary. However, values for the velocity components are only used if the

flow isinto the domain.
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>> Pressure boundaries

This command allows user to set constant values of flow variables on pressure

boundaries.

PHASE NAME / ALL PHASES

Specifies whether command appliesto all phases or a particular phase.
PATCH NAME

Name of the pressure patch where the flow variables are specified.
PRESSURE

Pressure is fixed on a pressure boundary. Two pressure boundaries, for example, can be

used to model flow with given pressure drop.

VOLUME FRACTION

Volume fraction can be specified on a pressure boundary.
<variable name> <value>

Allows user to set values of some flow variables (user scalars, temperature etc.) at a mass
flow boundary. Neumann boundary conditions, i.e. zero normal gradients, are imposed on

velocity.

>> Wall boundaries

PHASE NAME / ALL PHASES

Specifies whether the command appliesto all phases or one particular phase.
PATCH NAME

Name of the patch of type WALL where the boundary conditions are being set.
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U (V, W) VELOCITY

Values of the three components of the velocity at the wall.

TAUX (TAUY, TAUZ)

Tangential stress at thewall.

TEMPERATURE / HEAT FLUX / TEMPERATURE ABC

Value of temperature or heat flux or general temperature boundary conditions at the wall.
USER SCALAR n/USER SCALAR n FLUX / USER SCALAR n ABC

Value of user scalar or itsflux or general boundary conditions at the wall.

Command Output options

This command is used to control the way output datais produced.

By default, CFX-4 will produce an unformatted, single precision dump file at the end of
the simulation. This will contain adequate information to carry out a restart from the
current run. It is possible to increase the information stored in the dump file, to make it a

formatted file and to change the precision of the dump file.
>> Dump file format
UNFORMATTED / FORMATTED

It is sometimes necessary to create a formatted dump file if the CFX-4 simulation isto be
carried out on a different machine from the post-processing. In this case it is likely that
the unformatted file will not be readable on the second machine, so a formatted file is

necessary.
NUMBER OF SIGNIFICANT FIGURES

Sets the number of significant placesin the output dataif required.
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SINGLE PRECISION / DOUBLE PRECISION
Changes the precision of output data.
>> Dump file options

At the end of the simulation CFX-4 always dumps out everything that is necessary to do a
restart. It is possible to dump out any selection of variables and other datato disk at any

other stage in the smulation.
PHASE NAME / ALL PHASES

Specifies whether data for all phases or a particular phase should be written into the dump

file.

ITERATION

Specifiesiteration number on which data should be written.

TIME STEP / EACH TIME STEP / TIME INTERVAL / TIME STEP INTERVAL

Specifies time step (time) on which data should be written. Instead, time (step) interval
can be specified.

INITIAL GUESS
Specifiesthat theinitial guess should be included into the dump file (for transient flows).
FINAL SOLUTION

Specifies that the final solution should be included into the dump file (for transient
flows).
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ALL VARIABLES / ALL REAL DATA

All real data consists of al the variables and properties as well as all the other real data
that is required for a smooth restart to the flow simulation. Alternatively, al variables

option can be used if values of flow variables are needed only.
GEOMETRY DATA /NO GEOMETRY DATA

GEOMETRY DATA consists of the grid and topological information. The geometry data
is normally written to the first data group in the file, so that option NO GEOMETRY
DATA can be used in order to save space. Otherwise it is included on each time step in

transient calculations.

5.2.8 Additional subroutines used

Additional Fortran subroutines are used when an option cannot be specified viacommand
file (for example, non-constant boundary conditions). All user subroutines used in a
problem are written into afile M*.F (for example, m01.f). Flag [USED should be set to 1
in each subroutine. Every subroutine should also be listed in the command file under
command >>USER FORTRAN. Hereafter only features relevant to this study are listed.

User has access to the following variables:
U,V,W,P,VFRAC, T, SCAL

Contain values of velocity components, pressure, volume fraction, temperature and user
scalars. All these arrays have size (NNODE, NPHASE), where NNODE is the number of
al nodes, including boundary nodes and dummy nodes, NPHASE is the number of
phases. The size of the scalar array is (NNODE, NPHASE, NSCAL), where NSCAL is
number of user scalars.

XP,YP, ZP,VOL, AREA, WFACT

Contain geometry information: co-ordinated of nodes, volumes of cells, areas of cell

faces, weight factors.
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Other data is available such as topological information etc. There are aso work arrays
WORK, IWORK and CWORK that allow user to reserve workspace for additional data
and to pass data between subroutines.

Every cell in the computational domain can be referred to either by naming the block on
which the cell resides and giving local co-ordinates (1, J, K) of the cell, or by itsinternal,
1D, address, which lies between 1 and NNODE (NNODE is the number of all interna
grid nodes - NCELL , including dummy cells around each block, plus the number of

boundary nodes placed in the centre of each patch - NBDRY).

Utility routines are available from all user subroutines. They perform such tasks as
finding addresses of patches, finding variable numbers etc. The most commonly used
utility routines are described below.

All user subroutines contain clearly specified user areas where the modifications can be

done.

The following subroutines have been used in this study: USRBCS, USRBF, USRCVG,
USRINT, USRSRC, USRTRN. A brief description of each subroutineis given below.

Utility routines
GETSCA

This subroutine is used to find the number of a user scalar within the SCAL array. The
alias name (CHARACTER*24) of the scalar is passed to the subroutine, and the number
of the corresponding scalar is returned.

GETVAR

In most cases, the name of the variable is passed to subroutines (the CHARACTER*6
name such as 'W ', 'VFRAC ' etc.). However, sometimes the number of variable is

required. Subroutine GETV AR returns the number of variable if itsnameis given.
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GRADS

GRADS may be used to compute the physical space gradients of a scalar variable. It
creates a temporary array GRAD(NCELL,3) where values of three components of the

gradient are stored for all internal cells of the computational domain.

GRADV

GRADV may be used to compute the physical space gradients of velocity. It creates three
temporary arrays UGRAD, VGRAD and WGRAD of size (NCELL,3) where values of
three components of the gradient for each velocity component are stored for al internal

cells of the computational domain.

IPALL

This subroutine alows user to get addresses of several blocks or patches. User specifies
the name of the block or patch, whether it is ablock or a patch and whether the addresses
of cell centres or vertices are required. In addition, the patch type has to be specified. The
patch type and/or the patch or block name may be specified as ‘*’ which means all the
patch types and/or al the names. An array IPT of size NPT is returned, which contains
1D addresses of patch (block) cells.

IPREC

IPREC is used to return 1D addresses for all the centres or vertices in arectangular group
such as a block or patch. In contrast with IPALL, only one and only rectangular block or
patch can be processed. The subroutine returns dimensions ILEN, JLEN and KLEN of
the block/patch, and an array of corresponding 1D addresses.

Subroutine USRBCS

This subroutine enables user to specify more complicated boundary conditions. Simple
boundary conditions can be set using the >MODEL BOUNDARY CONDITIONS

command.
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User must set the flag IUBCSF to state whether the boundary conditions are to vary with
iteration, time, or time and iteration (IUBCSF = 1, 2 or 3 respectively). Array VARBCS
of size (NVAR, NPHASE, NCELL+1:NNODE) can be changed in order to set values of
flow variables (NVAR is the total number of variables). User can also set coefficientsin

boundary conditions of general type, volume fractions, mass fluxes etc.

Two sample user FORTRAN files are given in the Appendix. Subroutine USRBCS is
used to set Hartmann profile and volume fraction at the inlet for the two-dimensional
MHD jet.

Subroutine USRBF

This subroutine allows user to add body force to the momentum equations. Simple body
forces of this type can be included using the >>BODY FORCES command. In this study

subroutine USRBF is used for including Lorentz force into momentum equations.

In order to enable the code to linearise the body force source term correctly, F is
expressed in the form in CFX:

F=C-Rv.

In the above C isavector, and Ris adiagonal matrix; v isthe fluid velocity. Arrays BX,
BY and BZ of size NCELL are filled with the three components of the vector C for each
internal cell of the computational domain. Similarly, arrays BPX, BPY and BPZ of the

same size contain factors R.

A sample user FORTRAN file for two-dimensional MHD jet is given in the Appendix 1.
Subroutine USRBF is used to include body force F = - (uB+ E)Binto the momentum

equation. In Appendix 2 the body force isthree-dimensional as given by Eq. (5).
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Subroutine USRCVG

Thisisagenera routine asit is called at the end of each iteration. The routine allows user
to set custom convergence criteria, or to modify solution parameters during the iteration

history. Simple convergence criteria can be set using the command >> SOLVER DATA.
If the problem satisfies convergence criteria, flag LCONV G should be set to .TRUE.

In the example given in the Appendix 2 subroutine USRCV G sets LCONVG = .TRUE. if
ratio of the residual to the maximum value of velocity, volume fraction and pressure is
lessthan 107,

Subroutine USRINT

This subroutine is used to overwrite the default initial conditions. Simple initial guess can
be set using command >>INITIAL GUESS in the command file. Then USRINT can be
used to overwrite or add initial conditions. Vaues of corresponding variables are changed
directly inarrays U, V, W etc.

In the sample Fortran file given in the Appendix 2 subroutine USRINT is used to set the
initial (straight) shape of the jet and velocity equal to Hartmann profile everywhere inside
the jet.

Subroutine USRSRC

This subroutine allows user to intervene and change the equations; in particular to add
source terms into convection-diffusion equations. In this study subroutine USRSRC is
used for specifying the source term in the electric potential equation in three-dimensional
problems. It can aso be used to include body forces into the momentum equations,
instead of USRBF. In contrast to USRBF, the source term in USRSRC must be integrated
over the control volume (in simple cases, the original source per volume must be
multiplied by the volume of the cell).
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In the sample of three-dimensional problem in Appendix 3, the source term S=Nxv" B)

is added to the electric potential equation.

Subroutine USRTRN

Subroutine USRTRN s called after the initial guess and at the end of each time step. The
routine can be used to monitor the calculation, or to produce special output for each time
step. It may also be used at the end of the job to calculate additional quantities from the
basic solution variables. In this study subroutine USRTRN is used for calculation of
electric currents in three-dimensional problems and for calculation of additional data such

as asymptotic or exact solutions of corresponding problems.

In the two-dimensional problem in Appendix 2 subroutine USRTRN is used to assign
values of the non-uniform magnetic field to a user scaar. In the three-dimensional
problem in Appendix 3 USRTRN is used to calculate electric currents and the exact Hunt

solution.
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6. Benchmark problems

The implementation of the CFX code for MHD flows developed here has been used to
model various flows described below. Comparison with known exact and asymptotic
solutionsis given where possible in order to validate the implementation.

6.1 Duct flows

Fully developed flow in an arbitrary duct cross section can be computed relatively easily
with CFX using mass flow- and pressure boundaries. The idea is to use a mass flow
boundary at the inlet with the flow rate given and a pressure boundary with constant
pressure at the outlet. If the pressure drop is given instead of the flow rate, two pressure

boundaries are defined at the inlet and the outlet with fixed pressure values.

The grid in the direction coincident with the channel axis need only contain the minimum

of two cellsin order for the pressure drop to be correctly predicted.

6.1.1 Shercliff solution

Fully developed flow in a square channel with electrically insulating walls is used as the
first sample problems. It is compared with the analytical solution given by Shercliff [24].

Both the flow geometry and the co-ordinate system are shown in Figure 3 while the grid
used is shown in Figure 4. The grid is non-uniform with grid points clustered at the walls

in order to resolve the Hartmann- and parallel-layers.

The results of calculations for a square duct are shown in Figure 5 - Figure 10. Excellent
agreement has been achieved for both Ha =100 and Ha = 200. Modelling the flow for

Ha = 200 requires better resolution of the layersto achieve the same accuracy.
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6.1.2 Hunt solution

For aduct with electrically insulating walls the boundary layers do not carry a significant
part of the flow. However, in many cases parallel layers do carry high-velocity jets. Thus,
it is important to verify the code for such flow geometries. In order to ensure that the
code implementation can be used in modelling such flows with high velocities in thin
boundary layers, flow in a duct with perfectly conducting Hartmann walls and perfectly
conducting/insulating parallel walls has been considered (see Figure 11). The exact
solutions for such flows, and for some cases of thin conducting walls, have been obtained
by Hunt [25].

Since we were interested only in comparison with analytical results, it was more
convenient to normalise the flow using constant pressure gradient dp/dx = -1 instead of a
fixed flow rate.

Perfectly conducting walls

When all walls of the duct are perfectly conducting, the overvelocities in the side layers
are nor very high (Figure 12). The flow is almost constant in the middle of the duct with
weak jets near the sidewalls. The electric potential is close to zero in the core region
(Figure 13), also with peaks near the sidewalls. For Ha = 100 comparison with the exact
solution (plotted using stars) shows very good agreement for both axial velocity and the
potential (Figure 12 and Figure 13).

Perfectly conducting Hartmann walls, electrically insulated parallel

walls

When the sidewalls are electrically insulating, the electric current induced in the core
must vanish near the sidewalls (i. e. normal derivative of the electric potential at the wall
vanishes, see Figure 14 and Figure 16). Thus the potential jJump of order 1 is induced
across the thin boundary layer and as a result velocity jets of order Ha? appear (see
Figure 15 and Figure 17). For Ha= 100 (Figure 14, Figure 15) agreement with the

analytical results is perfect. However, for Ha = 200 (Figure 16, Figure 17) some minor
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difference can be noticed. It can be explained by the fact that better resolution of
boundary layers is generaly required for higher Hartmann numbers. Therefore, higher
aspect ratio of cells in computational domain is used. Current formulation of the body
force and the source term in the electric potential equation assumes that these values are
constant across the cell. However, for more precise cal cul ations these values should result
from integration of corresponding equations and should use variable values on the faces
of each cell (see [20]). High non-uniformity of the grid makes this inaccuracy more

important, and as aresult lower precision can be expected for high Hartmann numbers.

6.1.3 Flow in an expansion

As anext step we consider the two-dimensional flow in a sudden duct expansion (Figure
18). This benchmark problem is an important test case because there are sharp inner
corners, which may affect the accuracy of the numerical solution. A strong, uniform,
transverse magnetic field is applied in y-direction. With velocity scale v, = Q/a (average
velocity in the duct region), where Q is the flow rate and a is the length scale, governing
Egs. (7)-(9) become

N-1§%+(v>&|)v§=-ﬂlp+ Ha ?N?v - uX, (38)
Nxv=0. (39)

In the above, v = (u(X, y), V(X, y)) is the two-dimensional velocity field. The electric field
is assumed to be zero, which corresponds to perfectly conducting, short-circuited
sidewalls.

In [26] the nature of the flow in the boundary layer formed at the junction x=0 in a
strong magnetic field and the effect of inertia has been studied with asymptotic and
numerical methods. Here we compare the results with these in [26] and perform

calculations for lower values of the interaction parameter.
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I nertialess flow

Consider first a symmetric 1:2 expansion. When no inertia is present, the fluid tends to
flow from narrow a duct into the wider one in the shortest possible way. It is seen in
Figure 19 that no separating zone is present, as expected, and the streamlines follow the
form of the expansion. Upstream, the flow is fully developed with classica Hartmann
profile. Near the junction, the flat Hartmann profile of the axial velocity component
transforms into M-shaped profile in the direction of the field (Figure 20). This is a
different effect from that causing jets in the paralel layers. Here high velocities near the
points of expansion are caused by the necessity of fast flow redistribution at the junction
and additional inflow into the top and the bottom parts of the wider duct. Perfect
agreement between the CFX results and those in [26] have been achieved. Comparison

for axial velocity component is shown in Figure 20.

Figure 21 and Figure 22 show that the flow is fully developed except for the immediate
vicinity of the junction, where a parallel layer is present [26]. The graph of pressure at the
top wall of the wider duct (Figure 23) aso shows that apart from a very thin boundary

layer at x = 0 the pressure is amost a straight line from the point of the expansion.

Inertial flow

Now let usinclude inertial effects into the problem. Asymptotic analysis [26] shows that

a¥? a layer of thickness N is formed at the junction where the

when N<<H
electromagnetic force is balanced by the inertial effects. Since it still does not ensure that
the non-dip conditions are satisfied, an additional, viscous, sublayer is formed at the wall

x = 0 where the balance of inertial and viscous forces takes place.

For low values of N flow separation occurs. For example for N =1 streamlines (Figure
24) show that inertia prevents the fluid from following the duct shape as in the inertialess
case. It needs larger distance in x-direction to fill the whole duct. As a result, stagnant
zones are formed near the corners x=0, y=+1 where the viscous forces become

important. Consequently, less fluid flows into the "shoulders’ of the expansion at x =0,
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and the M-shaped profile is less pronounced at the junction (Figure 25) as compared to

theinertiaess case.

Figure 26 shows pressure distribution along the top of the wider duct. Pressure is nearly
constant near the corner where the stagnant zone is present (Figure 26). This follows by
rising (adverse pressure gradient, which is the cause of separation), and then falling
pressure. Even though the value of N is low, from Figure 26 and Figure 27 follows that it
takes only approximately 0.7 characteristic lengths for pressure gradient to reach its fully
developed value. Thus a comparatively weak field is sufficient to suppress separation in a
two-dimensional duct expansion.

Flow in an asymmetric duct

Similar results hold for an asymmetric duct with expansion at one side of the duct (Figure
28). The graphs for an asymmetric 1:2 expansion are shown in Figure 29-Figure 31. A
stagnant zone is formed near the upper corner (Figure 29). Qualitatively, the flow
behaves in the same way as that in a symmetric expansion cut along the symmetry line
y =0. Thusaready for N = 1 the so-called Coanda effect is suppressed ([27], [28], [29]).

6.1.4 Flow in a squareduct in a non-uniform transver se magnetic
field

As a test problem for the three-dimensional flows consider a steady, three-dimensional
flow of a viscous, electrically conducting, incompressible fluid in a straight, insulating,

square duct in the z-direction (Figure 32). A strong transverse magnetic field B = B(z)y
isapplied in y-direction. We use a step-like field

B(2) =0.5(B, +1) + 0.5(B, - 1 tanhggz, (51)

where g=2 is the field gradient and By = 0.5 is the magnitude of the uniform magnetic
field downstream. The profile of the magnetic field is shown in Figure 33. The flow is
supposed to be inertialess. Such a flow has been considered in [30] using asymptotic and
numerical methods.
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The flow is governed by Egs. (7)-(9) without the gravity term (d = 0). The average duct

velocity is chosen as the velocity scale, so that the flow rateis equal to 4.
Boundary conditions are the non-dlip condition

v=0an= 0, (52)
and the electrically insulated walls condition

£=Oatn=0, (53)
In

where n isthe co-ordinate normal to awall.
Far upstream and far downstream the flow is fully developed, i. e.

£=O,E=Oasz® +¥, (59

Nz Ix
Computational model

The length of the computational domain in z-direction should be sufficiently high to
enable flow to develop. On the other hand, the cost of computation increases dramatically
with increasing number of mesh points, while high aspect ratio of the cell lengths affects
the precision and the convergence speed of the problem. Therefore, the length of the duct
sufficient for the flow to develop far from the non-uniform field region has been
estimated using severa preliminary runs with low resolution. The results show that for
Ha =200 a duct of length equal to 16 length scales is sufficiently long for the pressure
and potential to satisfy conditions (54) and to reach their fully developed values.

False time stepping has been used to reach convergent solution. False time steps equal to
0.1 for the three components of velocity and 1.0 for electric potential and pressure have
been used at the beginning of the run, and then increased as the residual decreased. In

order to improve convergence of the inner iteration, the reduction factor for the electric
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potential has been set to 0.01, and maximum number of inner iterations has been set to 50

for the electric potentia and to 100 for pressure.

Non-uniform grid has been used in all three directions. It ensures sufficient resolution of
the boundary layersin x and y directions, and reduces number of the mesh points in the
z-direction by clustering mesh points near the region of changes of thefield at z= 0.

The development of the axia velocity profile is shown in Figure 34 and Figure 35. The
flow profile is close to being fully developed aready at |z| =2 (Shercliff's flow, see

[24]). In the region |7 <3 three-dimensional currents circulate, which push the fluid to
the sidewalls |x| =1, and the M-shaped profile is formed (Figure 34 (c)-(g), Figure 35).

The streamlines in the centreplane of the duct y=0 are shown in Figure 36. The
boundary for the three-dimensional currents may be detected from the graph for pressure
(Figure 37). These currents cause transverse pressure difference in a duct cross-section.

CFX isavery convenient tool for visualising the paths of the three-dimensional currents.

In various three-dimensional flows the currents are usually shown either schematically or
as a projection onto the plane transverse to the magnetic field (see e. g. [5], [31], [32]).
the actual paths of three-dimensional currents in the present flow for y > 0 are shown in
Figure 38. It is seen that the current paths are very complex and involve the core, and the

Hartmann- and parallel layers.

Paths shown in blue lines at z= -3 (loops 1) are in the fully developed flow region. The
current flows in the cross-section z= const, being induced in the core, flowing in the
paradle layers, and returning in the Hartmann layers. Closer to z= 0 the current path
inclines in the direction of the flow (curves 2, 4). At z=0, y =0 there is a current loop
that closes in the core only (curve 5). For y > 0 such aloop is also present, but of smaller
size (curve 6). There are transitiona lines, which flow around the recirculating core
current zone, but involve either Hartmann or parallel layers (curves 3 and 7).
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Now consider the flow for a higher Hartmann number. The results for Ha= 200 are
shown in Figure 39 - Figure 43. Qualitatively they are similar to those for Ha= 50 but the
three-dimensional effects are stronger.

Overall the results are in agreement with thosein [30] and [31].

6.2 Free-surface flows

In free surface flows, interaction between two phases (liquid and "air") is studied. The
homogeneous model available in CFX is used in this study for modelling free surface
flows, and therefore equations for both media are solved. Thus, parameters of both metal
and "air" should be provided. When comparing results with the asymptotic theory, finite
physical properties of the surrounding air should be taken into account (see Table 2).

Table2 Physical propertiesof lithium and air ([33], [3], [34])

Density, kg/m® Kinematic Dynamic viscosity,
viscosity, m?/s kg/(m)
Lithium 500 9.0 10”7 45 10"
Air 1.209 1.49' 10° 1.8 10°
6.2.1 Spreading MHD drop

As the first benchmark problem for the unsteady free-surface flow, we consider an
inertialess, two-dimensional, gravity-dominated flow in a spreading drop of liquid metal
subject to a strong vertical magnetic field (Figure 44). The reason is that for this unsteady
flow an asymptotic, high-Ha solution is available ([35]).

In dimensional form, the flow is governed a by two-dimensional version of Egs. (1) and
(3) with body force

F' =-sBU'X+ry. (32
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The boundary conditions are the non-dlip condition at the solid wall
vV =0ay =0, (33)

and the symmetry condition
——=0,u=0ax =0. (34)

Since the air flow around the drop should aso be take into account, the following
boundary conditions hold for air far from the drop:

ﬂL—Ov—Oasx® ﬂ—0u-0asy®¥ (35

x iy
This means that if there is any air flow out/into the computational domain, it is fully
devel oped.

The initial conditions for the metal are zero velocities and the following shape of the
drop:

h (') = agl- X—ﬂ (36)
€ au

where the characteristic length a is equal to 0.001 m in presented calculations. Physical

datafor lithium and air have been used (see Table 2).

The asymptotic analysis presented in [35] shows that the shape of the drop at the time t’
is described by the following formula:

a é X2 u
é’|__

h(x',t) = - - -
x.t) (L+6t /t,)"° & a’(l+ét /to)mH

(37)

The scaling of time is asB;/rg. In the following calculations Bo=0.58 T and

a = 0.0001 m have been chosen so that Ha = 50.
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The shape of the drop after 0.185 sis presented in Figure 45. The liquid metal isshownin
green, while air in blue. The intermediate colors show the smeared interface. The
asymptotic solution is shown with the black line. The agreement is very good, taking into
account fact that the asymptotic solution has been developed for high Hartmann numbers

and for adynamically passive surrounding medium with infinitely low density.

The velocity field is stratified for both u and v in the core region (Figure 46 and Figure
47). As the velocity components calculated with CFX refer to both air and liquid, there
are non-zero velocities outside the asymptotic drop profile. As velocities are low, the air,
however, is a mostly passive medium. Indeed, the pressure distribution repeats the shape

of the drop (Figure 48), aso in full agreement with the asymptotic solution [35].

6.3 MHD jet

Consider a two-dimensional, steady flow of a liquid meta jet pouring from a nozzle in
the presence of a transverse magnetic field (Figure 49). Due to the symmetry, only one
half of the jet is considered. For sufficiently high jet velocity gravity can be neglected [9].

Thus, only effects of the inertia and the surface tension are considered.

With velocity scale v, =Q/a (average velocity in the duct region), where Q is the flow
rate and a is the length scale, and the magnetic field B = B(X)y, Egs. (7)-(9) governing

the flow of the liquid metal become

N'lgﬂ—v+(v>4§|)v

&1t

l:l__

H

Np + Ha 2N?v - (B(X)*u+ B(X)E)X, (40)

Nxv =0, (41)

where v = (u(X, y), V(X, ¥)). One also needs to consider equations governing the flow in

the surrounding air. With the same scaling, the equations governing the air flow are

S

g v v, -Np+ v, (42)

H 1
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Nxv=0. (43

In the above, the modified interaction parameter and the modified Hartmann number are
defined asfollows:

asB’
Ha, = aB, /rr: =Ham, N, =520 = NF, (44)
171

Vo

wherer 1, n; are the density and the kinematic viscosity of the air, respectively, and
r=r/r,m=m/m (45)

are the ratios of the density and the dynamic viscosity of the metal and the air. Real
physical datafor air and lithium have been used, therefore

=25, m=413.56. (46)

Since the homogeneous model is used in CFX for modelling the two-phase flow of metal

and air, the velocity and pressure fields are shared by both phases (metal and air).
Boundary conditions are the non-dlip condition
v =0at solid walls. 47

Far upstream and downstream the flow is fully developed so that

%:const,v=0asx® +¥. (48)

At the entrance to the duct, the flow rate
Q= (‘}de =1 (49
0

isgiven.
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6.3.1

First consider uniform magnetic field ( =1) for E= Ha the
x[9] ( 50). The only ef

of the free surface is minor flow redistribution near the exit of the duct. In the absence of

solid walls, no viscous effects are present. Thus the velocity profile varies from the

file in the jet region far from the

exit from the duct (see 51). The pressure distribution is linear in the duct and

Figure 52 Figure 53 for the parallel layer at the

nozzle.

6.3.2

When inertiais added ( = 1), the flow in the duct and the jet in the fully developed
regions does not change. However, the character of the flow redistribution near the exit of

uct changes. Due to inertia, pressure gradient is "carried” out of the duct region into

the jet region ( 55). Therefore, the pressure reaches its constant value further
Figure 56 red to the inertialess case (Figure ). Similarly, the
velocity development length into the jet region is larger ( 57). The jet thickness,

6.3.3 Inertialessflow in anon uniform field

-uniform magnetic field. The magnetic

1, if XEQ,

B() = |
' - Dtanhzx if x> 0.

11+ (B (%0)

inf
Here B, is the induction of the uniform magnetic field asx ® ¥, and z isthe gradient of
the magnetic field equal to 2. Since the magnetic field in the jet region is lower than in

the duct region, the Lorentz force becomes weaker. As aresult, fluid accelerates and mass
conservation requires jet to shrink. The asymptotic analysis [9] shows that the thickness
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of the jet changes with distance as h(x) = B(x). It agrees very well with the numerical
solution presented in Figure 59. The velocity in the core region increases as 1/B(x), also
as predicted by the asymptotic theory of [9]. It is compared with the asymptotic solution
in Figure 60 and a perfect agreement is seen. The discrepancy in the duct region is due to
the insufficiently high value of the Hartmann number (Ha = 200). As Hartmann number

tends to infinity, the asymptotic value u=1 is expected. The streamlines near the exit
region are shown in Figure 61.
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7. Discussion and conclusions

both duct and free- -dimensional flows, convergence is relatively fast, usually
-2 hours. Modelling the three dimensional flows takes far more time.
Cdlculations for a three dimensional flow in a rectangular duct for Ha

96 hours to converge. This compares to about one minute of CPU time for the high Ha

Computational time for the DNS model highly increases with the growth of the Hartmann

Ha > 200 become very expensive. This is a genera feature of the DNS,

ot specific to the CFX. The question is for what flow conditions it is realistic to use

DNS. Based on years of experience of using the high Hartmann number flow model and

a short, one year experience with CFX we reached certain conclusions, which are
discu

challengesin MHD modelling for various flow regimes. Then we discuss applicability of

DNS and high Hamodel to flowsin various liquid metal systems for tokamaks.

Main problems

Generally, while modelling flows in divertors and blankets of tokamaks one faces the

1. Complex geometry of supplying/draining ducts
Nonuniform magnetic fields
3.
4. If walsarefully or partialy conducting, global currents may circulate

5.

walls and inside the flow domain.

Deformable free surface.
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Some of these issues are illustrated best in the following examples (in both cases high-
Ha model has been used):

Example 1: Flow in electrically coupled radial-toroidal-radial bends [36], [37].

A system of bends with common thin conducting walls is shown in Figure 62. The
electric currents induced in one bend penetrate the other, change the whole flow pattern
and affect the pressure drop. Although the bends are hydraulically decoupled, the whole
system must be treated simultaneously.

The position of various boundary layers is shown with the shaded areas. Some layers are
being formed across the flow. If Direct Numerica Simulation (DNYS) is were used to
model this kind of flow, al these layers need to be resolved properly. Failure to do that
would lead to wrong results both qualitative and quantitative.

Similar problem arisesif insulating dividing walls end within the flow region.

Example 2: Flow in an insulating circular duct in a nonuniformfield [5], [ 6]

The second example is that of the flow in an electrically insulating circular duct in a
nonuniform magnetic field varying in the flow direction. The isolines of the core pressure
in the plane transverse to the field are shown in Figure 63. There are two prominent
features concerning this flow. One is the formation of the flow-induced internal layer
inside the core in the region —3 < x < 3. The other one is very high development length
(the length of the flow affected by 3-D currents). In the example above it is about 20 duct
diameters. For ARIES inlet pipes the development length is about 125 duct diameters.

For thistype of flow the following observations can be made:

1. Not only the boundary layers but also the internal, curvilinear layer need to be
resolved numerically. In the calculations in [5], [6] at least 128 points were
needed in the flow direction (using a highly nonuniform grid) and 32 pointsin

the transverse direction to get satisfactory results.
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2. The computational domain needs to be very long to account for high

development length

3. Since the development length is high, the three-dimensional effects from
different divertor/blanket elements (bend, manifold, jet, rivulet, draining duct)
will overlap and thus the whole divertor will need to be modelled as a single

piece.

The question then is what is redlistic to expect from DNS with current computational

facilities (supercomputers included).
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Table3

Comparison of DNS and high-Ha model

DNS

HIGH-HA MODEL

Advantages
. Takes into account all terms in the
equations, including inertia

. Allows treatment of complex
geometries and al three components
of thefield

. Commercial codes are available
(CFX, FLUENT, FLOW-3D, etc.)
which arerelatively easy to use

Disadvantages

. Very limited development history
(@most no  comparison  with
experiments)

. Has never been proved to have
worked for high fields (max. Ha for
3-D flows is between 100 and 500)

. Very dow

. Allows

. Has been proved to work well for

high fields: excellent agreement with
the experiments within its range of

applicability

. Most knowledge on liquid-metal

MHD for fusion has been obtained
using this model
treatment of complex
geometries, including a three
component field.

. Fast

Currently does not take into
account inertial effects (although
some attempts are being made
[42], [43])

Does not work for very low
Hartmann numbers

More difficult and time
consuming to modify than the
commercia codes

7.2 Comparison of the DNS and high-Ha flow model

The advantages and disadvantages of DNS and high-Ha model arelisted in Table 3.

If one combines Table 3 with the expected flow regimes for various machines (Table 1),
one can conclude that if high-Ha model is applicable (large tokamaks and C-MOD), it is
a preferred option. It is sufficiently fast to expect that a complex geometry may be
modelled as one piece (maybe a major part of a divertor or a blanket). The model has

been under development for over 40 years; it has been tried, understood, and compared
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with the experiments for duct flows. It also gives a great insight into the effects occurring
within the flow.

Concerning DNS, one can expect it to work for relatively low fields reaching the values
of Ha of about 500-1000. Therefore, it is applicable for C-MOD. Calculations, however,
will be costly. Indeed, perhaps the most comprehensive study of an MHD duct flow with
DNS has been performed in [15]. The code has been specifically developed for the
geometry studied, and thus was faster than the commercial codes. Nevertheless, to

perform cal culations presented in the paper required weeks of CPU time.

Applying DNS to model flows in NSTX is very problematic. The reason is that the flow
for N < 1 islikely to be highly turbulent. This is especialy so for insulating walls, for
which the parameter of transition to turbulence is not N but Re/Ha [38]. Thus successful
flow modelling largely depends on the adequate turbulence models. Despite some initial
attempts to develop such models for MHD flow for simple geometries [20], [39]-[41],
[44] understanding of turbulent MHD is years away from now. Moreover, different
turbulent models may be required for different divertor elements (fully developed duct

flow, bends/expansions of ducts, free-surface flows, etc.)

Taking into account what has been said in the above there is no reason to believe that
within the next couple of years MHD flows for NSTX can be adequately modelled. As
the flow regime in NSTX (turbulent MHD) stands alone among the other machines, from
the point of view of understanding of free-surface MHD flows, more knowledge for
large-scale tokamaks could be gained by testing the divertor in C-MOD.

Despite the drawbacks, CFX (as, perhaps other codes) is a very convenient tool to study
MHD flows. It is very flexible and allows great degree of user control. Therefore, its
development ought to be continued, but at this stage it is best not to try to overextend the
range of parameters by attempting to reach highest possible values of Ha or lowest

possible values of N, asit isvery easy to obtain wrong results.

Let us provide an example. To obtain a steady flow CFX provides various possibilities.

Oneisto use underrelaxation; another false time steps. For some flows for high values of
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Ha calculations using underrelaxation converged to a solution, which looked very
reasonable but failed the test with the exact solution (the solution in the core was not a
constant; jets were of different thickness). The difference was small but increased with
increasing Ha. No such problem has been observed while using false time steps. Thus
flow modelling with CFX, as any other DNS code, requires a great degree of experience
not only using the code itself, but with computational fluid dynamics, and above all high-
field magnetohydrodynamics.

Comparison with the experiments and available analytical resultsis crucial at each step of
the code development. DNS modelling may be considered as just one in a series of steps
on the road towards understanding a particular flow. High-Ha models, exact solutions,
and the physical insight must all be involved. Thus at this stage it seems to be best to use
DNS to study fundamental flow problems and thus gain knowledge in the range of
moderate values of Ha and N, and attempt modelling flows for C-MOD.
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Figurel

Figure?2

Figure3

Figure4

Figure5

Figure 6

Figure7

Figure8

Figure9

Figure10

MHD problemsin for the upper partsof thedivertor.

MHD problemsin for the lower part of the divertor.

Sher cliff solution. Geometry and co-or dinate system.

Shercliff solution. Grid used: (a) for Ha = 100; (b) for Ha = 200.

Shercliff solution. Electric potential in the plane y=0 for a square
duct and for Ha = 100 (numerical solution - solid lines; exact solution -

Cr 0SSes).

Shercliff solution. Axial velocity in the plane x =0 for a square duct
and for Ha=100 (numerical solution - solid lines; exact solution -

Cr 0SSes).

Shercliff solution. Axial velocity in the plane y =0 for a square duct
and for Ha=100 (numerical solution - solid lines; exact solution -

Cr 0SSes).

Shercliff solution. Electric potential at x =0 for a square duct and for

Ha = 200 (numerical solution - solid lines; exact solution - crosses).

Shercliff solution. Axial velocity in the plane y =0 for a square duct
and for Ha=200 (numerical solution - solid lines; exact solution -

Cr 0SSes).

Shercliff solution. Axial velocity in the plane x =0 for a square duct
and for Ha=200 (numerical solution - solid lines; exact solution -

Cr 0SSes).
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Figurell

Figure12

Figure 13

Figure 14

Figure 15

Figure 16

Figure17

Figure18

Hunt solution. Geometry and co-ordinate system.

Hunt solution for a square duct with perfectly conducting walls. Axial
velocity in the plane y=0 for Ha=100 (numerical solution - solid

lines; exact solution - stars).

Hunt solution for a square duct with perfectly conducting walls.
Electric potential in the planey =0 for Ha =100 (numerical solution -
solid lines; exact solution - stars).

Hunt solution for a square duct with perfectly conducting Hartmann
walls and electrically insulating parallel walls. Electric potential in the
plane y=0 for Ha=100 (numerical solution - solid lines;, exact

solution - stars).

Hunt solution for a square duct with perfectly conducting Hartmann
walls and electrically insulating parallel walls. Axial velocity in the
plane y=0 for Ha=100 (numerical solution - solid lines;, exact

solution - stars).

Hunt solution for a square duct with perfectly conducting Hartmann
walls and electrically insulating parallel walls. Electric potential in the
plane y=0 for Ha=200 (numerical solution - solid lines;, exact

solution - stars).

Hunt solution for a square duct with perfectly conducting Hartmann
walls and electrically insulating parallel walls. Axial velocity in the
plane y=0 for Ha=200 (numerical solution - solid lines;, exact
solution - stars).

Flow in a duct with a 1:2 symmetric expansion in a transverse

magnetic field.
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Figure19

Figure 20

Figure2l

Figure 22

Figure 23

Figure 24

Figure 25

Figure 26

Figure 27

Figure 28

Inertialessflow in a duct with an expansion. Streamlinesfor Ha = 200.

Inertialess flow in a duct with an expansion. Velocity profiles in the
duct (x =-3) and at the junction (x = 0) for Ha = 200. Solid lines - CFX
numerical solution, stars - numerical solution obtained by a different
method ([26]).

Inertialess flow in a duct with an expansion. Core velocity (y =0) for
Ha = 200.

Inertialess flow in a duct with an expansion. Pressure distribution for
Ha = 200.

Inertialess flow in a duct with an expansion. Pressure at the top of the
wider duct (y = 1) for Ha = 200.

Inertial flow in a duct with an expansion. Streamlines for Ha = 200,
N=1.

Inertial flow in a duct with an expansion. Velocity profilesin the duct
(x =-3) and at thejunction (x = 0) for Ha=200, N = 1.

Inertial flow in a duct with an expansion. Pressure at the top of the
wider duct (y=1) for Ha=200, N = 1.

Inertial flow in a duct with an expansion. Pressure distribution for
Ha=200,N=1.

Flow in an asymmetric duct with an expansion in a transverse

magnetic field.
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Figure 29

Figure 30

Figure3l

Figure 32

Figure33

Figure 34

Figure35

Figure 36

Figure 37

Figure 38

Inertial flow in an asymmetric duct with an expansion. Streamlines
for Ha=200,N = 1.

Inertial flow in an asymmetric duct with an expansion. Pressure
distribution for Ha= 200, N = 1.

Inertial flow in an asymmetric duct with an expansion. Pressure at the
top of thewider duct (y=1) for Ha=200, N = 1.

Flow in a squareduct in a non-uniform transver se magnetic field.

Flow in a square duct in a non-uniform transverse magnetic field.
Magnetic field versusaxial co-ordinate.

Axial velocity profiles for inertialess flow in a square duct in a non-
uniform transver se magnetic field. Ha=50. Line y=0 and (a) z= -6;
(b)z=-2; (c)z=-1; (d) z=-0.5; (e) z=0; (f) z=0.5; (g) z=1,; (h) z=2;
(i)z=6.

Axial velocity profilesin the inertialess flow in a square duct in a non-
uniform transver se magnetic field for Ha = 50.

Streamlines in the inertialess flow in a square duct in a non-uniform

transver se magnetic field in the planey = 0 for Ha = 50.

Pressure in the inertialess flow in a square duct in a non-uniform
transverse magnetic field on the central line of the duct x=y=0

(broken line) and near thewall x =y =1 (solid line). Ha = 50.

Electric current linesin the inertialess flow in a square duct in a non-
uniform transver se magnetic field for Ha = 50.
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Figure 39

Figure 40

Figure4l

Figure42

Figure43

Figure 44

Figure45

Figure 46

Figure 47

Figure 48

Axial velocity profilesin theinertialess flow in a square duct in a non-

uniform transver se magnetic field in the planey = 0 for Ha = 200.

Streamlines in the inertialess flow in a square duct in a non-uniform

transver se magnetic field in the planey = 0 for Ha = 200.

Pressure in the inertialess flow in a square duct in a non-uniform
transverse magnetic field on the central line of the duct x=y=0
(broken line) and near thewall x =y =1 (solid line). Ha = 200.

Electric current linesin the inertialess flow in a square duct in a non-

uniform transver se magnetic field in the planey = 0 for Ha = 200.

Pressure variation in the inertialess flow in a square duct in a non-

uniform transver se magnetic field in the planey = 0 for Ha = 200.

Liquid metal drop in astrong, vertical magnetic field.

Liquid metal drop in a strong, vertical magnetic field after 0.185 s.
Solid line - asymptotic solution.

Liquid metal drop in a strong, vertical magnetic field. Horizontal
velocity for both phases ("air" and liquid metal). Solid line - drop

surface (asymptotic solution).

Liquid metal drop in a strong, vertical magnetic field. Vertical velocity
for both phases ("air" and liquid metal). Solid line - drop surface
(asymptotic solution).

Liquid metal drop in a strong, vertical magnetic field. Pressure for
both phases ("air" and liquid metal). Solid line - drop surface
(asymptotic solution).
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Figure 49

Figure 50

Figure51

Figure52

Figure53

Figure54

Figure55

Figure 56

Figure57

Figure 58

Liquid metal jet in astrong, transver se magnetic field.

Liquid metal jet in a strong, transver se magnetic field. Variation of jet
thicknessin a uniform field for E = -1, Ha = 200.

Liquid metal jet in a strong, transver se magnetic field. Velocity profile
in a uniform field for E = -1, Ha = 200. Vel ocity in the duct (solid line)
and inthejet region (stars).

Liquid metal jet in a strong, transverse magnetic field. Variation of

pressurein auniform field for E =-1, Ha = 200.

Liquid metal jet in a strong, transverse magnetic field. Variation of
pressurein auniform field at y =0 for E = -1, Ha = 200.

Liquid metal jet in a strong, transverse magnetic field. Velocity in the
corein auniformfield at y=0for E =-1, Ha = 200.

Liquid metal jet in a strong, transverse magnetic field. Variation of

pressurein auniform field for E =-1, Ha=200, N = 1.

Liquid metal jet in a strong, transverse magnetic field. Variation of

pressurein auniformfieldaty=0for E=-1, Ha=200, N = 1.

Liquid metal jet in a strong, transver se magnetic field. Velocity in the
corein auniform fieldaty=0for E=-1, Ha=200, N = 1.

Liquid metal jet in a strong, transver se magnetic field. Variation of jet
thicknessfor E = -1, Ha = 200, By = 0.5, z = 2. Colour map represents
the numerical solution, the solid black line shows the asymptotic

solution.
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Figure 59

Figure 60

Figure61

Figure 62

Figure 63

Liquid metal jet in a strong, transverse magnetic field. Variation of
pressurefor E=-1, Ha=200,By =0.5,z=2.

Liquid metal jet in a strong, transverse magnetic field. Core velocity
in the jet (y=0) for E = -1, Ha = 200, By = 0.5, z=2. Solid line
corresponds to the numerical solution, stars to the asymptotic

solution.

Liquid metal jet in a strong, transver se magnetic field. Streamlinesin
thejet for E=-1, Ha=200,By =05,z = 2.

Flow in electrically coupled U-bends(from [36]).

Flow in a circular insulating duct in a nonuniform magnetic field.
Projection of lines of constant pressure onto the plane transverse to
thefield. The field isout of the plane of the figure; it varies between x
=-1and x = 1. Variable x isin the flow direction. Variable z isin the
direction transverse to the magnetic field (duct axis is at z = 0).
Hartmann and Roberts layers are not shown. Here Ha=7000. (from

[3D).
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11. Appendix 1: asample of command file

>>CFX4
>>SET LIMTS
LARGE

TOTAL | NTEGER WORK SPACE 5000000

TOTAL CHARACTER WORK SPACE 2000

TOTAL REAL WORK SPACE 70000000

MAXI MUM NUMBER COF BLOCKS 10

MAXI MUM NUMBER OF PATCHES 100

MAXI MUM NUMBER OF | NTER BLOCK BOUNDARI ES 20

>>0OPTI ONS
TWO DI MENSI ONS

RECTANGULAR GRI D
CARTESI AN COCRDI NATES

LAM NAR FLOW

| SOTHERVAL FLOW

| NCOVPRESSI BLE FLOW

TRANSI ENT FLOW

USER SCALAR EQUATI ONS 3
NUMBER COF PHASES 2

>>USER FORTRAN
USRBCS
USRBF
USRCVG
USRI NT
USRTRN
>>VARI ABLE NAMES

U VELOCI TY ' U VELOCI TY'
V VELOCI TY 'V VELOC TY'
WVELCCI TY ' WVELOC TY'
PRESSURE ' PRESSURE'

VOLUME FRACTI ON ' VOLUME FRACTI ON

DENSI TY ' DENSI TY'
VI SCOSI TY ' VI SCOsI TY!
USER SCALAR1 ' USRD B

USER SCALARZ ' USRD EXACT U
USER SCALAR3 ' USRD EXACT H

>>PHASE NAMES
PHASEl1 ' AIR
PHASE2 ' METAL'
>>MODEL TOPOLOGY
>>MODI FY PATCH
OLD PATCH NAME
NEW PATCH NAME
NEW PATCH TYPE
>>MODI FY PATCH
OLD PATCH NAME
NEW PATCH NAME

NEW PATCH TYPE ' MASS FLOW BOUNDARY'

>>MCDI FY PATCH

OLD PATCH NAME ' USER3D DUCT'

I NLET
ENTRANCE'
I NLET

QUTLET
EXIT

NEW PATCH NAME ' ALLDUCT
NEW PATCH TYPE ' USER3D

>>MODEL DATA
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>>AMBI ENT VARI ABLES
PHASE NAME ' AIR
VOLUVE FRACTI ON 1. 0000E+00
>>AMBI ENT VARI ABLES
PHASE NAME ' METAL'
VOLUVE FRACTI ON 0. 0000E+00
>>DI FFERENCI NG SCHEME
ALL EQUATI ONS ' NO CONVECTI ON
>>T| TLE
PROBLEM TI TLE ' VHD JET'
>>PHYS| CAL PROPERTI ES
>>FLU D PARAVETERS
PHASE NAME ' Al R
VI SCOsI TY 1. 000E- 06
DENSI TY 1. 0000E+00
>>FLU D PARAVETERS
PHASE NAME ' METAL'
VI SCCSI TY 2. 5000E- 05
DENSI TY 1. 0000E+00
>>MULTI PHASE PARANMETERS
>>PHASE DESCRI PTI ON
PHASE NAME ' Al R
GAS
CONTI NUQUS
>>PHASE DESCRI PTI ON
PHASE NAME ' METAL'
LIQU D
CONTI NUQUS
>>MULTI PHASE MODELS
>>MOVENTUM
HOMOGENEQUS
SURFACE SHARPENI NG ALGORI THM
>>TRANSI ENT PARAVETERS
>>F| XED Tl ME STEPPI NG
TI ME STEPS 100* 1. 00000E+00
>>SOLVER DATA
>>PROGRAM CONTROL
MAXI MUM NUMBER OF | TERATI ONS 1000
M NI MUM NUMBER OF | TERATI ONS 100
>>UNDER RELAXATI ON FACTORS
U VELOCI TY 8. 000E-01
V VELCCI TY 8. 000E-01
PRESSURE 1. 0000E+00
VOLUVE FRACTI ON 1. 0000E+00
VI SCCSI TY 1. 0000E+00
>>MODEL BOUNDARY CONDI TI ONS
>>| NLET BOUNDARI ES
PHASE NAME ' Al R
PATCH NAME ' ENTRANCE'
VOLUVE FRACTI ON 0. 0000E+00
>>| NLET BOUNDARI ES
PHASE NAME ' METAL'
PATCH NAME ' ENTRANCE'
VOLUVE FRACTI ON 1. 0000E+00
>>PRESSURE BOUNDARI ES
PHASE NAME ' METAL'
PATCH NAME ' PRESS FORCED
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VOLUME FRACTI ON 0. 0000E+Q00
>>PRESSURE BOUNDARI ES
PHASE NAME ' Al R
PATCH NAME ' PRESS FCRCED
VOLUME FRACTI ON 1. 0000E+00
>>QUTPUT OPTI ONS
>>DUMP FI LE OPTI ONS
ALL PHASES
EACH TI ME STEP
I NI TI AL GUESS
FI NAL SCLUTI ON
ALL REAL DATA
NO GEOVETRY DATA
>>STOP

12. Appendix 2. a sample of source code, two-dimensional

flow, MHD jet
SUBROUTI NE USRI NT( U, V, W P, VFRAC, DEN, VI S, TE, ED, RS, T, H, RF, SCAL, CO\V,
+ XC, YC, ZC, XP, YP, ZP, VOL, AREA, VPOR, ARPOR, WFACT,
+ DI SWAL, | PT, | BLK, | PVERT, | PNCDN, | PFACN, | PNODF,
+ | PNODB, | PFACB, WORK, | WORK, CWORK)

CHAHH B HH TR H B H B H R H R R R R R R R R R R
CHAHH B HH TR H B H B R H R R R R R R R R R R R R
C Program for setting initial data at the first tine step
CHAHH B HH TR H B H R HH R H R R R R R R R R R R R R
CHAHH B HHH PR H BRI H R R R R R R R R R
Cc

Ck***********************'k*************'k*******************************

Cc
C UTILITY SUBROUTI NE FOR USER- SUPPLI ED | NI TI AL FI ELD.
Cc
Ck******'k'k**********************'k**************************************
Cc
C TH'S SUBRQUTINE IS CALLED BY THE FOLLOW NG SUBRQOUTI NE
Cc CUSR INT
Cc
Ck*******'k*************************************************************
CREATED
13/ 06/ 90 ADB
MODI FI ED
07/08/91 IRH  NEW STRUCTURE
10/09/91 IRH  CORRECTI ON TO | USED
26/09/91 IRH ALTER ARGUMENT LI ST

01/10/91 DSC REDUCE COMVENT LI NE GO NG OVER COLUWN 72.

03/10/91 IRH CORRECT COMVENTS

28/01/92 PHA  UPDATE CALLED BY COMMENT, ADD RF ARGUMENT,
CHANGE LAST DIMENSION OF RS TO 6 AND | VERS TO 2

03/06/92 PHA  ADD PRECI SI ON FLAG AND CHANCE | VERS TO 3

08/ 02/ 93 NSW REMOVE REDUNDANT COMMENTS

23/11/93 CSH EXPLICITLY DI MENSI ON | PVERT ETC.

03/ 02/ 94 PHA  CHANGE FLOMBD TO CFDS- FLOMWBD, REMOVE COMVA
FROM BEG NNI NG OF DI MENSI ON STATEMENT

03/03/94 FHW CORRECTI ON OF SPELLI NG M STAKE

09/ 08/ 94 NSW CORRECT SPELLI NG
MOVE ' | F(1 USED. EQ 0) RETURN QUT OF USER AREA

19/12/94 NSW CHANGE FOR CFX- F3D

30/01/95 NSW | NCLUDE NEW EXAMPLE

02/ 07/ 97 NSW UPDATE FOR CFX-4

O00000000000000O0000O00
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I WORK

cloNolololokooNoNoNoNoNoNoNoNoNooNoNoNoN ol oo ool oNoNoNoNoNoRoN oo Ao NN oNo oo RO NN OO RO RO RO N RO RO RO RO NN O RO N Q]

ER R R R R S R R R kO S S S R R S R R R R S S R R R R R R Rk Sk S kR R R S S

SUBROUTI NE  ARGUMVENTS

U COVPONENT OF VELCCI TY

V COVPONENT OF VELOCI TY

W COVPONENT OF VELOCI TY
PRESSURE

VOLUME FRACTI ON

DENSI TY OF FLU D

VI SCOSI TY OF FLU D

TURBULENT KI NETI C ENERGY

EPSI LON

REYNOLD STRESSES

TEMPERATURE

ENTHALPY

REYNOLD FLUXES

SCALARS (THE FI RST ' NCONC OF THESE ARE MASS FRACTI ONS)
CONVECTI ON CCEFFI CI ENTS

X COORDI NATES OF CELL CORNERS
Y COORDI NATES OF CELL CORNERS
Z COORDI NATES OF CELL CORNERS
X COORDI NATES OF CELL CENTRES
Y COORDI NATES OF CELL CENTRES
Z COORDI NATES OF CELL CENTRES
VOLUME OF CELLS

AREA OF CELLS

POROUS VOLUME

PORQUS AREA

VEI GHT FACTCORS

DI STANCE OF CELL CENTRE FROM WALL

1D PO NTER ARRAY

BLOCK SI ZE | NFORVATI ON

PO NTER FROM CELL CENTERS TO 8 NEI GHBOURI NG VERTI CES
PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG CELLS

PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG FACES

PO NTER FROM CELL FACES TO 2 NEI GHBOURI NG CELL CENTERS
PO NTER FROM BOUNDARY CENTERS TO CELL CENTERS

PO NTER FROM BOUNDARY CENTERS TO BOUNDARY FACES

REAL WORKSPACE ARRAY
| NTEGER WORKSPACE ARRAY
CHARACTER WORKSPACE ARRAY

SUBROUTI NE ARGUMENTS PRECEDED WTH A ' *' ARE ARGUMENTS THAT MUST
BE SET BY THE USER I N TH S ROUTI NE.

LOG CAL VARI ABLE LRDI SK I N COMMON BLOCK | OLOGC | NDI CATES WHETHER
THE RUN | S A RESTART AND CAN BE USED SO THAT I NI TI AL | NFORMATI ON
IS ONLY SET WHEN STARTI NG A RUN FROM SCRATCH.

NOTE THAT OTHER DATA MAY BE OBTAI NED FROM CFX-4 USI NG THE
ROUTI NE GETADD, FOR FURTHER DETAI LS SEE THE VERSI ON 4
USER MANUAL.

ER R R R R S S R R R kO S S R R R R R R S S R R R R R Rk Sk S S R Rk R R S Sk

DOUBLE PRECI SI ON U

DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI

ON V
ON W
ON P
ON VFRAC
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DOUBLE PRECI SI ON DEN
DOUBLE PRECI SION VI S
DOUBLE PRECI SION TE
DOUBLE PRECI SI ON ED
DOUBLE PRECI SI ON RS
DOUBLE PRECI SION T
DOUBLE PRECI SI ON H
DOUBLE PRECI SI ON RF
DOUBLE PRECI SI ON SCAL
DOUBLE PRECI SI ON CONV
DOUBLE PRECI SI ON XC
DOUBLE PRECI SI ON YC
DOUBLE PRECI SI ON ZC
DOUBLE PRECI SI ON XP
DOUBLE PRECI SI ON YP
DOUBLE PRECI SI ON ZP
DOUBLE PRECI SI ON VOL
DOUBLE PREC!I SI ON AREA
DOUBLE PRECI SI ON VPOR
DOUBLE PRECI SI ON ARPCR
DOUBLE PRECI SI ON WFACT
DOUBLE PRECI SI ON DI SWAL
DOUBLE PREC!I SI ON WWORK
DOUBLE PRECI SI ON TI ME
DOUBLE PRECI SI ON DT
DOUBLE PRECI SI ON DTI NVF

DOUBLE
DOUBLE
DOUBLE

PRECI SI ON TPARM
PRECI SI ON FULL
PRECI SI ON EMPTY

LOG CAL LDEN, LVI S, LTURB, LTEMP, LBUOY, LSCAL, LCOVP, LRECT, LCYN, LAXI S,

+

LPORGCS, LTRANS

LOG CAL LRDI SK, LWDI SK

C
CHARACTER* (*) CWORK
C
CH+++++++++++++++ USER AREA 1 +++++++++++++++++++++++++++++++++++++++++
C---- AREA FOR USERS EXPLI Cl TLY DECLARED VARI ABLES

DOUBLE PRECI SION Ha, RO SIGVA, AA, VISC, BO, ParlnterC YY, VEL
CH+++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++
Cc
COVMON / ALL/ NBLOCK, NCELL, NBDRY, NNCDE, NFACE, NVERT, NDI M

/ ALLWRK/ NRWS, NI W5, NCW5, | WRFRE, | W FRE, | WCFRE, / ADDI M5/ NPHASE,
NSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGEOM NDCCEF, NI LI ST,
NRLI ST, NTOPCQL, / CHKUSK/ | VERS, | UCALL, | USED, / DEVI CE/ NREAD,

NWRI TE, NRDI SK, NWDI SK, / | DUM | LEN, JLEN, /1 OLOGC/ LRDI SK, LVDI SK,
/ LOd C/ LDEN, LVI' S, LTURB, LTEMP, LBUOY, LSCAL, LCOWP, LRECT, LCYN,
LAXI S, LPORCS, LTRANS, / MLTGRD/ MLEVEL, NLEVEL, | LEVEL,

/ SGLDBL/ | FLGPR, | CHKPR, / TRANSI / NSTEP, KSTEP, MF, | NCORE,

/ TRANSK/ TI ME, DT, DTl NVF, TPARM

+ 4+ + o+

C
Ct+++++++++++++++ USER AREA 2 ++++++++++++++++++++++++++++++++H+H+H+H++++++
C---- AREA FOR USERS TO DECLARE THEI R OAWN COMMON BLOCKS
C THESE SHOULD START W TH THE CHARACTERS ' UC TO ENSURE
C NO CONFLI CT W TH NON- USER COVMON BLOCKS
C
Ct++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C
DI MENSI ON' U( NNCODE, NPHASE) , V( NNCDE, NPHASE) , W NNCDE, NPHASE) ,
P( NNCDE, NPHASE) , VFRAC( NNODE, NPHASE) , TE( NNODE, NPHASE) ,
ED( NNCODE, NPHASE) , RS( NNCDE, NPHASE, 6) , T( NNCDE, NPHASE) ,
H( NNCDE, NPHASE) , RF( NNCDE, NPHASE, 4) ,
SCAL ( NNODE, NPHASE, NSCAL) , DEN( NNODE, NPHASE)
VI S( NNCDE, NPHASE) , CONV( NFACE, NPHASE)

+ 4+ + 4+ +
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DI MENSI ON XC( NVERT) , YO( NVERT) , ZC( NVERT) , XP( NNCDE) , YP( NNCDE) ,

+ ZP( NNODE) , VOL( NCELL) , AREA( NFACE, 3) , VPOR( NCELL) ,
+ ARPOR( NFACE, 3) , WEACT( NFACE) , DI SWAL ( NCELL)
DI MENSI ON | PT(*), | BLK( 5, NBLOCK) , | PVERT( NCELL, 8) , | PNODN( NCELL, 6)
+ | PFACN( NCELL, 6) , | PNODF( NFACE, 4) , | PNODB( NBDRY, 4) ,
+ | PFACB( NBDRY)

DI MENSI ON | WORK( NI WB) , WORK( NRWS) , CWORK( NCWB)
C
C+++++++++++++++ USER AREA 3 +++++++++++++++++++++H+H+H+H
G --- AREA FOR USERS TO DI MENSI ON THEI R ARRAYS

C

C---- AREA FOR USERS TO DEFI NE DATA STATEMENTS

C

Ct++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
C

C---- STATEMENT FUNCTI ON FOR ADDRESSI NG

IP(1,J,K = I PT((K-1)*I LEN*JLEN+ (J-1)*ILEN#I)

C----VERSI ON NUMBER OF USER ROUTI NE AND PRECI SI ON FLAG
C
I VERS = 3
| CHKPR = 2
C
CH+++++++++++++++ USER AREA 4 +++++++++++++++++++++++++++++++++++++++++
C--- TOUSE TH S USER ROUTI NE FI RST SET | USED=1
C
IUSED = 1
C
CH+++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++
C
I F (1 USED. EQ 0) RETURN

C

C--- FRONTEND CHECKI NG OF USER ROUTI NE
| F (1 UCALL. EQ 0) RETURN

C

CH+++++++++++++++ USER AREA 5 ++++++++++++++ttttttttttttttttt+++++++++
Cc

C--- AREA FOR I NI TI ALI SI NG VARI ABLES U, V, W P, VFRAC, TE, ED, RS, T, SCAL
Cc ONLY.

Cc

C---- EXAMPLE 1 (SET TEMPERATURE TO 300. 0 EVERYWHERE)

USE | PALL TO FIND 1D ADDRESSES OF ALL CELL CENTRES
CALL | PALL("*"',"'*"',"BLOCK ,"' CENTRES , | PT, NPT, CWORK, | WORK)

DO 100 | PHASE = 1, NPHASE
LOOP OVER ALL | NTERI OR CELLS
DO 110 |=1, NPT
USE ARRAY | PT TO GET ADDRESS
| NODE=1 PT(1)
T( | NODE, | PHASE) =300. 0
110  CONTI NUE
100 CONTI NUE

END OF EXAMPLE 1

EXAMPLE 2 (SET FI RST SCALAR TO 0.5 EVERYWHERE | F STARTI NG RUN
FROM SCRATCH, BUT NOT ON A RESTART).

| (. NOT. LRDI SK) THEN

USE | PALL TO FIND 1D ADDRESSES OF ALL CELL CENTRES
CALL | PALL("*"',"'*"',"BLOCK ,"' CENTRES , | PT, NPT, CWORK, | WORK)

O000000O0000OO000O0000O0O00O00O
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Cc

C DO 100 I PHASE = 1, NPHASE

C LOOP OVER ALL I NTERI OR CELLS

C DO 110 I=1, NPT

C USE ARRAY | PT TO GET ADDRESS

C I NCDE=I PT( 1)

C SCAL (| NODE, | PHASE, 1) =0. 5

C 110 CONTI NUE

C 100 CONTI NUE

Cc

C END | F

Cc

C---- END OF EXAMPLE 2

Cc

C---TO SET UP THE I NI TIAL FI ELD FOR REFERENCE EXAMPLE 29
Cc

CHAHH B HH PR HH B H B R H R H R R R R R R R R R R R
C Setting initial data:

C shape and velocities of the jet

Ch##H B HHHHHH TR HHH T T R

CHAHH B HH TR H B H B R H R R R R R R R R R R
C If programrestarts fromprevious dunp file (LRD SK=. TRUE.),
C no initial data is set

CHAHH B HH TR H B H R H R H R R R R R R R R R R R R

| (. NOT. LRDI SK) THEN

AA = 1. D+00

Ha = 200. DO

SIGVA = 3.3434D+06

VISC = 9.D07

RO = 500. D+00

BO = DSQRT(RO*VI ST/ SI GVA) * Ha/ AA
Par | nt er =Ha** 2. DO* VI SC/ AA
write(6,*) ' ##u### B0 = ', BO
wite(6,*) "###### N = ', Parlnter

FULL = 1.0D0
EMPTY = 1.D- 10

CH#HH R H A R R R R R R A R R R R R
C First, velocities are set to zero everywhere and

C all domain full of "air" (phase 1)

CH R R AR AR R R R R R R

CALL | PALL("*","*" "BLOCK ,' CENTRES', | PT, NPT, CWORK, | WORK)

DO 101 K = 1, NPT
I NODE = | PT(K)
VFRAC( | NODE, 1
VFRAC( | NODE, 2
U( 1 NODE, 1)
V(| NODE, 1)
U( | NODE, 2)
V( | NODE, 2)
101 CONTI NUE

FULL
EMPTY

gggg "
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ChH##HHHHHHHHH TR HHH TR TR R

C On patch ALLDUCT (straight central subdonain)
C volume fraction of liquid netal (phase 2) is set to 1
C and Hartrmann profile for velocity

ChH#HHH B HHHHHH B HHH TR R R
CALL | PALL(" ALLDUCT' , "' *', " PATCH ,' CENTRES , | PT, NPT, CWORK, | WORK)

DO 102 K = 1, NPT
I NODE = | PT(K)
VFRAC( | NODE, 1)
VFRAC( | NCDE, 2)
YY = YP(1 NODE) / AA
I'E ((YY.LE. 1.D0).AND. (YY.GE -1.D0)) THEN

VEL = Ha/ (Ha-tanh(Ha))* (1. DO- DEXP( Ha* ( YY- 1. D0)) *

EMPTY
FULL

+ (1. DO+DEXP( - 2. DO* Ha* YY) ) / (1. DO+DEXP( - 2. DO* Ha) ) )
ELSE
VEL = 0. D0
END | F
U(1 NODE, 1) = VEL
U(1 NODE, 2) = VEL
102 CONTI NUE
ENDI F

C
CH+++++++++++++++ END OF USER AREA 5 +++++++++++++++++++++++++++++++++
C

RETURN
Cc
END
SUBROUTI NE USRBF( | PHASE, BX, BY, BZ, BPX, BPY, BPZ, U, V, W P, VFRAC, DEN,
+ VI S, TE, ED, RS, T, H, RF, SCAL, XP, YP, ZP, VOL, AREA, VPCR,
+ ARPOR, WFACT, | PT, | BLK, | PVERT, | PNCDN, | PFACN, | PNCDF,
+ | PNODB, | PFACB, WORK, | WORK, CWORK)

CH R A R AR R R R R R R
CH#HH R H A R R R R R R R R R R
C Program for setting body forces

CH R R AR R AR R R R R R R
CH R R R AR R R R R R R
C

Ck****************'k*****************************************************

UTI LI TY SUBROQUTI NE FOR USER- SUPPLI ED BCDY FORCES

>>> | MPORTANT <<<
>>> <<<
>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WTHI N <<<
>>> THE DESI GNATED USER AREAS <<

ER R R Rk S S IR R R R Sk o S R S S R R R R R R o o S I R R R R S o o kR R

THI' S SUBRCUTI NE | S CALLED BY THE FOLLOW NG SUBROUTI NES
BFCAL

ER Rk R R S S IR R R S S Sk R R S S R R R R R R S o kS I R R R R o o o kb R R

CREATED
24/01/92 ADB

MODI FI ED
03/06/92 PHA ADD PRECI SI ON FLAG AND CHANCE | VERS TO 2
23/11/93 CSH EXPLICITLY DI MENSI ON | PVERT ETC.
03/02/94 PHA CHANGE FLOMNBD TO CFDS- FLONBD
03/03/94 FHW CORRECTI ON OF SPELLI NG M STAKE

OOO00000QOOOOQOOOOOOOO0
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23/ 03/ 94
09/ 08/ 94

19/ 12/ 94
31/ 01/ 97
02/ 07/ 97

kkhkkkkkkkddkhkxx

SUBROUTI NE
| PHASE -

BX -
BY -
BZ -
BPX -
BPY -
BPZ -

L I I

FHW EXAMPLES COMMENTED QUT
NSW CORRECT SPELLI NG
MOVE ' | F(1 USED. EQ 0) RETURN OUT OF USER AREA
NSW CHANGE FOR CFX- F3D
NSW EXPLAI N USAGE | N MULTI PHASE FLOWS
NSW UPDATE FOR CFX- 4

Rk Rk R S I R R R R o S o R R R R R R R R R S R Rk R
ARGUMENTS

PHASE NUMBER

X- COVPONENT OF VELCCI TY- | NDEPENDENT BODY FORCE

Y- COVPONENT OF VELCCI TY- | NDEPENDENT BODY FORCE

Z- COVPONENT OF VELCCI TY- | NDEPENDENT BODY FORCE

COVPONENTS COF LI NEARI SABLE BODY FORCES.

N. B. TOTAL BCDY- FORCE IS @ VEN BY:

X- COVPONENT
Y- COVPONENT
Z- COVPONENT

WOR -
ARPCR -
WEACT -

| PT -
| BLK -
| PVERT -
| PNODN -
| PFACN -
| PNODF -
| PNODB -
| PFACB -

WORK -
I WORK -
ONORK -

SUBRQUTI NE
BE SET BY

OOO0000000000000000000D0OO00O0O000O00O0000O000O0OO0O00O00000QOOOOOOO
i

BX + BPX*U
BY + BPY*V
BZ + BPZ*W

U COVPONENT OF VELCCI TY

V COVPONENT OF VELOCI TY

W COVPONENT OF VELOCI TY
PRESSURE

VOLUME FRACTI ON

DENSI TY OF FLU D

VI SCOSI TY OF FLU D

TURBULENT KI NETI C ENERGY

EPSI LON

REYNOLD STRESSES

TEMPERATURE

ENTHALPY

SCALARS (THE FI RST ' NCONC OF THESE ARE MASS FRACTI ONS)
X COORDI NATES OF CELL CENTRES
Y COORDI NATES OF CELL CENTRES
Z COORDI NATES OF CELL CENTRES
VOLUME OF CELLS

AREA OF CELLS

POROUS VOLUME

POROUS AREA

VEI GHT FACTCORS

1D PO NTER ARRAY

BLOCK SI ZE | NFORVATI ON

PO NTER FROM CELL CENTERS TO 8 NEI GHBOURI NG VERTI CES
PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG CELLS

PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG FACES

PO NTER FROM CELL FACES TO 2 NEI GHBOURI NG CELL CENTERS
PO NTER FROM BOUNDARY CENTERS TO CELL CENTERS

PO NTER FROM BOUNDARY CENTERS TO BOUNDARY FACESS

REAL WORKSPACE ARRAY
| NTEGER WORKSPACE ARRAY
CHARACTER WORKSPACE ARRAY

ARGUVENTS PRECEDED WTH A ' *' ARE ARGUVENTS THAT MUST
THE USER I N THI S ROUTI NE.
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OQOOOOO0

+
Cc

C

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE

NOTE THAT OTHER DATA MAY BE OBTAI NED FROM CFX-4 USI NG THE
ROUTI NE GETADD, FOR FURTHER DETAI LS SEE THE VERSI ON 4
USER VANUAL.

PRECI SI ON BX
PRECI SI ON BY
PRECI SI ON BZ
PRECI SI ON BPX
PRECI SI ON BPY
PRECI SI ON BPZ
PRECI SI ON U
%
w
=]
VF

DE
Vi
T

C

U)Zg

E

ED

RS

T

H

RF
SCAL
XP

YP

P
VCL
PRECI S AREA
PRECI SI ON VPOR
PRECI SI ON ARPOR
PRECI SI ON WFACT
PRECI SI ON WORK
PRECI SI ON SVALL
PRECI SI ON SORIVAX
PRECI SI ON TI ME
PRECI SI ON DT
PRECI SI ON DTI NVF
PRECI SI ON TPARM

2022222292222233322392

Rk Rk R S S R R R R o S o ok R R S S R R R S R R R S R R R S O kR R R

LOG CAL LDEN, LVI S, LTURB, LTEMP, LBUOY, LSCAL, LCOWP, LRECT, LCYN, LAXI S,

LPORGCS, LTRANS

CHARACTER* (*) CWORK

CH++++++++++++++++ USER AREA 1 +++++++++++++++++++++++++++++++++++++++++

G---

C

AREA FOR USERS EXPLI Cl TLY DECLARED VARI ABLES
DOUBLE PRECI SI ON Ha, AA, UFCRCE, GAM E, EFIELD, BFIELD

CHt++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++

C

+ 4+ + o+

COVMON / ALL/ NBLOCK, NCELL, NBDRY, NNCDE, NFACE, NVERT, NDI M

/ ALLWRK/ NRWS, NI W5, NCW5, | WRFRE, | W FRE, | WCFRE, / ADDI M5/ NPHASE,

NSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGEOM NDCCEF, NI LI ST,
NRLI ST, NTOPQL, / CHKUSR/ | VERS, | UCALL, | USED, / DEVI CE/ NREAD,
NWRI TE, NRDI SK, N\WDI SK, / | DUM | LEN, JLEN, / LOG T/ LDEN, LVI S,
LTURB, LTEMP, LBUOY, LSCAL, LCOVP, LRECT, LCYN, LAXI S, LPORGCS,

LTRANS, / MLTGRDY MLEVEL, NLEVEL, | LEVEL, / SGLDBL/ | FLGPR, | CHKPR,

/ SPARM SMALL, SORMAX, NI TER, | NDPRI , MAXI T, NCDREF, NCDIVON,

/ TRANSI / NSTEP, KSTEP, MF, | NCORE, / TRANSK/ TI ME, DT, DTI NVF, TPARM
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C+++++++++++++++++ USER AREA 2 +++++++++++++++++++++++++++++++++++++++++
C--- AREA FOR USERS TO DECLARE THEI R OAN COMMON BLOCKS
C THESE SHOULD START W TH THE CHARACTERS ' UC TO ENSURE
C NO CONFLI CT W TH NON- USER COMVON BLOCKS
C
C+++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C
DI MENSI ON BX( NCELL) , BY( NCELL) , BZ( NCELL) , BPX( NCELL) , BPY( NCELL),
+ BPZ( NCELL)

DI MENSI ON' U( NNODE, NPHASE) , V( NNODE, NPHASE) , W NNODE, NPHASE) |
P( NNODE, NPHASE) , VFRAC( NNCDE, NPHASE) , DEN( NNODE, NPHASE) ,
VI S( NNCDE, NPHASE) , TE( NNODE, NPHASE) , ED{ NNODE, NPHASE)
RS( NNODE, NPHASE, *) , T( NNODE, NPHASE) , H( NNODE, NPHASE) |,
RF( NNODE, NPHASE, 4) , SCAL( NNODE, NPHASE, NSCAL)

+ + + +

DI MENSI ON' XP( NNCODE) , YP( NNCDE) , ZP( NNODE) , VOL( NCELL) , AREA( NFACE, 3) ,
VPOR( NCELL) , ARPOR( NFACE, 3) , WEACT( NFACE) , | PT(*),
I BLK( 5, NBLOCK) , | PVERT( NCELL, 8) , | PNODN( NCELL, 6)
| PEACN( NCELL, 6) , | PNODF( NFACE, 4) , | PNODB( NBDRY, 4) ,
| PFACB( NBDRY) , | WORK( *) , WORK( *) , CWORK( *)

+ + 4+ +

C
C+++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++++++++++
C--- AREA FOR USERS TO DI MENSI ON THEI R ARRAYS
C
C--- AREA FOR USERS TO DEFI NE DATA STATEMENTS
C
C+++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
C
C--- STATEMENT FUNCTI ON FOR ADDRESSI NG
IP(1,J,K = IPT((K-1)*I LEN*JLEN+ (J-1)*ILEN#I)

C----VERSI ON NUMBER OF USER ROUTI NE AND PRECI SI ON FLAG
Cc
| VERS = 2
| CHKPR = 2
Cc
CH++++++++++++++++ USER AREA 4 +++++++++++++++++++++++++tttttttt o+
C--- TOUSE TH S USER ROUTI NE FI RST SET | USED=1
Cc
IUSED = 1
Cc
CH++++++++++++++++ END OF USER AREA 4 ++++++++++++ttttttttttttttttttt+++
Cc
I F (1 USED. EQ 0) RETURN

C

C--- FRONTEND CHECKI NG OF USER ROUTI NE
| F (1 UCALL. EQ 0) RETURN

C

CH++++++++++++++++ USER AREA 5 +++++++++++++++++++++++t+++++++++++++++++

THI' S ROUTI NE | S ENTERED REPEATEDLY FOR EACH PHASE I N A MJULTI PHASE
CALCULATI ON. BODY FORCES CAN BE SET FOR A PARTI CULAR PHASE USI NG
THE VARl ABLE | PHASE. EG | F (I PHASE. EQ 2) WOULD ALLOW BODY FORCES
FOR THE SECOND PHASE.

O00000

C----ADD USER- DEFI NED BODY FORCES.

g— ---EXAMPLE 1: LOCALI SED MOMENTUM SOURCE, EG PROPELLCOR
g— ---USE | PREC TO FI ND ADDRESSES

g CALL | PREC(' DUCT', ' BLOCK' ,' CENTRES' , | PT
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+ , | LEN, JLEN, KLEN, CWORK, | WORK)
IST =ILEN2 + 1

IFN = I ST

JST =1

JFN = JLEN 2

SMOM = 10.0

DO 103 K = 1, KLEN
DO 102 J = JST, JFN
DO 101 | = I ST, IFN
I NODE = I P(1,J, K)
BX(1 NODE) = BX(| NODE) + SMOM

101 CONTI NUE
102 CONTI NUE
103 CONTI NUE

EXAMPLE 2: LOCALI SED RESI STANCE

----USE | PREC TO FI ND ADDRESSES

CALL | PREC(' DUCT', ' BLOCK' ,' CENTRES' , | PT

+ , I LEN, JLEN, KLEN, CWORK, | WORK)
IST = ILEN4 + 1

IFN = 3*I LEN 4

JST =1

JFN = JLEN

RESI ST = 1. 0E+2
DO 203 K = 1, KLEN
DO 202 J = JST, JFN

DO 201 | = I ST, |FN
I NODE = I P(1,J, K)
BPX(1 NODE) = BPX(| NODE) - RESI ST
BPY(1 NODE) = BPY(INODE) - RESI ST
BPZ(1 NODE) = BPZ(INODE) - RESI ST
201 CONTI NUE
202 CONTI NUE

203 CONTI NUE

EXAMPLE 3: LOCALI SED RESI STANCES (DI SCONTI NUOUS CHANGE)
----USE | PREC TO FI ND ADDRESSES

CALL | PREC(' DUCT',' BLOCK ,' CENTRES', | PT

+ , I LEN, JLEN, KLEN, CWORK, | WORK)
IST1 = ILEN4 + 1

IFN1 = IST1 + ILEN4 - 1

IST2 = IFNL + 1

IFN2 = ILEN - 1

DO 313 K = 1, KLEN
DO 312 J = 1, JLEN

O0000000000000000000ONOOOOO000O000O0000000000NDODOOOO0OO00O0O000O00O00O0OO0

RESIST = 1.0
DO 311 | = I ST1, I FNL
I NODE = I P(1,J, K)
BPX(1 NODE) = BPX(| NODE) - RESI ST
BPY(1 NODE) = BPY(INODE) - RESI ST
BPZ(1 NODE) = BPZ(INODE) - RESI ST
311 CONTI NUE
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C

C RESI ST = 10.0

C DO 321 | = IST2, I FN2

C INODE = I P(1,J, K)

C BPX(1 NODE) = BPX(| NODE) - RESI ST
C BPY(1 NODE) = BPY(INODE) - RESI ST
C BPZ(1 NODE) = BPZ(INODE) - RESI ST
C 321 CONTI NUE

C

C 312  OONTI NUE

C 313 CONTI NUE

CHAHH B HH TR H B H R HH R H R R R R R R R R R R
C Setting body force for phase 2 (liquid netal)

CHAHH B HH B H B H R R H R R R R R R R R R R R

| F (I PHASE. EQ 2) THEN

CALL | PALL("*","*","'BLOCK ,' CENTRES', | PT, NPT, CWORK, | WORK)

DO 203 K = 1, NPT
I NODE = | PT(K)

I F (XP(1 NCDE). GT. 0. D0) THEN
BFI ELD=1. DO- 0. 5D0* DTANH( GAM* XP( | NCDE) )

ELSE
BFI ELD = 1. DO
ENDI F
UFORCE = -BFIELD**2. DO
CH R R AR R AR R R R R R R
C Inall internal cells body force is set equal to
C Fx = UFORCE * U - E * BFIELD

CHE#HHHHHH B HHHH R HHH TR R H R

BPX( | NODE)

BX( | NODE)
203 CONTI NUE

BPX(| NODE) + UFORCE
BX(| NODE) - E*BFIELD

ENDI F
C
C+++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++
C
RETURN
C
END
SUBROUTI NE USRCVGE U, V, W P, VFRAC, DEN, VI S, TE, ED, RS, T, H, RF, SCAL, XP,
+ YP, ZP, VOL, AREA, VPOR, ARPOR, WFACT, CONV, | PT, | BLK,
+ | PVERT, | PNCDN, | PFACN, | PNCDF, | PNODB, | PFACB, CVETH,
+ IMNSL, MXSL, RDFC, RESOR, URFVAR, LCONVG WORK, | WORK,
+ CWORK)
CH R R R R R R R R R R R R
CH R R R R R R R R R R R R
C Program for setting initial data at the first time step
CH R A R R R R R R R R
CH R R AR AR R R R R R R
C

Ck******'k**********'k**********************'k*****************************

C
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OOO0000000000O000O000000000O0O0QOOD0OODO0O00OD00000QOOOOQOOOOOOOOO

TH' S SUBROUTI NE ALLOAS USERS TO MONI TOR CONVERGENCE, ALTER
UNDER RELAXATI ON FACTCRS, REDUCTI ON FACTORS ETC
AND WRI TE SOLUTI ON DATA AS A FUNCTI ON OF | TERATI ON

>>> | MPORTANT
>>>

>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTI NE W THI N
>>> THE DES|I GNATED USER AREAS

THI 'S SUBRCOUTI NE | S CALLED BY THE FOLLOW NG SUBRQOUTI NE

<<
<<
<<
<<

ER Rk b S I R R Rk R kR R R R e R R R R S R R R Rk Rk o o

CUSR CVGTST
ER Rk R R S IR R R S ok o S R S S R R R R o S R R R R R R o o o Rk b R
CREATED
09/ 12/ 88 ADB
MODI FI ED
08/08/91 I RH NEW STRUCTURE
03/09/91 IRH ADD CONV TO ARGUMENT LI ST
23/09/91 |IRH ADD USEFUL COVMON BLOCKS
29/11/91 PHA UPDATE CALLED BY COMMVENT, ADD RF ARGUMENT,

CHANGE LAST DIMENSION OF RS TO 6 AND | VERS TO 2

03/06/92 PHA ADD PRECI SI ON FLAG AND CHANCE | VERS TO 3
07/07/92 I RH CORRECT EXAMPLE

23/11/93 CSH EXPLICI TLY DI MENSI ON | PVERT ETC.
03/02/94 PHA CHANGE FLOMNBD TO CFDS- FLONBD

03/03/94 FHW CORRECTI ON OF SPELLI NG M STAKE

22/08/94 NSW MOVE '| F(1USED. EQ 0) RETURN QOUT OF USER AREA

19/12/94 NSW CHANGE FOR CFX- F3D
25/03/96 NSW OORRECT MAXI MUM VELOCI TY EXAMPLE
02/ 07/ 97 NSW UPDATE FOR CFX-4

SUBROUTI NE ARGUMVENTS

ER Rk R R S R IR R R o S Sk R R S S R R R S S R R o S R R S R R kR

U - U COVPONENT OF VELOCI TY

\% -V COVWPONENT OF VELOCI TY

w - WCOWPONENT OF VELOCI TY

P - PRESSURE

VFRAC - VOLUME FRACTI ON

DEN - DENSITY OF FLU D

VIS - VISCOSITY OF FLU D

TE - TURBULENT KI NETI C ENERGY

ED - EPSI LON

RS - REYNOLD STRESSES

T - TEMPERATURE

H - ENTHALPY

RF - REYNOLD FLUXES

SCAL - SCALARS (THE FI RST ' NCONC OF THESE ARE MASS FRACTI ONS)
XP - X COORDI NATES OF CELL CENTRES
YP - Y COORDI NATES OF CELL CENTRES
ZP - Z COORDI NATES OF CELL CENTRES
VQL - VOLUME OF CELLS

AREA - AREA OF CELLS

VPOR - POROUS VOLUME

ARPCR - POROUS AREA
WFACT - VEI GHT FACTCRS

| PT - 1D PO NTER ARRAY
I BLK - BLOCK SIZE | NFORVATI ON

| PVERT - PO NTER FROM CELL CENTERS TO 8 NEI GHBOURI NG VERTI CES
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| PNODN -
| PFACN -
| PNODF -
| PNODB -
| PFACB -

CVETH -
IMNSL -
MXSL -
RDFC -
RESCR -
URFVAR -
* LCONVG -

WORK -
I WORK -
ONORK -

OQOOOOOOO0O0O0O0OOOO0OOOOO0O0O0OO0

DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI
DOUBLE PRECI SI

PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG CELLS

PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG FACES

PO NTER FROM CELL FACES TO 2 NEI GHBOURI NG CELL CENTERS
PO NTER FROM BOUNDARY CENTERS TO CELL CENTERS

PO NTER FROM BOUNDARY CENTERS TO BOUNDARY FACES

SOLUTI ON METHOD

M NI MUM NUMBER OF SWEEEPS
MAXI MUM NUMBER OF SWEEEPS
REDUCTI ON FACTORS REQUI RED
NON LI NEAR RESI DUALS

UNDER RELAXATI ON FACTCRS
LOGA CAL CONVERCGENCE FLAG

REAL WORKSPACE ARRAY
| NTEGER WORKSPACE ARRAY
CHARACTER WORKSPACE ARRAY

SUBROUTI NE ARGUMENTS PRECEDED WTH A ' *' ARE ARGUMENTS THAT MUST
BE SET BY THE USER I N TH S ROUTI NE.

NOTE THAT OTHER DATA MAY BE OBTAI NED FROM CFX-4 USI NG THE
ROUTI NE GETADD, FOR FURTHER DETAI LS SEE THE VERSI ON 4
USER ANUAL.

ER Rk R R S R IR R R S S Sk R S S R R R R R S R S S R R R R R b o R R R

DOUBLE PRECI SI ON TI ME
DOUBLE PRECI SI ON DT
DOUBLE PRECI SI ON DTI NVF
DOUBLE PRECI SI ON TPARM

LOG CAL
+

LOA CAL

LDEN, LVI S, LTURB, LTEMP, LBUOY, LSCAL, LCOWP, LRECT, LCYN, LAXI S,
LPORGCS, LTRANS
LCONVG
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C
CHARACTERY (*) CMETH, CWORK
C
C+++++++++++++++++ USER AREA 1 +++++++++++++++++++++++H+H R
G --- AREA FOR USERS EXPLI Cl TLY DECLARED VAR ABLES
C

CH++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++
Cc
COVMON / ALL/ NBLOCK, NCELL, NBDRY, NNCDE, NFACE, NVERT, NDI M
/ ALLWRK/ NRWS, NI W5, NCW5, | WRFRE, | W FRE, | WCFRE, / ADDI MBS/ NPHASE,
NSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGEOM NDCCEF, NI LI ST,
NRLI ST, NTOPQL, / CHKUSK/ | VERS, | UCALL, | USED, / DEVI CE/ NREAD,
NWRI TE, NRDI SK, NWDI SK, / | DUM | LEN, JLEN, / LOJ T/ LDEN, LVI S,
LTURB, LTEWMP, LBUOY, LSCAL, LCOWP, LRECT, LCYN, LAXI S, LPORGCS,
LTRANS, / MLTGRDY MLEVEL, NLEVEL, | LEVEL, / RESI IY | RESI D, NRESI D,
/ SGLDBL/ | FLGPR, | CHKPR, / SPARM SVALL, SORVAX, NI TER, | NDPRI
MAXI T, NCDREF, NCDMON, / TRANSI / NSTEP, KSTEP, MF, | NCORE,
/ TRANSK/ TI ME, DT, DTl NVF, TPARM

+ 4+ +

Cc

CH++++++++++++++++ USER AREA 2 +++++++++++++++++++++++++++++++++++++++++
C---- AREA FOR USERS TO DECLARE THEI R OAN COVMON BLOCKS

C THESE SHOULD START W TH THE CHARACTERS ' UC TO ENSURE

Cc NO CONFLI CT W TH NON- USER COMMON BLOCKS
Cc

C---- COVWON BLOCK FOR EXAMPLE | N USER AREA 6
C COVMON / UC1/ VELOLD

Cc

C+++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C
DI MENSI ON CVETH( NVAR, NPHASE) , MNSL( NVAR, NPHASE) , MXSL( NVAR, NPHASE) ,
+ RDFC( NVAR, NPHASE) , RESOR( NVAR, NPHASE) , URFVAR( NVAR, NPHASE)
DI MENSI ON' U( NNODE, NPHASE) , V( NNODE, NPHASE) , W NNCDE, NPHASE) |
P( NNODE, NPHASE) , VFRAC( NNCDE, NPHASE) , DEN( NNODE, NPHASE) ,
VI S( NNCDE, 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)
DI MENSI ON' XP( NNCDE) , YP( NNODE) , ZP( NNODE) , VOL( NCELL) , AREA( NFACE, 3) ,
VPOR( NCELL) , ARPOR( NFACE, 3) , WEACT( NFACE) ,
CONV( NFACE, NPHASE) , | PT(*) , | BLK( 5, NBLOCK)
| PVERT( NCELL, 8) , | PNODN( NCELL, 6) , | PFACN( NCELL, 6)
| PNODF( NFACE, 4) , | PNCDB( NBDRY, 4) , | PFACB( NBDRY) , | WORK( *) ,
WORK( *) , CWORK( *)

+ + 4+ +

+ + 4+ + +

C
C+++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++++++H++++
C--- AREA FOR USERS TO DI MENSI ON THEI R ARRAYS
C
C--- AREA FOR USERS TO DEFI NE DATA STATEMENTS
C
C+++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
C
C --- STATEMENT FUNCTI ON FOR ADDRESSI NG
IP(1,J,K = I PT((K-1)*I LEN*JLEN+ (J-1)*ILEN#I)

Cc
C----VERSI ON NUMBER OF USER ROUTI NE AND PRECI SI ON FLAG
Cc
I VERS = 3
| CHKPR = 2
Cc

CH++++++++++++++++ USER AREA 4 ++++++++++++++++++++++++++++t -+ +
C--- TO USE TH S USER ROQUTI NE FI RST SET | USED=1
Cc
IUSED = 1
Cc
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CH++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++
C
I F (1 USED. EQ 0) RETURN

C

C--- FRONTEND CHECKI NG OF USER ROUTI NE
| F (1 UCALL. EQ 0) RETURN

C

CH++++++++++++++++ USER AREA 5 +++++++++++++++++++++++++++++++++++++++++
C

C--- EXAMPLE: (TEST ON MAX OF MASS RES|I DUAL AND ENTHALPY RESI DUAL)
CALL GETVAR(' USRCVG ,'P , | PRES)
CALL GETVAR(' USRCVG , ' H "U1H)

URESM=0. 0

DO 10 | PHASE=1, NPHASE

URESMEMAX( URESM RESOR( | PRES, | PHASE) , RESOR( | H, | PHASE) )
10  CONTI NUE

LCONVG = URESM . LT. 1.0E-5

---END OF EXAMPLE

+++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++

+++++++++++++++++ USER AREA 6 +++++++++++++++++++++++++++++++++++++++H++

EXAMPLE: MONI TOR CHANGE | N MAXI MUM VELCCI TY
ADJUST UNDER RELAXATI ON ACCORDI NGLY

VELNMAX=0. 0

DO 20 | PHASE=1, NPHASE
USE | PALL TO FIND 1D ADDRESSES OF ALL CELL CENTRES

CALL I PALL('*','*' 'BLOCK ,' CENTRES , | PT, NPT, CWORK, | WORK)
LOOP OVER ALL CELL CENTRE LOCATI ONS | N FLOW DOVAI N

DO 30 |=1, NPT

USE ARRAY | PT TO GET ADDRESS

| NODE=1 PT(1)

VELMAX=MAX( VELMAX, ABS( U( | NODE, | PHASE) ) , ABS( V(| NODE, | PHASE) ),
+ ABS( W | NODE, | PHASE) ) )

CONTI NUE

3
2 CONTI NUE

0
0
I|F (NITER GT. 1) THEN
DVEL=( VELMAX- VELOLD) / VELMAX
URFM N=0. 01
URFMAX=0. 8
URF=( 1. 0- DVEL) * URFMAX+DVEL* URFM N
WRI TE( NWRI TE, 100) NI TER, DVEL, URF
CALL GETVAR(' USRC\G ,'U SRR
CALL GETVAR(' USRC\G , 'V AV
CALL GETVAR(' USRC\VG ,'W A"
DO 40 | PHASE=1, NPHASE
URFVAR( | U, | PHASE) =URF
URFVAR( | V, | PHASE) =URF
URFVAR( | W | PHASE) =URF
40 CONTI NUE
ENDI F

VELOLD=VELNMAX

DOO00O0O0O0O00000000000000000000000000000QQOODOOOOOOOO0O000O0O0

----END OF EXAMPLE



ANL/TD/TM02-30 Page 102

CH R R AR R R R R R R R
C Setting convergence criterion
CHU#HH R R H A R R R R R R R R R R

CH R R R AR R R R R R R
C Convergence test will first be perforned after 150th iteration
CH R R R R AR R R R R R R

IF (NI TER GT. 150) THEN

CALL GETVAR(' USRC\VG ,' P ', | PRES)
CALL GETVAR(' USRCVG ,' U AT
CALL GETVAR(' USRC\G , 'V AV

CALL GETVAR(' USRCVG , ' VFRAC ', | VFRAQ)

CHHt##tH T H TR R R R R R R R R R R R R R R R R R R R
C Maxi mum val ues of flow variables are cal cul ated
CHtt# T H T R R R R R R R R R R R R R R R R R R R

VELMAX=0. 0D0
VFRACMAX=0. 0DO
PMAX=0. 0DO
DO 20 | PHASE=1, NPHASE
CALL I PALL(' *','*','BLOCK ,' CENTRES', | PT, NPT, OWORK, | WORK)
DO 30 | =1, NPT
| NODE=I PT( 1)
VEL MAX=MAX( VELMAX, ABS( U( | NODE, | PHASE) ), ABS( V( | NCDE, | PHASE) ) )
VFRACMAX=MAX( VFRACMAX, ABS( VFRAC( | NCDE, | PHASE) ) )
PMAX=MAX( PMAX, ABS( P( | NCDE, | PHASE) ) )
30 CONTI NUE
20  CONTI NUE

CHtt##HH T HH TR R R R R R R R R R R R R R R R R R R R R
C Maxi mum val ues of residuals of flow variables are cal cul at ed
CHtt##tH T H TR R R R R R R R R R R R R R R R R R R

VELRESM=0. 0D0

VFRACRESM = 0. 0D0

PRESM = 0. 0DO

DO 10 | PHASE=1, NPHASE
VELRESM=MAX( VELRESM RESOR( | U, | PHASE) , RESOR( | V, | PHASE) )
VFRACRESM=MAX( VFRACRESM RESOR( | VFRAC, | PHASE) )
PRESMEMAX( PRESM RESOR( | PRES, | PHASE) )

10  CONTI NUE

CH R A R AR T R R R R R R
C If ratio of RESIMAX. VALUE is less than 1E-7, problem converged
CH R R R R AR R R R R R R

LCONVG = (VELRESM VELMAX. LT. 1. OE-7) . AND. ( PRESM PMAX. LT. 1. OE-7)
+ . AND. ( VFRACRESM VFRACVAX. LT. 1. OE-7)

I F (LCO\WG THEN
wite(6,*) '##### Converged! ####H

wite(6,*) "##### VMAX = ' VELMAX, ' PMAX = ', PVAX,
+ " VFRACVAX =", VFRACVAX
wite(6,*) '##### VRES = ', VELRESM' PRES = ', PRESM
+ ' VFRACRES =', VFRACRESM
ENDI F
ENDI F

Ck**********************'k'k**********************************************
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Cc

CH++++++++++++++++ END OF USER AREA 6 ++++++++++++++++++++++++++++++++++

Cc

RETURN

Cc

END

SUBROUTI NE USRBCS( VARBCS, VARAMB, A, B, C, ACND, BCND, CCND, | WGVEL,
NDVWAL, FLQUT, NLABEL, NSTART, NEND, NCST, NCEN, U, V, W
P, VFRAC, DEN, VI S, TE, ED, RS, T, H, RF, SCAL, XP, YP, ZP,
VCQL, AREA, VPOR, ARPCOR, WFACT, | PT, | BLK, | PVERT,
I PNCDN, | PFACN, | PNCDF, | PNODB, | PFACB, WORK, | WORK,

+ + + +

+ CWORK)
CH R R H A R AR R R R R R R
CH#HH R H A R R R R R R A R R R R R
C Program for setting boundary conditions

CH R A R R AR R R R R R R
CH R R AR R R R R R R R R
C

Ck**************************************'k'k******************************

USER ROUTI NE TO SET REALS AT BOUNDARI ES.

>>> | MPORTANT <<<
>>> <<<
>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WTHI N <<<
>>> THE DESI GNATED USER AREAS <<

ER R R R R S R IR R R S S Sk R S R R R R R S o R S R R S o o R R

TH'S SUBRCQUTI NE | S CALLED BY THE FOLLOW NG SUBROUTI NE
CUSR SRLI ST

ER Rk R R S IR R R S Sk S R R S R R R R S S kR R R R o o o R Sk R R

CREATED
30/ 11/ 88 ADB
MODI FI ED
08/ 09/ 90 ADB RESTRUCTURED FOR USER- FRI ENDLI NESS.
10/ 08/91 IRH FURTHER RESTRUCTURI NG ADD ACND BCND CCND
22/09/91 IRH CHANGE | CALL TO | UCALL + ADD / SPARM
10/ 03/ 92 PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT,
CHANGE LAST DIMENSION CF RS TO 6 AND | VERS TO 2
03/ 06/ 92 PHA ADD PRECI SI ON FLAG AND CHANCE | VERS TO 3
30/ 06/92 NSW | NCLUDE FLAG FOR CALLI NG BY | TERATI ON
I NSERT EXTRA COMVENTS
03/ 08/ 92 NSwW MODI FY DI MENSI ON STATEMENTS FOR VAX
21/12/92 CSH | NCREASE | VERS TO 4
02/ 08/ 93 NSW | NCORRECT AND M SLEADI NG COMVENT REMOVED
05/ 11/ 93 NSW | NDI CATE USE OF FLOUT I N MULTI PHASE FLONS
23/11/93 CSH EXPLICI TLY DI MENSI ON | PVERT ETC.
01/ 02/ 94 NSW SET VARI ABLE PO NTERS I N WALL EXAMPLE.
CHANGE FLOWBD TO CFDS- FLOVWBD.
MODI FY MULTI PHASE MASS FLOW BOUNDARY TREATMENT.
03/ 03/ 94 FHW CORRECTI ON OF SPELLI NG M STAKE
02/ 07/ 94 BAS SLIDI NG GRIDS - ADD NEW ARGUMENT | WGVEL
TO ALLOW VARI ANTS OF TRANSI ENT-GRI D WALL BC
CHANGE VERSI ON NUMBER TO 5
09/ 08/ 94 NSW CORRECT SPELLI NG
MOVE ' | F(1 USED. EQ 0) RETURN QOUT OF USER AREA
19/ 12/ 94 NSW CHANCE FOR CFX- F3D
02/ 02/ 95 NSW CHANGE COWMON /| MFBVP/
02/ 06/ 97 NSW MAKE EXAMPLE MORE LOG CAL
02/ 07/ 97 NSW UPDATE FOR CFX-4
08/ 09/ 98 NSW CORRECT SI ZE OF WALL ARRAY | N COMMENT

OOO00000000O00O00O000000000000000QOOOOQOOOOOO0OO0
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C
C

22/ 05/ 00 NSW | NI TI ALI SE | UBCSF

Ck**********************************************************************

O00000000000000000000000000000000000000000000000O0000000O00000O0

SUBROUTI NE

VARBCS -
VARAMB -
A -
B -
C -
ACND -
BCND -
CCND -
| WGVEL -
NDVWAL -
FLOQUT -
NLABEL -
NSTART -
NEND -
NCST -
NCEN -

| PT -
| BLK -
| PVERT -
| PNODN -
| PFACN -
| PNODF -
| PNODB -
| PFACB -

WORK -
I WORK -
ONORK -

SUBROUTI NE
BE SET BY

ARGUMENTS

REAL BOUNDARY CONDI Tl ONS
AMBI ENT VALUE OF VARI ABLES
CCEFFI Cl ENT I N WALL BOUNDARY CONDI TI ON

CCEFFI CI ENT I N WALL BOUNDARY CONDI TI ON
CCEFFI Cl ENT I N WALL BOUNDARY CONDI TI ON
COEFFI CI ENT | N CONDUCTI NG WALL BOUNDARY CONDI Tl ON
COEFFI CI ENT | N CONDUCTI NG WALL BOUNDARY CONDI Tl ON
COEFFI Cl ENT | N CONDUCTI NG WALL BOUNDARY CONDI Tl ON

USAGE OF I NPUT VELOCITIES (0 = AS IS, 1 = ADD GRI D MOTI ON)
FI RST DI MENSI ON OF ARRAY | WGVEL
MASS FLOW FRACTI ONAL NMASS FLOW
NUMBER OF DI STI NCT QUTLETS
ARRAY PO NTER

ARRAY PO NTER

ARRAY PO NTER

ARRAY PO NTER

U COVPONENT COF VELCCI TY

V COVPONENT OF VELOCI TY

W COVPONENT OF VELOCI TY
PRESSURE

VOLUME FRACTI ON

DENSI TY OF FLU D

VI SCOSI TY OF FLU D

TURBULENT KI NETI C ENERGY

EPSI LON

REYNOLD STRESSES

TEMPERATURE

ENTHALPY

REYNCOLD FLUXES

SCALARS (THE FI RST ' NCONC OF THESE ARE MASS FRACTI ONS)
X COORDI NATES OF CELL CENTRES
Y COORDI NATES OF CELL CENTRES
Z COORDI NATES OF CELL CENTRES
VOLUME OF CELLS

AREA OF CELLS

POROUS VOLUME

POROUS AREA

VEI GHT FACTCORS

1D PO NTER ARRAY

BLOCK SI ZE | NFORVATI ON

PO NTER FROM CELL CENTERS TO 8 NEI GHBOURI NG VERTI CES
PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG CELLS

PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG FACES

PO NTER FROM CELL FACES TO 2 NEI GHBOURI NG CELL CENTERS
PO NTER FROM BOUNDARY CENTERS TO CELL CENTERS

PO NTER TO NCDES FROM BOUNDARY FACES

REAL WORKSPACE ARRAY
I NTEGER WORKSPACE ARRAY
CHARACTER WORKSPACE ARRAY

ARGUVENTS PRECEDED WTH A ' *' ARE ARGUVENTS THAT MUST
THE USER I N THI S ROUTI NE.

NOTE THAT OTHER DATA MAY BE OBTAI NED FROM CFX-4 USI NG THE
ROUTI NE GETADD, FCOR FURTHER DETAI LS SEE THE VERSI ON 4
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C  USER MANUAL.

C

Ck**********************************************************************

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE

PRECI SI ON VARBCS

PRECI SI ON VARAMB
PRECI SI ON A
PRECI SION B
PRECI SION C
PRECI SI ON ACND
PRECI SI ON BCND
PRECI SI ON CCND
PRECI SI ON FLOUT
PRECI SI ON U
PRECI SI ON V
PRECI SI ON W
PRECI SI ON P
PRECI SI ON VFRAC
PRECI SI ON DEN
PRECI SION VI S
PRECI SI ON TE
PRECI SI ON ED
PRECI SI ON RS
PRECISION T
PRECI SI ON H
PRECI SI ON RF
PRECI SI ON SCAL
PRECI SI ON XP
PRECI SI ON YP
PRECI SI ON ZP
PRECI SI ON VOL
PRECI SI ON AREA
PRECI SI ON VPOR

PRECI SI ON ARPOR
PRECI SI ON WFACT
PRECI SI ON WORK
PRECI SI ON SVALL
PRECI SI ON SORVAX
PRECI SI ON TI ME
PRECI SI ON DT
PRECI SI ON DTI NVF
PRECI SI ON TPARM

LOG CAL LDEN, LVI S, LTURB, LTEMP, LBUOY, LSCAL, LCOVP, LRECT, LCYN, LAXI S,

+
Cc

LPORGCS, LTRANS

CHARACTER (*) CWORK

C

CH++++++++++++++++ USER AREA 1 +++++++++++++++++++++++++++++++++++++++++

C---- AREA FOR USERS EXPLI Cl TLY DECLARED VARI ABLES
DOUBLE PRECI SI ON AA, EMPTY, FULL, HA, YY, VEL

C

CH++++++++++++++++ END OF USER AREA 1 ++++++++++ttttttttttttttttttttt+++

C

COVMON / ALL/ NBLOCK, NCELL, NBDRY, NNCDE, NFACE, NVERT, NDI M

+ 4+ + o+ o+

/ ALLWRK/ NRWS, NI W5, NCW5, | WRFRE, | W FRE, | WCFRE, / ADDI M5/ NPHASE,
NSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGEOM NDCCEF, NI LI ST,

NRLI ST, NTOPOL, / BCSQUT/ | FLOUT, / CHKUSK/ | VERS, | UCALL, | USED,
/ DEVI CE/ NREAD, NVRI TE, NRDI SK, NV\DI SK, / | DUM | LEN, JLEN,

/1 MFBMP/ | MFBMP, JMFBMP, / LOG ¢/ LDEN, LVI S, LTURB, LTEMP, LBUOY,
LSCAL, LCOWP, LRECT, LCYN, LAXI S, LPORCS, LTRANS, / MLTGRDY MLEVEL,

NLEVEL, | LEVEL, / SGLDBL/ | FLGPR, | CHKPR, / SPARM SMVALL, SORVAX,
NI TER, | NDPRI, MAXI T, NODREF, NODMON, / TRANSI / NSTEP, KSTEP, MF,
I NCORE, / TRANSK/ TI ME, DT, DTI NVF, TPARM / UBCSFL/ | UBCSF
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CH++++++++++++++++ USER AREA 2 +++++++++++++++++++tttttttttttttt+++++++
C---- AREA FOR USERS TO DECLARE THEI R OAN COWVMON BLOCKS

Cc THESE SHOULD START W TH THE CHARACTERS ' UC TO ENSURE
Cc NO CONFLI CT W TH NON- USER COVMON BLOCKS
Cc

C+++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C
DI MENSI ON VARBCS( NVAR, NPHASE, NCELL+1: NNCDE) , VARAMB( NVAR, NPHASE)
+ A(4+NSCAL, NPHASE, NSTART: *) , B( 4+NSCAL, NPHASE, NSTART: *) ,
+ C( 4+NSCAL, NPHASE, NSTART: *) , FLOUT( *) , ACND( NCST: *)
+ BCND( NCST: *) , CCND( NCST: *) , | WGVEL( NDVWAL, NPHASE)

DI MENSI ON' U( NNODE, NPHASE) , V( NNODE, NPHASE) , W NNCDE, NPHASE) |
P( NNODE, NPHASE) , VFRAC( NNCDE, NPHASE) , DEN( NNODE, NPHASE) ,
VI S( NNCDE, NPHASE) , TE( NNODE, NPHASE) , ED{ NNODE, NPHASE)
RS( NNODE, NPHASE, 6) , T( NNCDE, NPHASE) , H( NNCDE, NPHASE) |,
RE( NNODE, NPHASE, 4) , SCAL( NNODE, NPHASE, NSCAL)

+ + + +

DI MENSI ON' XP( NNCDE) , YP( NNODE) , ZP( NNODE) , VOL( NCELL) , AREA( NFACE, 3) ,
VPOR( NCELL) , ARPOR( NFACE, 3) , WEACT( NFACE) , | PT(*),
I BLK( 5, NBLOCK) , | PVERT( NCELL, 8) , | PNODN( NCELL, 6)
| PEACN( NCELL, 6) , | PNODF( NFACE, 4) , | PNCDB( NBDRY, 4) ,
| PFACB( NBDRY) , | WORK( *) , WORK( *) , CWORK( *)

+ + + +

C
C+++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++++++++++
C---- AREA FOR USERS TO DI MENSI ON THEI R ARRAYS
C
C--- AREA FOR USERS TO DEFI NE DATA STATEMENTS
C
C+++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
C
C--- STATEMENT FUNCTI ON FOR ADDRESSI NG
IP(1,J,K = I PT((K-1)*I LEN*JLEN+ (J-1)*ILEN#I)

Cc
C----VERSI ON NUMBER OF USER ROUTI NE AND PRECI SI ON FLAG
Cc
IVERS = 5
| CHKPR = 2
Cc

CH++++++++++++++++ USER AREA 4 +++++++++++++++++++++++++++++++++++++++++
C--- TO USE TH S USER ROQUTI NE FI RST SET | USED=1

Cc AND SET | UBCSF FLAG
Cc BOUNDARY CONDI TI ONS NOT CHANG NG | UBCSF=0
c BOUNDARY CONDI TI ONS CHANGI NG W TH | TERATI ON | UBCSF=1
c BOUNDARY CONDI TI ONS CHANGI NG W TH TI ME | UBCSF=2
c BOUNDARY CONDI TI ONS CHANG NG W TH TI ME AND | TERATI ON | UBCSF=3
c

IUSED = 1

I UBCSF = 0
Cc

CH++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++
C
I F (1 USED. EQ 0) RETURN

C

C--- FRONTEND CHECKI NG OF USER ROUTI NE
| F (1 UCALL. EQ 0) RETURN

C

CH++++++++++++++++ USER AREA 5 ++++++++++++++++++++++++++++ttttttttt++++
Cc

C --- AREA FOR SETTI NG VALUES AT | NLETS, PRESSURE BOUNDARI ES
Cc AND QUTLETS. (NOTE THAT THE MASS FLOW AT OUTLETS IS
Cc SPECI FI ED | N USER AREA 7)

C
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I F USI NG A REYNCLDS STRESS OR FLUX MODEL, NOTE THAT AT | NLETS
IT 1S I MPORTANT THAT THE USER SETS ALL COWPONENTS OF THE
REYNOLDS STRESS AND FLUX AND THE TURBULENT KI NETI C ENERGY

AS VEELL AS THE ENERGY DI SSI PATI ON RATE.

SET THE VALUES | N VARBCS( NVAR, NPHASE, | LEN, JLEN, KLEN)

EXAMPLE: SETTING A LI NEAR T PROFI LE ON | NLET PATCH ' ENTRANCE
LEAVE OTHER VARI ABLES AS SET | N COMVAND LANGUAGE

| NTERROGATE GETVAR FOR VARI ABLE NUMBERS.

CALL GETVAR('USRBCS','T LT
SET IPHS = 1 FOR SI NGLE PHASE FLOW
IPHS = 1
USE | PREC TO FI ND ADDRESSES

CALL | PREC(' ENTRANCE , ' PATCH ,' CENTRES , | PT, | LEN, JLEN, KLEN,
+ CWORK, | WORK)

XVAX=2. 0
XM N=1. 0
TMAX=300. 0
TM N=250. 0
LOOP OVER PATCH
DO 103 K = 1, KLEN
DO 102 J = 1, JLEN
DO 101 | = 1, ILEN
USE STATEMENT FUNCTION | P TO GET ADDRESSES
I NODE = I P(1,J, K)
SET VARBCS
F=( XP( | NODE) - XM N) / ( XMAX- XM N)
VARBCS(I T, | PHS, | NODE) = F*TMAX + (1.0-F)*TM N
101 CONTI NUE
102 CONTI NUE
103 CONTI NUE

O0000000000000000000000000000000OOO0O0OO00O000O

C ---END OF EXAMPLE

CH R R AR R R R R R R R
C Setting Hartmann profile at the entrance to the duct
CH R A R R R R R R R R

CALL GETVAR(' USRBCS ,' U SRRy
CALL GETVAR(' USRBCS ,' VFRAC ', | VFRAQ)
CALL | PALL(' ENTRANCE ,' *',' PATCH ,' CENTRES' , | PT, NPT, CWORK, | WORK)

IPHS = 1

AA = 1. D+00
HA = 200. 0DO
FULL = 1.0D0

EMPTY = 1.D- 10

CALL | PALL(" ENTRANCE ,'*',' PATCH ,' CENTRES , | PT
+ , NPT, CWORK, | WORK)

DO 110 K = 1, NPT
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1 NODE
YY

| PT(K)
YP( | NODE) / AA

I'E ((YY.LE 1.D0).AND. (YY.GE -1.D0)) THEN

VEL = Ha/ (Ha-tanh(Ha))* (1. DO- DEXP( Ha* ( YY- 1. D0)) *

+ (1. DO+DEXP( - 2. DO* Ha* YY) ) / ( 1. DO+DEXP( - 2. DO* Ha) ) )
ELSE
VEL = 0. D0
END | F

CHAHH PR HH TR H B H R H R R R R R R R R R R
C Volune fraction of nmetal is set to 1, velocity to Hartnann profile
CHAHH B HH TR H B H R H R R R R R R R R R

EMPTY
FULL

VARBCS( | VFRAC, 1, | NODE)
VARBCS( | VFRAC, 2, | NODE)
VARBCS(1U, 1, | NODE) = VEI
VARBCS(1 U, 2, | NODE) = VEI

—r

110 CONTI NUE

Ck**********************************************************************

Cc

CH++++++++++++++++ END OF USER AREA 5 ++++++++++++ttttttttttttttttttt++
Cc

CH++++++++++++++++ USER AREA 6 ++++++++++++++++++++++++++++++++ttttt++++
Cc

C---- AREA FOR SETTI NG VALUES AT WALLS

USE A( 4+NSCAL, NPHASE, NNCDE)
WHERE NSCAL = NO OF SCALARS, AND NPHASE = NO OF PHASES.

THE CONVENTI ON FOR VARI ABLE NUMBERS IS DI FFERENT I N THI S RCOUTI NE
FROM THAT I N THE REST OF THE PROGRAM I T I S:

Ilu=1, IVvV=2, IW=3, IT=4, IS=5

EXAMPLE: SETTI NG FREE SLI P BOUNDARY CONDI TI ONS AT ALL WALLS
AND SETTI NG T=300. 0 AND SCALAR1 AND SCALAR2 =0.0
ON WALL1. SET T=400.0 ON CONDUCTI NG SCLI D BOUNDARY WALL2

SET PO NTERS

nH4s<c
LI | A B |
O wWNPEF

SET IPHS = 1 FOR SI NGLE PHASE FLOW
IPHS = 1
USE | PALL TO FIND 1D ADDRESSES COF A GROUP OF PATCH CENTRES
CALL | PALL("*',"WALL',' PATCH ,' CENTRES' , | PT, NPT, OAORK, | WORK)
LOOP OVER GROUP OF PATCHES

DO 200 1=1, NPT
USE ARRAY | PT TO GET ADDRESS

O000000000QO00000O0NOOONOOO00OO0O0OO00



ANL/TD/TM02-30

Page 109

200

201
202
203

300

OO0 00OQOOOO0O00O0O000O00O0O000O0000O00000000000000000000000000000O0

—~

HE8 BBE BEE

]

~—~

c
TUTU—

hhh HHD BHHA

o3
)
<

TUTUT

oro
oNoNe) oNoNe)

oro

opo
oNoNe]

CWORK, | WORK)

LOOP OVER PATCH

DO 203 K = 1, KLEN
DO 202 J = 1, JLEN

DO 201 | = 1,
USE STATEMENT FUNCTION | P TO GET ADDRESSES
INODE = I P(1,J, K)

A(I'T, 1 PHS,
B(I T, | PHS,
(1T, 1 PHS,

A(1'S, | PHS,
B(1S, | PHS,
(1S, | PHS,

A(1S+1, 1

PHS
B(1S+1, | PHS
PHS

C(1S+1, |

CONTI NUE
CONTI NUE
CONTI NUE

| NCDE=I PT(1)
ACND( | NODE) = 1.0
BOND( | NCDE) = 0.0
CCND( | NODE) = 400. 0
CONTI NUE

---END OF EXAMPLE

NCDE)
NCDE)
NCDE)

NODE)

NCDE)
NCDE)

LOOP OVER GROUP OF PATCHES
DO 300 1=1, NPT
USE ARRAY | PT TO GET ADDRESS

I LEN

noon
cor
coo

| NODE)
, | NODE)
I NODE)

or
o

w
o -
o

no
cor
coco

o

USE | PREC TO FI ND ADDRESSES OF SI NGLE PATCH

CALL | PREC(' WALL1',' PATCH ,' CENTRES' , | PT, | LEN, JLEN, KLEN,

USE | PALL TO FIND 1D ADDRESSES COF A GROUP OF PATCH CENTRES

CALL | PALL("WALL2','*', "' PATCH ,' CENTRES , | PT, NPT, CWORK, | WORK)

+++++++++++++++++ END OF USER AREA 6 ++++++++++++++++++++++++++++++++++

+++++++++++++++++ USER AREA 7 +++++++++++++++++++++++++++++++++HH o+

DEFI NE FLOW AT QUTLETS ( MASS FLOW BOUNDARI ES)
(TO TEMPERATURES AND SCALARS AT MASS FLOW BOUNDARI ES USE
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USER AREA 5)

SET PARAMETER | FLOUT:

I FLQUT = 1 ==> MASS FLOW SPECI FI ED AT LABELLED CUTLETS.
| FLOUT = 2 ==> FRACTI ONAL MASS FLOW SPECI FI ED AT LABELLED QUTLETS
| FLOUT = 2

SET QUTLET FLOW RATES:

FLOUT(LABEL) = MASS FLON QUT OF OUTLETS LABELLED LABEL (| FLOUT=1).
FLOUT(LABEL) = FRACTI ONAL MASS FLOW OUT OF QUTLETS LABELLED LABEL
(1 FLOUT=2) .
FOR MULTI PHASE FLOAS | T |'S NECESSARY TO SET
El THER
FLOUT(LABEL) = TOTAL MASS FLOW
| FLOUT = 1
| MFBMP = 0
R

FLOUT(LABEL + (1 PHASE-1)*NLABEL) FOR EACH PHASE
IFLOUT =1 OR 2
| MFBVP = 1

EXAMPLE: EQUI DI STRI BUTI ON OF FRACTI ONAL NMASS FLOW AMONGST QUTLETS

| FLOUT=2
FRAC = 1.0 / MAX( 1.0, FLOAT(NLABEL) )
DO 300 | LABEL = 1, NLABEL
FLOUT(| LABEL) = FRAC
00 CONTI NUE

0000000000000 00000000000000O0

00
0
6
Q
£
3
m

CH++++++++++++++++ END OF USER AREA 7 ++++++++++++++++++++++++++++++++++
Cc

RETURN
Cc
END
SUBROUTI NE USRTRN( U, V, W P, VFRAC, DEN, VI S, TE, ED, RS, T, H, RF, SCAL, XP,
+ YP, ZP, VAL, AREA, VPOR, ARPOR, WFACT, CO\V, | PT, | BLK,
+ | PVERT, | PNODN, | PFACN, | PNCDF, | PNCDB, | PFACB, WORK,
+ | WORK,

CHAHH B HHH TR H B H R H R R R R R R R R R R R R R
CHAHH B HH TR H B H B HH R H R R R R R R R R R
C Program for cal culation additional data sets

CHAHH B HH TR H B H R H R H R R R R R R R R R R R
CHAHH B HHH TR H B H B H R R R R R R R R R R R
Cc

Ck******'k'k**********************'k**************************************

USER SUBRQOUTI NE TO ALLOW USERS TO MODI FY OR MONI TOR THE SCLUTI ON AT
THE END OF EACH TI ME STEP
THI'S SUBRQUTI NE | S CALLED BEFORE THE START OF THE RUN AS WELL AS AT
THE END OF EACH TI ME STEP

>>> | MPORTANT <<<
>>> <<<
>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WTHI N <<<
>>> THE DESI GNATED USER AREAS <<

Rk R R R R R S IRk R R Sk S R o S R R R R R R R Rk R R S Rk R Rk e O R

THI S SUBRCQUTI NE | S CALLED BY THE FOLLOW NG SUBROUTI NES
CUSR TRNMOD

OO000QOOOO0OO0O0O0O0O0
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Ck*************

CREATED
27/ 04/ 90
MODI FI ED
05/ 08/ 91
01/10/91
29/ 11/ 91

05/ 06/ 92
03/ 07/ 92
23/ 11/ 93
03/ 02/ 94
22/ 08/ 94
19/ 12/ 94
02/ 07/ 97
02/ 07/ 99

kkhkkkkkkkkdhkhkx

SUBRQOUTI NE

I WORK -

SUBROUTI NE
BE SET BY

eleNoNololoNoNoNoNoNooNoNoNoRoNoNoNoNo NN oo o NN ool oN oo oo NoNoN oA oo No NN N o RO o RO NN OO RO NN NN O N RN O NN OO N O N ]

Rk R R R S kR R R S S O Rk R R S R R R Sk O Sk R Rk

I RH NEW STRUCTURE

DSC REDUCE COMMENT LI NE GO NG OVER COLUWN 72.

PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT,
CHANGE LAST DIMENSION OF RS TO 6 AND | VERS TO 2

PHA ADD PRECI SI ON FLAG AND CHANGE | VERS TO 3

DSC CORRECT COMMON MLTGRD.

CSH EXPLI CI TLY DI MENSI ON | PVERT ETC.

PHA CHANGE FLOMBD TO CFDS- FLONBD

NSW MOVE ' | F(1 USED. EQ 0) RETURN QUT OF USER AREA

NSW CHANGE FOR CFX- F3D

NSW UPDATE FOR CFX- 4

NSW | NCLUDE NEW EXAMPLE FOR CALCULATI NG FLUX CF A
SCALAR AT A PRESSURE BOUNDARY

Rk Rk R S R R R o S o R R R R R R R kO R R R S R R

ARGUMENTS

U COVPONENT OF VELCCI TY

V COVPONENT OF VELOCI TY

W COVPONENT OF VELOCI TY
PRESSURE

VOLUME FRACTI ON

DENSI TY OF FLU D

VI SCOSI TY OF FLU D

TURBULENT KI NETI C ENERGY

EPSI LON

REYNOLD STRESSES

TEMPERATURE

ENTHALPY

REYNOLD FLUXES

SCALARS (THE FI RST ' NCONC OF THESE ARE MASS FRACTI ONS)
X COORDI NATES OF CELL CENTRES
Y COORDI NATES OF CELL CENTRES
Z COORDI NATES OF CELL CENTRES
VOLUME OF CELLS

AREA OF CELLS

POROUS VOLUME

POROUS AREA

VEI GHT FACTCRS

CONVECTI ON CCEFFI CI ENTS

1D PO NTER ARRAY

BLOCK SI ZE | NFORVATI ON

PO NTER FROM CELL CENTERS TO 8 NEI GHBOURI NG VERTI CES
PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG CELLS

PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG FACES

PO NTER FROM CELL FACES TO 2 NEI GHBOURI NG CELL CENTERS
PO NTER FROM BOUNDARY CENTERS TO CELL CENTERS

PO NTER FROM BOUNDARY CENTERS TO BOUNDARY FACESS

REAL WORKSPACE ARRAY
| NTEGER WORKSPACE ARRAY
CHARACTER WORKSPACE ARRAY

ARGUVMENTS PRECEDED WTH A ' *' ARE ARGUVMENTS THAT MUST
THE USER I N THI S ROUTI NE.

NOTE THAT OTHER DATA MAY BE OBTAI NED FROM CFX-4 USI NG THE
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ROUTI NE GETADD, FOR FURTHER DETAI LS SEE THE VERSI ON 4

USER VANUAL.

Ck******'k'k**********************'k**************************************

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE

PRECI SI ON U
PRECI SI ON V
PRECI SI ON W
PRECI SI ON P
PRECI SI ON VFRAC
PRECI SI ON DEN
PRECI SION VI S
PRECI SI ON TE
PRECI SI ON ED
PRECI SI ON RS
PRECISION T
PRECI SI ON H
PRECI SI ON RF
PRECI SI ON SCAL
PRECI SI ON XP
PRECI SI ON YP
PRECI SI ON ZP
PRECI SI ON VOL
PRECI SI ON AREA
PRECI SI ON VPOR
PRECI SI ON ARPOR
PRECI SI ON WFACT
PRECI SI ON CONV
PRECI SI ON WORK
PRECI SI ON SVALL
PRECI SI ON SORIVAX
PRECI SI ON DTUSR
PRECI SI ON TI ME
PRECI SI ON DT
PRECI SI ON DTI NVF

PRECI SI ON TPARM
PRECI SI ON SG\W\L

LOG CAL LDEN, LVI S, LTURB, LTEMP, LBUOY, LSCAL, LCOVP, LRECT, LCYN, LAXI S,

+
Cc

LPORGCS, LTRANS

CHARACTER* (*) CWORK

C

CH+++++++++++++++ USER AREA 1 +++++++++++++++ttttttttttttttttt -+ ++

C---- AREA FOR USERS EXPLI Cl TLY DECLARED VARI ABLES
DOUBLE PRECI SI ON BFI ELD, GAM

C

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

C

COVMON / ALL/ NBLOCK, NCELL, NBDRY, NNCDE, NFACE, NVERT, NDI M

+ 4+ o+ o+

C

/ ALLWRK/ NRWS, NI W5, NOW5, | WRFRE, | W FRE, | WCFRE, / ADDI M5/ NPHASE,
NSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGEOM NDCCEF, NI LI ST,

NRLI ST, NTOPOL, / CHKUSK/ | VERS, | UCALL, | USED, / CONC/ NCONC,
/ DEVI CE/ NREAD, NVRI TE, NRDI SK, NV\DI SK, / | DUM | LEN, JLEN,

/ LOG C/ LDEN, LVI' S, LTURB, LTEMP, LBUOY, LSCAL, LCOWP, LRECT, LCYN,

LAXI S, LPORCS, LTRANS, / MLTGRD/ MLEVEL, NLEVEL, | LEVEL,
/ SGLDBL/ | FLGPR, | CHKPR, / SPARM SVALL, SORVAX, NI TER, | NDPRI ,

MAXI T, NODREF, NCDMON, / TI MUSR/ DTUSR, / TRANSI / NSTEP, KSTEP, MF,

I NCORE, / TRANSK/ TI ME, DT, DTI NVF, TPARM

CH+++++++++++++++ USER AREA 2 +++++++++++++++++++++++++++++++++++++++++

C---- AREA FOR USERS TO DECLARE THEI R OAN COVMON BLOCKS
Cc THESE SHOULD START W TH THE CHARACTERS ' UC TO ENSURE
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C NO CONFLI CT W TH NON- USER COVMON BLOCKS
C
Ct++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C
DI MENSI ON' U( NNCDE, NPHASE) , V( NNCDE, NPHASE) , W NNCDE, NPHASE) ,
P( NNCDE, NPHASE) , VFRAC( NNODE, NPHASE) , DEN( NNODE, NPHASE)
VI S( NNODE, NPHASE) , TE( NNCDE, NPHASE) , ED( NNCDE, NPHASE) ,
RS( NNCDE, NPHASE, 6) , T( NNODE, NPHASE) , H( NNCDE, NPHASE) ,
RF( NNCDE, NPHASE, 4) , SCAL( NNODE, NPHASE, NSCAL)
DI MENSI ON XP( NNODE) , YP( NNODE) , ZP( NNODE) , VOL( NCELL) , AREA( NFACE, 3),
VPOR( NCELL) , ARPOR( NFACE, 3) , WFACT( NFACE) ,
CONV( NFACE, NPHASE) , | PT(*), | BLK( 5, NBLOCK) ,
| PVERT( NCELL, 8), | PNODN( NCELL, 6), | PFACN( NCELL, 6),
| PNODF( NFACE, 4) , | PNODB( NBDRY, 4) , | PFACB( NBDRY) , | WORK( *) ,
VORK( *) , QWORK( *)
DI MENSI ON SGNWL( 6)

+ + + +

+ 4+ + 4+

g++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++++++++++
C---- AREA FOR USERS TO DI MENSI ON THEI R ARRAYS

g— --- AREA FOR USERS TO DEFI NE DATA STATEMENTS

g++++++++++++++++ END OF USER AREA 3 ++++++++++++tttttttttttttttttttt++
© DATA SGNW./ 1. 0Do, 1. 0Do, 1. 0D0, - 1. 0DO, - 1. 0DO, - 1. 0DO/

C
C--- STATEMENT FUNCTI ON FOR ADDRESSI NG
IP(1,J,K = I PT((K-1)*I LEN*JLEN+ (J-1)*ILEN+I)
C
C - -- VERSI ON NUMBER OF USER ROUTI NE AND PRECI S| ON FLAG
C
| VERS = 3
| CHKPR = 2
C

CH+++++++++++++++ USER AREA 4 ++++++++++++++++tttttttttttt -+ +
C--- TO USE TH'S USER ROUTI NE FI RST SET | USED=1
Cc

IUSED = 1
Cc
CH+++++++++++++++ END OF USER AREA 4 +++++++++++tttttttttttttttt++++++++
Cc

I F (1 USED. EQ 0) RETURN

C

C--- FRONTEND CHECKI NG OF USER ROUTI NE
| F (1 UCALL. EQ 0) RETURN

C

CH+++++++++++++++ USER AREA 5 +++++++++++++++tttttttttttttttttt++++++++

C---- EXAMPLE (SET TI ME | NCREMENT FOR NEXT TI ME STEP)

Cc

Cc DTUSR = 0.1

C

C--- END OF EXAMPLE

Cc

G --- EXAMPLE (CALCULATE FLUX OF FI RST SCALAR AT A PRESSURE BOUNDARY)
| PHASE = 1
FLUX = 0.0

USE | PALL TO FI ND ADDRESSES OF BOUNDARY NODES ON PATCH PRESS1
CALL | PALL(' PRESSL',' PRESS' ,' PATCH , ' CENTRES
+ , | PT, NPT, CWORK, | WORK)
LOOP OVER ALL BOUNDARY NCDES
DO 300 1=1, NPT

O0000000
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C USE ARRAY | PT TO GET ADDRESS

C I NCDE = | PT(I)

C | BDRY = | NODE - NCELL

C | FACE = | PFACB( | BDRY)

C | NDUM = | PNODB( | BDRY, 2)

c N = | PNODB( | BDRY, 4)

C FLUX = FLUX

C + + SGNWL( NWL) * CONV( | FACE, | PHASE) * SCAL( | NDUM | PHASE, 1)
C 300 CONTI NUE

C

C--- END OF EXAMPLE

CH R R R AR R R R R R R
C Cal cul ati ng additional data:

C shape and velocities of the jet (asynptotic sol ution)
C inall internal cells

G o o o A R A R A R
CALL GETSCA(' USRD B', | B, CWORK)
CALL GETSCA(' USRD EXACT U , | W CWORK)
CALL GETSCA(' USRD EXACT H , | H, CWORK)

GAM = 2. D0
CALL I PALL('*','*' 'BLOCK' ,' CENTRES ,|PT
+ , NPT, CWORK, | WORK)
DO 110 K = 1, NPT
INODE = | PT(K)

I F (XP(1 NODE). GT. 0. D0) THEN
BFI ELD=1. DO- 0. 5D0* DTANH( GAM* XP( | NCDE) )

ELSE
BFI ELD = 1. DO
ENDI F
SCAL( | NODE, 1, | W=1. DO/ BFI ELD
SCAL( | NODE, 1, | B) =BFI ELD
SCAL( | NODE, 2, | W=1. DO/ BFI ELD
SCAL( | NODE, 2, | B) =BFI ELD
| F (YP(| NCDE). GT. BFI ELD) THEN
SCAL( | NODE, 1, | H) =0. D0
SCAL( | NODE, 2, | H) =0. D0
ELSE
SCAL( | NODE, 1, | H) =1. D0
SCAL( | NODE, 2, | H) =1. D0
ENDI F
110 CONTI NUE
CH R R AR R AR R R R R R R
C Cal cul ati ng additional data:
C shape and velocities of the jet (asynptotic solution)
C on all patches

Ch##HHHHHHHHH TR HHH T HH A T R

CALL | PALL("*',"*", "' PATCH ,' CENTRES , | PT

+ , NPT, CWORK, | WORK)
DO 210 K = 1, NPT
INODE = | PT(K)

I E (XP(1 NODE). GT. 0. D0) THEN
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BFI ELD=1. DO- 0. 5D0* DTANH( GAM: XP( | NCDE) )

ELSE
BFI ELD = 1. DO
ENDI F
SCAL( | NODE, 1, | W =1. DO/ BFI ELD
SCAL( | NODE, 1, | B) =BFI ELD
SCAL( | NODE, 2, | W =1. DO/ BFI ELD
SCAL( | NODE, 2, | B) =BFI ELD

210 CONTI NUE

Ck******'k'k**********************'k**************************************
C
CH+++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++
C

RETURN
C

END

13. Appendix 3. a sample of source code, three-dimensional

flow, Hunt solution

SUBROUTI NE USRBF( | PHASE, BX, BY, BZ, BPX, BPY, BPZ, U, V, W P, VFRAC, DEN,

+ VI S, TE, ED, RS, T, H, RF, SCAL, XP, YP, ZP, VOL, AREA, VPCR,
+ ARPOR, WFACT, | PT, | BLK, | PVERT, | PNCDN, | PFACN, | PNCDF,
+ | PNODB, | PFACB, WORK, | WORK, CWORK) C

CH R A AR AR R R R R R R
CH R R AR AR R R R R R R
C Program for setting body forces
CH R R H A R R R R R R R AR
CH R R R R R R R R R R R
Ck**********************************************************************C
C UTI LI TY SUBROUTI NE FOR USER- SUPPLI ED BODY FORCES C
>>> | MPORTANT <<
>>> <<<
>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WTHI N <<<
>>> THE DESI GNATED USER AREAS <<

ER Rk R R S IR R R R S Sk R S S R R R R R R S S R R R R R o o R

BFCAL

ER Rk R R S IR R R R S S Sk o R S S R R R R R S e I R R R o o R

CREATED
24/ 01/92 ADB
MODI FI ED

Cc

Cc

Cc

Cc

Cc

Cc*

Cc

C TH'S SUBROUTINE IS CALLED BY THE FOLLOW NG SUBROUTI NES
Cc

Cc*

Cc

Cc

Cc

Cc 03/06/92 PHA ADD PRECI SI ON FLAG AND CHANCE | VERS TO 2
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Cc 23/11/93 CSH EXPLICI TLY DI MENSI ON | PVERT ETC.

Cc 03/02/94 PHA CHANGE FLOMNBD TO CFDS- FLONBD

Cc 03/03/94 FHW CORRECTI ON OF SPELLI NG M STAKE

Cc 23/03/94 FHW EXAMPLES COMMENTED OUT

Cc 09/ 08/ 94 NSW CORRECT SPELLI NG

C MOVE ' | F(1 USED. EQ 0) RETURN QUT OF USER AREA
Cc 19/12/94 NSW CHANGE FOR CFX- F3D

Cc 31/01/97 NSW EXPLAI N USAGE | N MULTI PHASE FLOWS

Cc 02/ 07/ 97 NSW UPDATE FOR CFX-4
gk**********************************************************************
Cc

C  SUBROUTI NE ARGUMENTS

Cc

Cc | PHASE - PHASE NUMBER

Cc

Cc * BX - X- COVPONENT OF VELCCI TY- | NDEPENDENT BODY FORCE

cC * BY - Y- COVPONENT OF VELQCI TY- | NDEPENDENT BODY FORCE

cC *BzZ - Z- COVPONENT OF VELCCI TY- | NDEPENDENT BODY FORCE

C * BPX -

C * BPY - COVPONENTS OF LI NEARI SABLE BCDY FORCES.

C * BPZ -

Cc

C N B. TOTAL BODY-FORCE | S d VEN BY:

Cc

Cc X- COVPONENT = BX + BPX*U

Cc Y- COWPONENT = BY + BPY*V

Cc Z- COMPONENT = BZ + BPZ*W

Cc

Cc U - U COVPONENT OF VELOCI TY

Cc \% - V COVPONENT OF VELOCI TY

Cc w - WCOWPONENT OF VELOCI TY

Cc P - PRESSURE

Cc VFRAC - VOLUME FRACTI ON

Cc DEN - DENSITY OF FLU D

Cc VIS - VISCOSITY OF FLU D

C TE - TURBULENT KI NETI C ENERGY

Cc ED - EPSI LON

Cc RS - REYNOLD STRESSES

Cc T - TEMPERATURE

Cc H - ENTHALPY

Cc SCAL - SCALARS (THE FIRST ' NCONC OF THESE ARE MASS FRACTI ONS)
Cc XP - X COORDI NATES OF CELL CENTRES

Cc YP - Y COORDI NATES OF CELL CENTRES

Cc P - Z COORDI NATES OF CELL CENTRES

Cc VQL - VOLUME OF CELLS

Cc AREA - AREA OF CELLS

Cc VPOR - POROUS VOLUME

Cc ARPOR - POROUS AREA

Cc WFACT - VEI GHT FACTCRS

Cc

C | PT - 1D PO NTER ARRAY

C I BLK - BLOCK SIZE | NFORVATI ON

C | PVERT - PO NTER FROM CELL CENTERS TO 8 NEI GHBOURI NG VERTI CES
C | PNCDN - PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG CELLS
C | PFACN - PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG FACES
Cc | PNCDF - PO NTER FROM CELL FACES TO 2 NEI GHBOURI NG CELL CENTERS
C | PNODB - PO NTER FROM BOUNDARY CENTERS TO CELL CENTERS

C | PFACB - PO NTER FROM BOUNDARY CENTERS TO BOUNDARY FACESS
Cc

Cc WORK - REAL WORKSPACE ARRAY

Cc I WORK - | NTEGER WORKSPACE ARRAY

Cc OWORK - CHARACTER WORKSPACE ARRAY
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0OQOOOO0OO0O0

C

C

SUBROUTI NE ARGUMENTS PRECEDED WTH A ' *' ARE ARGUMENTS THAT MUST
BE SET BY THE USER I N TH S ROUTI NE.

NOTE THAT OTHER DATA MAY BE OBTAI NED FROM CFX-4 USI NG THE
ROUTI NE GETADD, FOR FURTHER DETAI LS SEE THE VERSI ON 4
USER MANUAL.

ER Rk Rk S IR R R S S kR S R R R R R o S o R R R R R o o R R R R

DOUBLE PRECI SI ON BX

DOUBLE PRECI SI ON BY

DOUBLE PRECI SI ON BZ

DOUBLE PRECI SI ON BPX
DOUBLE PRECI SI ON BPY
DOUBLE PRECI SI ON BPZ
DOUBLE PRECI SI
DOUBLE PRECI S
DOUBLE PRECI S
DOUBLE PRECI S
DOUBLE PRECI S
DOUBLE PRECI S
DOUBLE PRECI S
DOUBLE PRECI S
DOUBLE PRECI S
DOUBLE PRECI S

U
| \%
| W
| P
I Vi
I
I
|
|
|
DOUBLE PRECI SI
|
|
|
|
|
|
I
|

F
DE
\Y
TE
ED
RS

T

H

RF
SCAL
XP

YP
P

C

U)Zg

DOUBLE PRECI S

DOUBLE PRECI S

DOUBLE PRECI S

DOUBLE PRECI S

DOUBLE PRECI S

DOUBLE PRECI S

DOUBLE PRECI S VCL

DOUBLE PRECI S AREA

DOUBLE PRECI SI ON VPCR

DOUBLE PRECI SI ON ARPCR

DOUBLE PRECI SI ON WFACT

DOUBLE PRECI SI ON WORK

DOUBLE PRECI SI ON SVALL

DOUBLE PRECI SI ON SORMAX

DOUBLE PRECI SI ON Tl ME

DOUBLE PRECI SI ON DT

DOUBLE PRECI SI ON DTI NVF

DOUBLE PRECI SI ON TPARM

LOG CAL LDEN, LVI S, LTURB, LTEMP, LBUOY, LSCAL, LCOVP, LRECT, LCYN, LAXI S,
+ LPORGCS, LTRANS

2822222222329292322

CHARACTER* (*) CWORK

CH++++++++++++++++ USER AREA 1 ++++++++++++++tttttttttttttt -+ +
C---- AREA FOR USERS EXPLI Cl TLY DECLARED VARI ABLES

C

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

C

COVMON / ALL/ NBLOCK, NCELL, NBDRY, NNCDE, NFACE, NVERT, NDI M
/ ALLWRK/ NRWS, NI W5, NCW5, | WRFRE, | W FRE, | WCFRE, / ADDI M5/ NPHASE,
NSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGEOM NDCCEF, NI LI ST,
NRLI ST, NTOPQL, / CHKUSR/ | VERS, | UCALL, | USED, / DEVI CE/ NREAD,
NWRI TE, NRDI SK, N\WDI SK, / | DUM | LEN, JLEN, / LOG T/ LDEN, LVI S,
LTURB, LTEMP, LBUOY, LSCAL, LCOWP, LRECT, LCYN, LAXI S, LPORGCS,
LTRANS, / MLTGRDY MLEVEL, NLEVEL, | LEVEL, / SGLDBL/ | FLGPR, | CHKPR,
/ SPARM SNMALL, SORVAX, NI TER, | NDPRI, MAXI T, NODREF, NODMON,

+ 4+ 4+ 4+ + 4+
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+ / TRANSI / NSTEP, KSTEP, MF, | NCORE, / TRANSR/ Tl ME, DT, DTl NVF, TPARM
C
C+++++++++++++++++ USER AREA 2 +++++++++++++++++++++++++++++++++++H++H++H++
C--- AREA FOR USERS TO DECLARE THEI R OAN COMMON BLOCKS
C THESE SHOULD START W TH THE CHARACTERS ' UC TO ENSURE
C NO CONFLI CT W TH NON- USER COMVON BLOCKS
C
C+++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C
DI MENSI ON BX( NCELL) , BY( NCELL) , BZ( NCELL) , BPX( NCELL) , BPY( NCELL),
+ BPZ( NCELL)

DI MENSI ON' U( NNODE, NPHASE) , V( NNODE, NPHASE) , W NNCDE, NPHASE) |
P( NNODE, NPHASE) , VFRAC( NNODE, NPHASE) , DEN( NNODE, NPHASE)
VI S( NNCDE, NPHASE) , TE( NNODE, NPHASE) , ED{ NNODE, NPHASE)
RS( NNODE, NPHASE, *) , T( NNODE, NPHASE) , H( NNODE, NPHASE) |,
RE( NNODE, NPHASE, 4) , SCAL( NNODE, NPHASE, NSCAL)

+ + + +

DI MENSI ON' XP( NNCDE) , YP( NNODE) , ZP( NNODE) , VOL( NCELL) , AREA( NFACE, 3) ,
VPOR( NCELL) , ARPOR( NFACE, 3) , WEACT( NFACE) , | PT(*),
I BLK( 5, NBLOCK) , | PVERT( NCELL, 8) , | PNODN( NCELL, 6)
| PEACN( NCELL, 6) , | PNODF( NFACE, 4) , | PNODB( NBDRY, 4) ,
| PFACB( NBDRY) , | WORK( *) , WORK( *) , CWORK( *)

+ + + +

C
C+++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++++++H++++
C--- AREA FOR USERS TO DI MENSI ON THEI R ARRAYS
C
C--- AREA FOR USERS TO DEFI NE DATA STATEMENTS
C
C+++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
C
C--- STATEMENT FUNCTI ON FOR ADDRESSI NG
IP(1,J,K = I PT((K-1)*I LEN*JLEN+ (J-1)*ILEN+I)

Cc
C----VERSI ON NUMBER OF USER ROUTI NE AND PRECI SI ON FLAG
Cc
| VERS = 2
| CHKPR = 2
Cc

CH++++++++++++++++ USER AREA 4 +++++++++++++++++++++++++++++++++++++++++
C--- TOUSE TH S USER ROUTI NE FI RST SET | USED=1
Cc

IUSED = 1
c
CH++++++++++++++++ END OF USER AREA 4 ++++++++++++ttttttttttttttttttt+++
Cc

I F (1 USED. EQ 0) RETURN

C

C--- FRONTEND CHECKI NG OF USER ROUTI NE
| F (1 UCALL. EQ 0) RETURN

C

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

THI' S ROUTI NE | S ENTERED REPEATEDLY FOR EACH PHASE I N A MJULTI PHASE
CALCULATI ON. BODY FORCES CAN BE SET FOR A PARTI CULAR PHASE USI NG
THE VARl ABLE | PHASE. EG | F (I PHASE. EQ 2) WOULD ALLOW BODY FORCES
FOR THE SECOND PHASE.

O00000

C----ADD USER- DEFI NED BODY FORCES.

Cc

C----EXAMPLE 1: LOCALI SED MOMENTUM SOURCE, EG PROPELLOR
Cc

C---USE | PREC TO FI ND ADDRESSES
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CALL | PREC(' DUCT' , ' BLOCK' , ' CENTRES' , | PT

+ , I LEN, JLEN, KLEN, CWORK, | WORK)
IST =ILEN2 + 1

IFN = I ST

JST =1

JFN = JLEN 2

SMOM = 10.0

DO 103 K = 1, KLEN
DO 102 J = JST, JFN
DO 101 | = IST,IFN
I NODE = I P(1,J, K)
BX(I| NODE) = BX(1NCDE) + SMOM

101 CONTI NUE
102 CONTI NUE
103 CONTI NUE

EXAMPLE 2: LOCALI SED RESI STANCE

----USE | PREC TO FI ND ADDRESSES

CALL | PREC(' DUCT',' BLOCK' ,' CENTRES' , | PT

+ , I LEN, JLEN, KLEN, CWORK, | WORK)
IST = ILEN4 + 1

IFN = 3*I LEN 4

JST =1

JFN = JLEN

RESI ST = 1. 0E+2
DO 203 K = 1, KLEN
DO 202 J = JST, JFN

DO 201 | = I ST, |FN
INODE = | P(I,J, K)
BPX(1 NODE) = BPX(| NODE) - RESI ST
BPY(1 NODE) = BPY(INODE) - RESI ST
BPZ(1 NODE) = BPZ(INODE) - RESI ST
201 CONTI NUE
202 CONTI NUE

203 CONTI NUE

---EXAMPLE 3: LOCALI SED RESI STANCES (DI SCONTI NUOUS CHANGE)
----USE | PREC TO FI ND ADDRESSES

CALL | PREC(' DUCT',' BLOCK' ,' CENTRES' , | PT

+ , I LEN, JLEN, KLEN, CWORK, | WORK)
IST1 = ILEN4 + 1

IFN1 = IST1 + ILEN4 - 1

IST2 = IFNL + 1

IFN2 = ILEN - 1

DO 313 K = 1, KLEN
DO 312 J = 1, JLEN

RESIST = 1.0
DO 311 | = I ST1,IFNL
I NODE = I P(1,J,K)

BPX(1 NODE) = BPX(| NODE) - RESI ST
BPY(1 NODE) = BPY(INODE) - RESI ST

O0000000000000000NONOOO0OOO000O0000O0000000O0DONOOOO00OO000O0O000O00O00O0OO0
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C BPZ(1 NODE) = BPZ(1NODE) - RESI ST
C 311 CONTI NUE

C

C RESI ST = 10.0

C DO 321 | = IST2, I FN2

C INODE = I P(1,J, K)

C BPX(1 NODE) = BPX(| NODE) - RESI ST
C BPY(1 NODE) = BPY(|NODE) - RESI ST
C BPZ(1 NODE) = BPZ(1 NODE) - RESI ST
C 321 CONTI NUE

C

C 312 CONTI NUE

C 313 CONTI NUE

C

Ck**************** ADED BY S A ER R R S o O R R R R R R S R o o o R I
Ch##HHHHHHHHH TR HHH TR HHH TR R

C Cal cul ating gradients of the electric potential
CH R R R R AR AR R R R R R

CALL GETVAR(' USRBF',' SCAL ', I1VAR
| PHASE = 1
CALL SETWRK(' USRBF' ,' WORK ', ' GRADT ', 3*NCELL, JGRADT)
CALL GRADS(' USRBF',' SCAL ', IVAR | PHASE, SCAL(1,1,1)
+ , WORK( JGRADT) , XP, YP, ZP, VOL, AREA
+ , | BLK, | PVERT, | PNODN, | PFACN, | PNODF, | PNCDB
+ , | PFACB, WORK, | WORK, CWORK)
CALL I PALL("*',"*","'BLOCK ,' CENTRES' , | PT
+ , NPT, CWORK, | WORK)
DO 203 K =1, NPT
I NCDE = | PT(K)
CH R R R R AR R R R R R R
C Inall internal cells body force is set equal to
C Fx = dFi/dz - 1 * U
C Fz = -dFi/dx - 1 * W

Ch##HHHHHHHHH TR HHH T T R

BX(1 NODE) = BX(INODE) + WORK(JGRADT+2* NCELL+I NODE- 1)
BPX(| NODE) = BPX(1NODE) + (-1.0D+0)
BZ(INODE) = BZ(INODE) + (-WORK(JGRADT+ NODE- 1))
BPZ(| NODE) = BPZ(INODE) + (- 1.0D+0)
203 CONTI NUE
CALL DELWRK(' USRBF',' WORK ',' GRADT ')

Ck**********************************************************************

CH++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++
C

RETURN
Cc
END
SUBROUTI NE USRSRC( | EQN, | CALL, CNAME, CALI AS, AM SP, SU, CONV, U, V, W P,
+ VFRAC, DEN, VI S, TE, ED, RS, T, H, RF, SCAL, XP, YP, ZP, VOL,
+ AREA, VPCR, ARPOR, WFACT, | PT, | BLK, | PVERT, | PNCDN,
+ I PFACN, | PNCDF, | PNODB, | PFACB, WORK, | WORK, CWORK)

CH R A R R AR T R S R R R R
CH R A R R AR T R S R R R R
C Program for adding source termfor electric potential

CH#HH R AR R R S R R R R
CH R R H B R R AR R R R R R R
C
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Ck******'k'k**********************'k**************************************

>>>

CREATED
08/ 03/ 90
MCDI FI ED
04/ 03/ 91
28/ 08/91
28/ 09/91
10/ 02/ 92

03/ 06/ 92
23/ 11/ 93
07/ 12/ 93

03/ 02/ 94
03/ 03/ 94
08/ 03/ 94
09/ 08/ 94

19/ 12/ 94
02/ 07/ 97

IEQN -
| CALL -
CNAME -
CALI AS -
AM -
SuU -
SP -

OOO0000O000000O000O00000000QOOD0OOODOO00ODO0OO00000QOOO0O0QOOOOOOO0O

>>> | MPORTANT

ADB

ADB
| RH
| RH
PHA

PHA
CSH
NSW

PHA

FHW
NSW
NSW

NSW
NSW

UTI LI TY SUBRQUTI NE FOR USER- SUPPLI ED SOURCES

<<
<<

>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WTHI N <<<
>>> THE DES|I GNATED USER AREAS <<<

ER R R R R S R R R kS O R R S R R R S S kR R R R R R S R Rk R R S Sk

TH' S SUBROUTI NE | S CALLED BY THE FOLLOWN NG SUBROUTI NES
CUSR SCDF SCDS SCED SCENRG SCHF SCMOM SCPCE SCSCAL
SCTE SCVF

ER R R S S S R R R Rk ok kS Sk R O R Rk o S R R Rk S o o R R R

ALTERED ARGUMENT LI ST.

NEW STRUCTURE

CHANCGE EXAMPLE + ADD COVMON BLOCKS

UPDATE CALLED BY COMMENT, ADD RF ARGUVMENT,
CHANGE LAST DIMENSION OF RS TO 6 AND | VERS TO 2
ADD PRECI SI ON FLAG AND CHANGE | VERS TO 3

EXPLI CI TLY DI MENSI ON | PVERT ETC.

I NCLUDE CONV | N ARGUMENT LI ST AND CHANGCE | VERS
TO 4

CHANGE FLOWBD TO CFDS- FLOWBD

CORRECTI ON OF SPELLI NG M STAKE

CORRECT SPELLI NG

CORRECT SPELLI NG

MOVE ' | F(1 USED. EQ 0) RETURN QOUT OF USER AREA.
| NCLUDE COMVENT ON MASS SOURCES.

CHANGE FOR CFX- F3D

UPDATE FOR CFX-4

Rk Rk R S R IR R R o S o Sk kS S R o R R R R R Rk R SRR Rk S o o R R R

SUBROUTI NE ARGUMVENTS

EQUATI ON NUVBER

SUBROUTI NE CALL

EQUATI ON NAVE

ALI AS OF EQUATI ON NANVE

OFF DI AGONAL MATRI X COEFFI Cl ENTS
SU I N LI NEARI SATI ON OF SOURCE TERM
SP I N LI NEARI SATI ON OF SOURCE TERM
CONVECTI ON' COEFFI Cl ENTS

U COVPONENT OF VELOCI TY

V COMPONENT OF VELOCI TY

W COVPONENT OF VELOCI TY

PRESSURE

VOLUME FRACTI ON

DENSI TY OF FLU D

VI SCOSI TY OF FLUI D

TURBULENT KI NETI C ENERGY

EPSI LON

REYNOLD STRESSES

TEMPERATURE

ENTHALPY

REYNOLD FLUXES

SCALARS ( THE FI RST ' NCONC OF THESE ARE MASS FRACTI ONS)
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OQOOOOOOOOOOO00OOO0OOOOOOOOOOO0O0O0O000

XP

YP

ZP
VQL
AREA
VPOR
ARPOR
WFACT

| PT

| BLK

| PVERT
| PNOCDN
| PFACN
| PNODF
| PNCDB
| PFACB

WORK
I WORK
COWORK

- X COORDI NATES OF CELL CENTRES
- Y COORDI NATES OF CELL CENTRES
- Z COORDI NATES OF CELL CENTRES
- VOLUME OF CELLS

- AREA OF CELLS

- POROQUS VOLUME

- POROUS AREA

- VElI GAT FACTORS

- 1D PO NTER ARRAY

- BLOCK SI ZE | NFORVATI ON

- PO NTER FROM CELL CENTERS TO 8 NEI GHBOURI NG VERTI CES

- PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG CELLS

- PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG FACES

- PO NTER FROM CELL FACES TO 2 NEI GHBOURI NG CELL CENTERS
- PO NTER FROM BOUNDARY CENTERS TO CELL CENTERS

- PO NTER FROM BOUNDARY CENTERS TO BOUNDARY FACESS

- REAL WORKSPACE ARRAY
- | NTEGER WORKSPACE ARRAY
- CHARACTER WORKSPACE ARRAY

SUBROUTI NE ARGUMENTS PRECEDED WTH A ' *' ARE ARGUVENTS THAT MJST
BE SET BY THE USER I N TH S ROUTI NE.

NOTE THAT WHEN USI NG MASS SOURCES, THE FLOAS THROUGH MASS FLOW
BOUNDARI ES ARE UNCHANGED. THE USER SHOULD THEREFORE | NCLUDE AT
LEAST ONE PRESSURE BOUNDARY FOR SUCH A CALCULATI ON.

NOTE THAT OTHER DATA MAY BE OBTAI NED FROM CFX-4 USI NG THE
ROUTI NE GETADD, FOR FURTHER DETAI LS SEE THE VERSI ON 4

USER MANUAL.

ER Rk R R S IR R R S S kS R S S R R R R R S o S R S R R R R R O
DOUBLE PRECI SI ON AM
DOUBLE PRECI SI ON SP
DOUBLE PRECI SI ON SU
DOUBLE PRECI SI ON CONV
DOUBLE PRECI SI ON U
DOUBLE PRECI SI ON V
DOUBLE PRECI SI ON W
DOUBLE PRECI SION P
DOUBLE PRECI SI ON VFRAC
DOUBLE PRECI SI ON DEN
DOUBLE PRECI SION VI S
DOUBLE PRECI SI ON TE
DOUBLE PRECI SI ON ED
DOUBLE PRECI SI ON RS
DOUBLE PRECI SION T
DOUBLE PRECI SI ON H
DOUBLE PRECI SI ON RF
DOUBLE PRECI SI ON SCAL
DOUBLE PRECI SI ON XP
DOUBLE PRECI SI ON YP
DOUBLE PRECI SI ON ZP
DOUBLE PRECI SI ON VOL
DOUBLE PRECI SI ON AREA
DOUBLE PRECI SI ON VPCR
DOUBLE PRECI SI ON ARPCR
DOUBLE PRECI SI ON WFACT
DOUBLE PRECI SI ON WORK

DOUBLE

PRECI SI ON SVALL

Page 122
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DOUBLE PRECI SI ON SORMAX
DOUBLE PRECI SI ON TI ME
DOUBLE PRECI SI ON DT

DOUBLE PRECI SI ON DTI NVF
DOUBLE PRECI SI ON TPARM
LOG CAL LDEN, LVI S, LTURB, LTEMP, LBUOY, LSCAL, LCOVP, LRECT, LCYN, LAXI S,

+ LPORCS, LTRANS
C
CHARACTER* (*) CWORK
CHARACTER CNANE* 6, CALI AS* 24
C
C+++++++++++++++++ USER AREA 1 ++++++++++++++++++++++++H+H R
C--- AREA FOR USERS EXPLI Cl TLY DECLARED VAR ABLES
DOUBLE PRECI S| ON THESRC
C

CH++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++
Cc
COVMON / ALL/ NBLOCK, NCELL, NBDRY, NNCDE, NFACE, NVERT, NDI M
/ ALLWRK/ NRWS, NI W5, NCW5, | WRFRE, | W FRE, | WCFRE, / ADDI M5/ NPHASE,
NSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGEOM NDCCEF, NI LI ST,
NRLI ST, NTOPQL, / CHKUSK/ | VERS, | UCALL, | USED, / DEVI CE/ NREAD,
NWRI TE, NRDI SK, N\WDI SK, / | DUM | LEN, JLEN, / LOG T/ LDEN, LVI S,
LTURB, LTEWMP, LBUOY, LSCAL, LCOWP, LRECT, LCYN, LAXI S, LPORGCS,
LTRANS, / MLTGRDY MLEVEL, NLEVEL, | LEVEL, / SGLDBL/ | FLGPR, | CHKPR,
/ SPARM SNMALL, SORVAX, NI TER, | NDPRI, MAXI T, NODREF, NODMON,
/ TRANSI / NSTEP, KSTEP, MF, | NCORE, / TRANSK/ TI ME, DT, DTI NVF, TPARM

+ 4+ + o+

C
C+++++++++++++++++ USER AREA 2 ++++++++++H+ AR
C--- AREA FOR USERS TO DECLARE THEI R OAN COMMON BLOCKS
C THESE SHOULD START W TH THE CHARACTERS ' UC TO ENSURE
C NO CONFLI CT W TH NON- USER COVMON BLOCKS
C
C+++++++++++++++++ END O: USER AREA 2 ++++++++++++H+H AR+
C
DI MENSI ON' AM NCELL, 6, NPHASE) , SP( NCELL, NPHASE) , SU( NCELL, NPHASE)
+ CONV( NFACE, NPHASE)

DI MENSI ON' U( NNODE, NPHASE) , V( NNCDE, NPHASE) , W NNCDE, NPHASE) ,
P( NNODE, NPHASE) , VFRAC( NNCDE, NPHASE) , DEN( NNODE, NPHASE) ,
VI S( NNCDE, 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)

+ + 4+ +

DI MENSI ON' XP( NNCDE) , YP( NNODE) , ZP( NNODE) , VOL( NCELL) , AREA( NFACE, 3) ,
VPOR( NCELL) , ARPOR( NFACE, 3) , WEACT( NFACE) , | PT(*),
I BLK( 5, NBLOCK) , | PVERT( NCELL, 8) , | PNODN( NCELL, 6)
| PEACN( NCELL, 6) , | PNODF( NFACE, 4) , | PNODB( NBDRY, 4) ,
| PFACB( NBDRY) , | WORK( *) , WORK( *) , CWORK( *)

+ + + +

C
C+++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++++++++++
C--- AREA FOR USERS TO DI MENSI ON THEI R ARRAYS
C
C--- AREA FOR USERS TO DEFI NE DATA STATEMENTS
C
C+++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
C
C--- STATEMENT FUNCTI ON FOR ADDRESSI NG
IP(1,J,K = IPT((K-1)*I LEN*JLEN+ (J-1)*ILEN#I)

C----VERSI ON NUMBER OF USER ROUTI NE AND PRECI SI ON FLAG
Cc

| VERS = 4

| CHKPR = 2
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C
C+++++++++++++++++ USER AREA 4 +++++++++++++++++++++++++++++++++++H++H++H++
C--- TO USE TH'S USER ROUTI NE FI RST SET | USED=1
C
|USED = 1
C
C+++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++
C
I F (I USED. EQ 0) RETURN

C

C--- FRONTEND CHECKI NG OF USER ROUTI NE
| F (1 UCALL. EQ 0) RETURN

C

G --- ADD TO SOURCE TERMB
IF (I CALL. EQ 1) THEN
C
C+++++++++++++++++ USER AREA 5 +++++++++++++++++++++++++++++++++++++++++
C
C--- EXAMPLE (HEAT SOURCE) ADD 100W PER UNI T VOLUVE | N BLOCK
* BLOCK- NUMBER- 2"

USE | PREC TO FI ND ADDRESSES

CALL | PREC(' BLOCK- NUMBER- 2' , ' BLOCK' , ' CENTRES' , | PT, I LEN, JLEN, KLEN,
+ CWORK, | WORK)

FI ND VAR ABLE NUMBER FOR ENTHALPY
CALL GETVAR(' USRSRC ,'H ', 1 VAR)
| F ENTHALPY EQUATI ON ADD SOURCE TERMB
IF (I VAR EQ | EQN) THEN
LOOP OVER PATCH
DO 103 K = 1, KLEN
DO 102 J = 1, JLEN
DO 101 | = 1, ILEN
USE STATEMENT FUNCTION | P TO GET ADDRESSES
INODE = | P(1,J, K)
ADD HEAT SOURCE
SU( | NODE, 1) =SU( | NODE, 1) +100. 0* VOL( | NCDE)
101 CONTI NUE
102 CONTI NUE
103  CONTI NUE
ENDI F

O0000000000000000000O0O00O0O0

C--- END OF EXAMPLE

Ck**************** ADED BY S A ER R R S o O R R R R R R ok R o O R

CH#HH R H A R R R R A R R R R R R
C Getting nunmer of the user scalar
CH R A AR R R R R R R R R R

CALL GETVAR(' USRSRC ,'SCAL ',IVAR
| PHASE = 1

IF (I VAR EQ | EQ\) THEN

CH R R R R R R R R R R R
C If it is electric potential equation, calculate source

C First, gradients of velocities are cal cul ated

CH R R R R R R R R R R R R

CALL SETWRK(' USRSRC ,"' WORK ', " UGRAD ', 3* NCELL, JUGRAD)
CALL SETWRK(' USRSRC ,"' WORK ', ' VGRAD ', 3* NCELL, JVGRAD)
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CALL SETWRK(' USRSRC ,' WORK ', " WGRAD ', 3* NCELL, JWGRAD)

CALL GRADV(' USRSRC , | PHASE, U( 1, | PHASE) , V( 1, | PHASE)

+ , W 1, | PHASE) , WORK( JUGRAD) , WORK( JVGRAD)
+ , WORK( JWGRAD) , XP, YP, ZP, VOL, AREA
+ , | BLK, | PVERT, | PNODN, | PFACN, | PNCDF, | PNCDB
+ , | PFACB, WORK, | WORK, CWORK)
CALL I PALL("*',"*","BLOCK ,' CENTRES' , | PT, NPT, CWORK, | WORK)
DO 200 | =1, NPT
I NCDE=I PT( 1)
CH R A R R AR R S R R R R
C At all internal cells the source termis equal to
C =- V* (-dWdx + dU dz)
CH R T AR R R R R R R R R R R
THESRC =
+ ( - WORK( JWGRAD+| NODE- 1) )
+ +WORK( J UGRAD+2* NCEL L+ NCDE- 1)

SU( | NODE, 1) =SU( | NODE, 1) - VOL( | NODE) * THESRC
200  CONTI NUE
CALL DELWRK(' USRSRC ,' WORK ',' UGRAD ')

ENDI F

Ck**********************************************************************

C+++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++
END | F

C

G --- OVERWRI TE SOURCE TERMB
IF (I CALL. EQ 2) THEN

C

C+++++++++++++++++ USER AREA 6 +++++++++++++++++++++++++++++++++++++H++++

C

C--- EXAMPLE (HEAT SOURCE) OVERWRI TE W TH 100W PER UNI T VOLUME | N

ALL | NTERI OR CELLS

CALL GETVAR(' USRSRC ,'H ", I VAR

IF (1 VAR EQ | EQN) THEN
USE | PALL TO FIND 1D ADDRESSES OF ALL CELL CENTRES
CALL I PALL('*',"'*',' BLOCK ,' CENTRES , | PT, NPT, CWORK, | WORK)
LOCP OVER ALL | NTERI OR CELLS
DO 200 |=1, NPT
USE ARRAY | PT TO GET ADDRESS
| NCDE=I PT(1)
OVERVWRI TE SOURCE TERVB
SU( I NCDE, 1) =100. 0* VOL( | NCDE)
200 CONTI NUE
ENDI F

O00000000000000O0

C--- END OF EXAMPLE
CHt++++++++++++++++ END OF USER AREA 6 ++++++++++++++++++++++++++++++++++

C

END | F
Cc
RETURN
Cc
END
SUBROUTI NE USRTRN( U, V, W P, VFRAC, DEN, VI S, TE, ED, RS, T, H, RF, SCAL, XP,
+ YP, ZP, VAL, AREA, VPCR, ARPOR, WFACT, CONV, | PT, | BLK,

+

| PVERT, | PNODN, | PFACN, | PNCDF, | PNODB, | PFACB, WORK,
+ | VORK, CVORK)
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CHAHH B HH TR H B H R HH R H R R R R R R R R R R R R
CHAHH B HHH B HH B H B R H R R R R R R R R R R
C Program for cal culation additional data sets

CHAHH B HH TR H B H R H R R R R R R R R R R
CHAHH B HHH TR H B H R R H R R R R R R R R R
Cc

Ck******'k'k**********************'k**************************************

USER SUBROUTI NE TO ALLOW USERS TO MODI FY OR MONI TOR THE SCLUTI ON AT
THE END OF EACH TI ME STEP
THI'S SUBRQUTI NE | S CALLED BEFORE THE START OF THE RUN AS WELL AS AT
THE END OF EACH Tl ME STEP

>>> | MPORTANT <<<
>>> <<<
>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WTHI N <<<
>>> THE DES|I GNATED USER AREAS <<

ER R R R R S S R R R kO S R R SRR R S R S R R R kR S R R R R e

THI' S SUBRCUTI NE | S CALLED BY THE FOLLOW NG SUBROUTI NES
CUSR TRNMOD

ER Rk R S IR R R R S S Sk R R S S R R R R R S S S R R R R R R o o R R

CREATED
27/ 04/90 ADB
MODI FI ED
05/08/91 | RH NEW STRUCTURE
01/10/91 DSC REDUCE COMMENT LI NE GO NG OVER COLUWN 72.
29/11/91 PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT,
CHANGE LAST DIMENSION CF RS TO 6 AND | VERS TO 2
05/06/92 PHA ADD PRECI SI ON FLAG AND CHANCE | VERS TO 3
03/07/92 DSC CORRECT COMMON MLTGRD.
23/11/93 CSH EXPLICITLY DI MENSI ON | PVERT ETC.
03/02/94 PHA CHANGE FLOMNBD TO CFDS- FLONBD
22/08/94 NSW MOVE ' I F(IUSED. EQ 0) RETURN QUT OF USER AREA
19/12/94 NSW CHANGE FOR CFX- F3D
02/ 07/ 97 NSW UPDATE FOR CFX-4
02/07/99 NSW | NCLUDE NEW EXAMPLE FOR CALCULATI NG FLUX OF A
SCALAR AT A PRESSURE BOUNDARY

ER Rk R R S IR R R S Sk R S R R R R R R S o S S R R R o o o R R R R

SUBROUTI NE ARGUMVENTS

OO0000000000O0000O00000QOOODOONOO00D000000QOOONQOOOOOOOO0O0OO0

U - U COVPONENT OF VELOCI TY

\% -V COWPONENT OF VELOCI TY

w - W COWPONENT OF VELOCI TY

P - PRESSURE

VFRAC - VOLUME FRACTI ON

DEN - DENSITY OF FLU D

VIS - VISCOSITY OF FLU D

TE - TURBULENT KI NETI C ENERGY

ED - EPSI LON

RS - REYNOLD STRESSES

T - TEMPERATURE

H - ENTHALPY

RF - REYNOLD FLUXES

SCAL - SCALARS (THE FIRST ' NCONC OF THESE ARE MASS FRACTI ONS)
XP - X COORDI NATES OF CELL CENTRES
YP - Y COORDI NATES OF CELL CENTRES
ZP - Z COORDI NATES OF CELL CENTRES
VQL - VOLUME OF CELLS
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AREA - AREA OF CELLS
VPOR - POROUS VOLUME
ARPOR - POROUS AREA
WFACT - VEI GHT FACTCRS

CONV - CONVECTI ON COEFFI Cl ENTS
| PT - 1D PO NTER ARRAY
I BLK - BLOCK SI ZE | NFORVATI ON

| PVERT - PO NTER FROM CELL CENTERS TO 8 NEI GHBOURI NG VERTI CES

| PNCDN - PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG CELLS

| PFACN - PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG FACES

| PNODF - PO NTER FROM CELL FACES TO 2 NEI GHBOURI NG CELL CENTERS
| PNOCDB - PO NTER FROM BOUNDARY CENTERS TO CELL CENTERS

| PFACB - PO NTER FROM BOUNDARY CENTERS TO BOUNDARY FACESS

WORK - REAL WORKSPACE ARRAY
IWORK - | NTEGER WORKSPACE ARRAY
OWORK - CHARACTER WORKSPACE ARRAY

SUBROUTI NE ARGUMENTS PRECEDED WTH A ' *' ARE ARGUMENTS THAT MUST
BE SET BY THE USER I N TH S ROUTI NE.

NOTE THAT OTHER DATA MAY BE OBTAI NED FROM CFX-4 USI NG THE
ROUTI NE GETADD, FOR FURTHER DETAI LS SEE THE VERSI ON 4
USER VANUAL.

ER R R b R S S R R R ko o S R R e Sk kS R R R R R S R R R S o o R R R R

OO0QOOOOOOOOO0O000OOOOOOOOO0O0O0O0

| MPLICI T DOUBLE PRECI SION (A-H, O 2)
DOUBLE PRECI SI ON U

DOUBLE PRECI SI ON V
DOUBLE PRECI SI ON W
DOUBLE PRECI SI ON P
DOUBLE PRECI SI ON VFRAC
DOUBLE PRECI SI ON DEN
DOUBLE PRECI SION VI S
DOUBLE PRECI SION TE
DOUBLE PRECI SI ON ED
DOUBLE PRECI SI ON RS
DOUBLE PRECI SION T
DOUBLE PRECI SION H
DOUBLE PRECI SI ON RF
DOUBLE PRECI SI ON SCAL
DOUBLE PRECI SI ON XP
DOUBLE PRECI SI ON YP
DOUBLE PRECI SI ON ZP
DOUBLE PRECI SI ON VOL
DOUBLE PRECI SI ON AREA
DOUBLE PRECI SI ON VPCR
DOUBLE PRECI SI ON ARPCR
DOUBLE PRECI SI ON WFACT
DOUBLE PRECI SI ON CONV
DOUBLE PRECI SI ON WORK
DOUBLE PRECI SI ON SMVALL
DOUBLE PRECI SI ON SCRVAX
DOUBLE PRECI SI ON DTUSR
DOUBLE PRECI SI ON TI MVE
DOUBLE PRECI SI ON DT

DOUBLE PRECI SI ON DTI NVF

DOUBLE PRECI SI ON TPARM

DOUBLE PRECI SI ON SG\W\L

LOG CAL LDEN, LVI S, LTURB, LTEMP, LBUOY, LSCAL, LCOWP, LRECT, LCYN, LAXI S,
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+ LPORCS, LTRANS
C
CHARACTER* (*) CWORK
C
CH+++++++++++++++ USER AREA 1 +++++++++++++++++++++++++++++++++++++++++
C---- AREA FOR USERS EXPLI Cl TLY DECLARED VARI ABLES

DOUBLE PRECI SI ON SUMJ, SUWP, ALFAN, CN, BETAN, GAMVAN, SCN
DOUBLE PRECI SION CS1, CS2, SN1, SN2, CH1, CH2, SH1, SH2
DOUBLE PRECI SION CSG, CHB, DN, EN, KN, DPN
DOUBLE PRECI SI ON FRAC1, FRAC2, FRAC3, FRAC4
DOUBLE PRECI SION E1, E2, E3, E4, EB, UN, PNC
CH+++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++
Cc
COVMON / ALL/ NBLOCK, NCELL, NBDRY, NNCDE, NFACE, NVERT, NDI M
/ ALLWRK/ NRWS, NI W5, NCW5, | WRFRE, | W FRE, | WCFRE, / ADDI M5/ NPHASE,
NSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGEOM NDCCEF, NI LI ST,
NRLI ST, NTOPQL, / CHKUSK/ | VERS, | UCALL, | USED, / CONC/ NCONC,
/ DEVI CE/ NREAD, NVRI TE, NRDI SK, NV\DI SK, / | DUM | LEN, JLEN,
/ LOd C/ LDEN, LVI' S, LTURB, LTEMP, LBUOY, LSCAL, LCOWP, LRECT, LCYN,
LAXI S, LPORCS, LTRANS, / MLTGRD/ MLEVEL, NLEVEL, | LEVEL,
/ SGLDBL/ | FLGPR, | CHKPR, / SPARM SVALL, SORVAX, NI TER, | NDPRI
MAXI T, NCDREF, NCDMVON, / TI MUSR/ DTUSR, / TRANSI / NSTEP, KSTEP, M,
I NCORE, / TRANSK/ TI ME, DT, DTI NVF, TPARM

+ 4+ + ++ o+ 4+

C
Ct+++++++++++++++ USER AREA 2 +++++++++++++++++++++++++++++++H+H+H+H+H++++++
C---- AREA FOR USERS TO DECLARE THEI R OAWN COMMON BLOCKS
C THESE SHOULD START W TH THE CHARACTERS ' UC TO ENSURE
C NO CONFLI CT W TH NON- USER COVMON BLOCKS
C
Ct++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
C
DI MENSI ON U( NNODE, NPHASE) , V( NNODE, NPHASE) , W NNODE, NPHASE)
P( NNCDE, NPHASE) , VFRAC( NNODE, NPHASE) , DEN( NNODE, NPHASE)
VI S( NNCDE, NPHASE) , TE( NNCDE, NPHASE) , ED( NNCDE, NPHASE) ,
RS( NNCDE, NPHASE, 6) , T( NNODE, NPHASE) , H( NNCDE, NPHASE) ,
RF( NNCDE, NPHASE, 4) , SCAL( NNODE, NPHASE, NSCAL)
DI MENSI ON XP( NNODE) , YP( NNODE) , ZP( NNODE) , VOL( NCELL) , AREA( NFACE, 3),
VPOR( NCELL) , ARPOR( NFACE, 3) , WFACT( NFACE) ,
CONV( NFACE, NPHASE) , | PT(*), | BLK( 5, NBLOCK) ,
| PVERT( NCELL, 8), | PNODN( NCELL, 6), | PFACN( NCELL, 6),
| PNODF( NFACE, 4) , | PNODB( NBDRY, 4) , | PFACB( NBDRY) , | WORK( *) ,
WORK( *) , CWORK( *)
DI MENSI ON SGNWL( 6)

+ + 4+ +

+ + 4+ + +

C
Ct+++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++++H+H+H+H+++
C---- AREA FOR USERS TO DI MENSI ON THEI R ARRAYS
C
C---- AREA FOR USERS TO DEFI NE DATA STATEMENTS
C
Ct++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
C
DATA SG\W./ 1. 0D0, 1. 0D0, 1. 0DO, - 1. 0DO, -1. 0DO, -1. 0DO/
C
C---- STATEMENT FUNCTI ON FOR ADDRESSI NG
I1P(1,J,K) = IPT((K-1)*I LEN*JLEN+ (J-1)*ILEN+I)

C----VERSI ON NUMBER OF USER RQUTI NE AND PRECI SI ON FLAG
Cc
I VERS = 3
| CHKPR = 2
Cc
CH+++++++++++++++ USER AREA 4 ++++++++++++++++tttttttttttt -+ +
C--- TOUSE TH S USER RQUTI NE FI RST SET | USED=1
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C
IUSED = 1
C
CH+++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++
C
I F (1 USED. EQ 0) RETURN

C

C--- FRONTEND CHECKI NG OF USER ROUTI NE
| F (1 UCALL. EQ 0) RETURN

C

CH+++++++++++++++ USER AREA 5 +++++++++++++++++++++++++++++++++++++++++
Cc

G --- EXAMPLE (SET TIME | NCREMENT FOR NEXT TI ME STEP)

C

C DTUSR = 0.1

C

G --- END OF EXAVPLE

C

G --- EXAMPLE (CALCULATE FLUX OF FIRST SCALAR AT A PRESSURE BOUNDARY)
C

C | PHASE = 1

C FLUX = 0.0

C USE I PALL TO FI ND ADDRESSES OF BOUNDARY NODES ON PATCH PRESS1
C CALL | PALL(' PRESSL',' PRESS ,' PATCH ,' CENTRES

c 4+ , | PT, NPT, OWORK, | WORK)

C LOOP OVER ALL BOUNDARY NODES

C DO 300 | =1, NPT

C USE ARRAY | PT TO GET ADDRESS

C I NODE = | PT(1)

C | BDRY = | NODE - NCELL

C | FACE = | PFACB( | BDRY)

C I NDUM = | PNODB( | BDRY, 2)

C NW. = | PNODB( | BDRY, 4)

C FLUX = FLUX

c + + SGNWL( NWL) * CONV( | FACE, | PHASE) * SCAL( | NDUM | PHASE, 1)
C 300 CONTI NUE

C

G --- END OF EXAVPLE

C***************** AD:ED BY S A EE R R R I I I I I I I R R R R I I I
CHtt# T HH TR R R R R R R R R R R R R R R R R R R R R
C If not the first iteration,

C addi tional scalars are cal cul ated

CHtt##tHH T R R R R R R R R R R R R R R R R

IF (NITER GT. 1) THEN

| PHASE = 1
CALL GETVAR('USRTRN ,"'SCAL ',IT)

CHAHH B HHH PR H B H R HH R H R R R R R R R R R
C Cal cul ate gradient of the electric potential
CHAHH B HHHBHH R B HH R H R R R R R R R R R R R R R R R

CALL SETWRK(' USRTRN ,' WORK ',' GRADT ', 3*NCELL, JGRADT)
CALL GRADS(' USRTRN ,' SCAL ', IT,|PHASE SCAL(1,1, 1)
+ , WORK( JGRADT) , XP, YP, ZP, VOL, AREA
+ , I BLK, | PVERT, | PNODN, | PFACN, | PNODF, | PNCDB
+ , | PFACB, WORK, | WORK, CWORK)
CALL I PALL('*','*' 'BLOCK' ,' CENTRES ,|PT
+ , NPT, CWORK, | WORK)

DO 203 K = 1, NPT
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I NCDE=I PT( K)
CH R A R R R R A R R R R R
C Calcul ate electric current in x and y directions

G R
SCAL( | NODE, 1, 2) =- WORK( JGRADT+ NODE- 1) - W | NODE, 1)
SCAL( | NODE, 1, 3) =- WORK( J GRADT+NCELL +| NCDE- 1)
203 CONTI NUE
CALL DELWRK(' USRTRN ,' WORK ',' GRADT ')

CHAHH B HH PR H B H R HH R H R R R R R R R R R R
C Exact solution for electric potential and velocity W

C (Hunt sol ution)

CHAHH B HH B H B R R HH R H R R R R R R R R R R

CALL GETVAR(' USRTRN ,'SCAL ',IT)
CALL GETSCA(' USRD EXACT POT', | EP, CWORK)
CALL GETSCA(' USRD EXACT W, | W CWORK)

IPHS = 1

AA = 1.0D0

DD = 1.0D0

HA = 200. 0D0

NTERVS = 10000

Pl = 3. 14159265358979D0

CALL | PALL("*',"*","'BLOCK ,' CENTRES , | PT

+ , NPT, CWORK, | WORK)
DO 110 K = 1, NPT
INODE = I PT(K)
X = - XP( | NODE)
YY = YP( | NODE)
SUMU = 0.D0
SUMB = 0.D0
SUWP = 0.D0
SN = 1.D0
DO 210 N = 0, NTERVS
ALFAN = (DFLOAT(N)+0. 5D0) * Pl / AA

EN 2. DO* SGN/ AA/ ALFAN ( ALFAN** 2. +Ha** 2. )
BETAN = DSQRT( ALFAN 2. DO* ( ALFAN+DSQRT( ALFAN<*2. +Ha**2.)))
GAMVAN = DSQRT( ALFAN 2. DO* ( - ALFAN+DSQRT( ALFAN** 2. +Ha**2.)))

I F (( BETAN*( X+DD). LT. 20. D0)
* . AND. (- BETAN* ( X-DD) . LT. 20. DO) ) THEN
CS1 = DCOS( GAMVANF ( X+DD) )

CS2 = DOOS( GAMVANF ( X- DD))
SNL = DSIN( GAMMVAN* ( X+DD))
SN2 = DSIN( GAMVAN* ( X- DD))
CHL = DOCSH(  BETAN* ( X+DD))
CH2 = DOCSH(  BETAN* ( X- DD))
SHL = DSINH  BETAN*(X+DD))
SH2 = DSINH  BETAN*(X- DD))
CSG = DOCS( 2. DO* GAMVAN* DD)
CHB = DOCSH( 2. DO* BETAN* DD)
CN = CHI*CS2 + CH2*CSl
DN = - SHI*SN2 - SH2*SN1

KN = CHB + CSG
DPN = ( BETAN* ( SH2* SN1- SH1* SN2) +GAMVANF ( CHL* CS2- CH2* CS1) )
* / ( BETANt* 2. +GAMVANF * 2. )

FRAC1 = (CN - HA/ ALFAN*DN)/ KN
FRAC3 = DPN*( Ha/ ALFAN+ALFAN HA) / KN
ELSE

El = DEXP( - BETAN*(X+DD) )
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210

110 CONTI NUE

E2 = DEXP( BETAN‘(X-DD) )
E3 = DEXP( -2.D0*BETAN*(X+DD) )
E4 = DEXP( 2.DO*BETAN*(X-DD) )
EB = DEXP( -2.D0*BETAN*DD)
CS1 = DOOS( GAMVAN* ( X+DD))
CS2 = DCOS( GAMVAN* ( X- DD))
SN1 = DSI N( GAMVAN* ( X+DD) )
SN2 = DSI N( GAMVAN* ( X- DD) )
CSG = DCOS( 2. DO* GAMVAN* DD)
CN = 0.5D0* (E2* CS2* (1. DO+E3) +E1* CS1* ( E4+1. DO) )
DN = 0.5D0* (- E2* SN2* (1. DO- E3) - E1* SN1* ( E4- 1. DO) )
KN = 0.5D0*(1. DO+EB**2.) + EB*CSG
DPN = (- BETAN*( E2*SN2*( 1. DO+E3) +E1* SN1* ( E4+1. DO) )
+ GAMVANF* ( E2* CS2* (1. DO- E3) +E1*CS1*(E4- 1. DO) ) )
/ (BETAN**2. +GAMVAN**2.)/ 2. DO
FRAC1 = (CN - HA/ ALFAN*DN)/ KN
FRAC3 = DPN*( Ha/ ALFAN+ALFAN HA) / KN
ENDI F
UN = EN*(1.D0 - FRAC1)
PN = EN( FRAC3)
SUMJ = SUMJ + UN*DCOS( ALFAN*YY )
SUWP = SUWP + PN*DCOS( ALFAN*YY )
SCGN = -SCN
CONTI NUE
VEL = SUMJHa**2.
POT = SUWP*Ha**2.
SCAL(| NODE, 1, | EP) = POT
SCAL(I NODE, 1, W = VEL
ENDI F
write(6,*) ' #####H#H#H#H##H Subroutine USRTRN fini shed

Ck**********************************************************************

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

C

RETURN

END

SUBROUTI NE USRBCS( VARBCS, VARAMB, A, B, C, ACND, BCND, CCND, | WGVEL,

+ + + +

+

NDVWAL, FLOUT, NLABEL, NSTART, NEND, NCST, NCEN, U, V, W
P, VFRAC, DEN, VI S, TE, ED, RS, T, H, RF, SCAL, XP, YP, ZP,
VOL, AREA, VPOR, ARPCR, WFACT, | PT, | BLK, | PVERT,

I PNCDN, | PFACN, | PNCDF, | PNODB, | PFACB, WORK, | WORK,

CWORK)
CH R R H A R R R R R R R R R R
CH R R R R R R T R R R R R R
Program for setting boundary conditions
CH R R R R R R AR R R R R R
CH R T AR R R R R R R R R

C

C

Ck**********************************************************************

USER

>>>
>>>
>>>
>>>

O000000

ROUTI NE TO SET REALS AT BOUNDARI ES.

| MPORTANT

USERS MAY

<<<
<<<
ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WTH N <<<

THE DESI GNATED USER AREAS <<<
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gk**********************************************************************
C
C TH'S SUBROUTINE |'S CALLED BY THE FOLLOW NG SUBROUTI NE
C  CQUSR SRLIST
gk**********************************************************************
CREATED
30/ 11/ 88 ADB
MODI FI ED
08/ 09/ 90 ADB RESTRUCTURED FOR USER- FRI ENDLI NESS.
10/08/91 | RH FURTHER RESTRUCTURI NG ADD ACND BCND CCND
22/09/91 | RH CHANGE | CALL TO | UCALL + ADD / SPARM
10/ 03/ 92 PHA UPDATE CALLED BY COWMENT, ADD RF ARGUVENT,
CHANGE LAST DI MENSION OF RS TO 6 AND | VERS TO 2
03/06/92 PHA ADD PRECI SI ON FLAG AND CHANGE | VERS TO 3
30/06/92 NSW | NCLUDE FLAG FOR CALLI NG BY | TERATI ON
| NSERT EXTRA COWMVENTS
03/08/92 NSW MODI FY DI MENSI ON STATEMENTS FOR VAX
21/12/92 CSH | NCREASE | VERS TO 4
02/ 08/ 93 NSW | NCORRECT AND M SLEADI NG COMVENT REMOVED
05/11/93 NSW | NDI CATE USE OF FLOUT | N MULTI PHASE FLONS
23/11/93 CSH EXPLICI TLY DI MENSI ON | PVERT ETC.
01/02/ 94 NSW SET VARl ABLE PO NTERS | N WALL EXAMPLE.
CHANGE FLOWBD TO CFDS- FLOWBD.
MODI FY MULTI PHASE MASS FLOW BOUNDARY TREATNENT.
03/ 03/ 94 FHW CORRECTI ON OF SPELLI NG M STAKE
02/07/94 BAS SLIDING GRIDS - ADD NEW ARGUVENT | WGVEL
TO ALLOW VARI ANTS OF TRANSI ENT- GRI D WALL BC
CHANGE VERSI ON NUMBER TO 5
09/ 08/ 94 NSW CORRECT SPELLI NG
MOVE ' | F(1 USED. EQ 0) RETURN OUT OF USER AREA
19/12/94 NSW CHANGE FOR CFX- F3D
02/ 02/ 95 NSW CHANGE COMMON /| MFBVP/
02/ 06/ 97 NSW MAKE EXAMPLE MORE LOG CAL
02/07/97 NSW UPDATE FOR CFX- 4
08/ 09/ 98 NSW CORRECT S| ZE OF WALL ARRAY | N COMVENT
22/05/00 NSW | NI Tl ALI SE | UBCSF

ER Rk b S IR R R R S R R S R R R S R R S R R R R o S kR R R R o o
SUBROUTI NE ARGUMVENTS
VARBCS - REAL BOUNDARY CONDI Tl ONS

VARAMB - AMBI ENT VALUE COF VARl ABLES
A - CCEFFI CI ENT | N WALL BOUNDARY CONDI TI ON

B - CCEFFI CI ENT | N WALL BOUNDARY CONDI TI ON
C - CCEFFI CI ENT I N WALL BOUNDARY CONDI TI ON
ACND - COEFFI CI ENT | N CONDUCTI NG WALL BOUNDARY CONDI Tl ON
BCND - CCEFFI ClI ENT I N CONDUCTI NG WALL BOUNDARY CONDI TI ON
CCND - COEFFI ClI ENT | N CONDUCTI NG WALL BOUNDARY CONDI Tl ON

| WBVEL - USAGE OF INPUT VELOCITIES (0 = AS1S,1 = ADD GRI D MOTI ON)
NDWWAL - FI RST DI MENSI ON OF ARRAY | WGVEL

FLOUT - MASS FLOW FRACTI ONAL NASS FLOW

NLABEL - NUMBER OF DI STI NCT QUTLETS

NSTART - ARRAY PO NTER

OO00000000000000O0000000QOOOODNOOOD0OODOOOOOO0OOOO0OO00O000OO0

NEND - ARRAY PO NTER

NCST - ARRAY PO NTER

NCEN - ARRAY PO NTER

U - U COVPONENT OF VELOCI TY
\% -V COVWPONENT OF VELCCI TY
w - WCOWPONENT OF VELOCI TY
P - PRESSURE



ANL/TD/TM02-30

VFRAC
DEN
VIS
TE

ED

RS

T

H

RF
SCAL
XP

YP

ZP
VQL
AREA
VPOR
ARPCOR
WFACT

| PT

| BLK

| PVERT
| PNCDN
| PFACN
| PNODF
| PNCDB
| PFACB

WORK
I WORK
COWORK

QOOOOOOOOOOOO00OO000O0000O0O00OO000OO00O0O0

SUBROUTI NE ARGUMENTS PRECEDED WTH A ' *!
BE SET BY THE USER I N TH S ROUTI NE.

- VOLUME FRACTI ON

- DENSITY OF FLU D

- VISCOsI TY CF FLU D

- TURBULENT KI NETI C ENERGY

- EPSI LON

- REYNOLD STRESSES

- TEMPERATURE

- ENTHALPY

- REYNOLD FLUXES

- SCALARS (THE FI RST ' NCONC OF THESE ARE MASS FRACTI ONS)
- X COORDI NATES OF CELL CENTRES
- Y COORDI NATES OF CELL CENTRES
- Z COORDI NATES OF CELL CENTRES
- VOLUME OF CELLS

- AREA OF CELLS

- POROUS VOLUME

- POROUS AREA

- VElI GAT FACTORS

- 1D PO NTER ARRAY

- BLOCK SI ZE | NFORVATI ON

- PO NTER FROM CELL CENTERS TO 8 NEI GHBOURI NG VERTI CES

- PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG CELLS

- PO NTER FROM CELL CENTERS TO 6 NEI GHBOURI NG FACES

- PO NTER FROM CELL FACES TO 2 NEI GHBOURI NG CELL CENTERS
- PO NTER FROM BOUNDARY CENTERS TO CELL CENTERS

- PO NTER TO NODES FROM BOUNDARY FACES

- REAL WORKSPACE ARRAY
- | NTEGER WORKSPACE ARRAY
- CHARACTER WORKSPACE ARRAY

ARE ARGUMENTS THAT MJST

NOTE THAT OTHER DATA MAY BE OBTAI NED FROM CFX-4 USI NG THE
ROUTI NE GETADD, FOR FURTHER DETAI LS SEE THE VERSI ON 4
USER MANUAL.

ER Rk R R S R IR R R o o Sk R S S R R R R R o S R S R R R o o R R

| MPLICI T DOUBLE PRECI SION (A-H, O 2)

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE

PRECI SI ON VARBCS
PRECI SI ON VARAMB

PRECI SI ON A
PRECI SION B
PRECI SION C
PRECI SI ON ACND
PRECI SI ON BCND
PRECI SI ON CCND
PRECI SI ON FLOUT
PRECI SI ON U
PRECI SI ON V
PRECI SI ON W
PRECI SI ON P
PRECI SI ON VFRAC
PRECI SI ON DEN
PRECI SION VI S
PRECI SI ON TE
PRECI SI ON ED
PRECI SI ON RS
PRECISION T
PRECI SI ON H
PRECI SI ON RF

Page 133
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DOUBLE PRECI SI ON SCAL
DOUBLE PRECI SI ON XP
DOUBLE PRECI SI ON YP
DOUBLE PRECI SI ON ZP
DOUBLE PRECI SI ON VOL
DOUBLE PRECI SI ON AREA
DOUBLE PRECI SI ON VPCR
DOUBLE PRECI SI ON ARPCR
DOUBLE PRECI SI ON WFACT
DOUBLE PRECI SI ON WORK
DOUBLE PRECI SI ON SVALL
DOUBLE PRECI SI ON SORMAX
DOUBLE PRECI SI ON TI MVE
DOUBLE PRECI SI ON DT
DOUBLE PRECI SI ON DTI NVF
DOUBLE PRECI SI ON TPARM
LOG CAL LDEN, LVI S, LTURB, LTEMP, LBUOY, LSCAL, LCOWP, LRECT, LCYN, LAXI S,

+ LPORCS, LTRANS
Cc
CHARACTER* (*) COWORK
Cc
CH++++++++++++++++ USER AREA 1 +++++++++++++++++++++++++++++++++++++++++
C---- AREA FOR USERS EXPLI Cl TLY DECLARED VARI ABLES

DOUBLE PRECI SI ON SUMJ, SUMP, ALFAN, CN, BETAN, GAMVAN, SGN
DOUBLE PRECI SION CS1, CS2, SN1, SN2, CH1, CH2, SH1, SH2
DOUBLE PRECI SION CSG, CHB, DN, EN, KN, DPN
DOUBLE PRECI SI ON FRAC1, FRAC2, FRAC3, FRAC4
DOUBLE PRECI SI ON E1, E2, E3, E4, EB, UN, PNC
CH++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++
Cc
COVMON / ALL/ NBLOCK, NCELL, NBDRY, NNCDE, NFACE, NVERT, NDI M
/ ALLWRK/ NRWS, NI W5, NCW5, | WRFRE, | W FRE, | WCFRE, / ADDI M5/ NPHASE,
NSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGEOM NDCCEF, NI LI ST,
NRLI ST, NTOPQL, / BCSOUT/ | FLOUT, / CHKUSK/ | VERS, | UCALL, | USED,
/ DEVI CE/ NREAD, N\VRI TE, NRDI SK, NV\DI SK, / | DUM | LEN, JLEN,
/1 MFBMP/ | MFBMP, JMFBMP, / LOG ¢/ LDEN, LVI S, LTURB, LTEMP, LBUOY,
LSCAL, LCOWP, LRECT, LCYN, LAXI S, LPORCS, LTRANS, / MLTGRD/ MLEVEL,
NLEVEL, | LEVEL, / SGLDBL/ | FLGPR, | CHKPR, / SPARM SVALL, SORVAX,
NI TER, | NDPRI, MAXI T, NODREF, NODMON, / TRANSI / NSTEP, KSTEP, MF,
I NCORE, / TRANSK/ TI ME, DT, DTI NVF, TPARM / UBCSFL/ | UBCSF

+ 4+ ++ 4+

Cc
CH++++++++++++++++ USER AREA 2 ++++++++++++++++++++++tttttttttttttttt+++
C---- AREA FOR USERS TO DECLARE THEI R OAN COVMON BLOCKS
c THESE SHOULD START W TH THE CHARACTERS ' UC TO ENSURE
c NO CONFLI CT W TH NON- USER COVMON BLOCKS
c
Ct++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++
Cc
DI MENSI ON VARBCS( NVAR, NPHASE, NCELL+1: NNCDE) , VARAMB( NVAR, NPHASE) ,

+ A(4+NSCAL, NPHASE, NSTART: *) , B( 4+NSCAL, NPHASE, NSTART: *) ,
+ C( 4+NSCAL, NPHASE, NSTART: *) , FLOUT( *) , ACND( NCST: *)
+ BCND( NCST: *) , COND( NCST: *) , | WGVEL( NDVWAL, NPHASE)
C
DI MENSI ON' U{ NNODE, NPHASE) , V( NNODE, NPHASE) , W NNCDE, NPHASE) |
+ P( NNODE, NPHASE) , VFRAC( NNCDE, NPHASE) , DEN( NNODE, NPHASE) ,
+ VI S( NNCDE, NPHASE) , TE( NNODE, NPHASE) , ED{ NNODE, NPHASE)
+ RS( NNODE, NPHASE, 6) , T( NNCDE, NPHASE) , H( NNODE, NPHASE) ,
+ RE( NNODE, NPHASE, 4) , SCAL( NNODE, NPHASE, NSCAL)
C

DI MENSI ON' XP( NNCDE) , YP( NNODE) , ZP( NNODE) , VOL( NCELL) , AREA( NFACE, 3) ,
VPOR( NCELL) , ARPOR( NFACE, 3) , WEACT( NFACE) , | PT(*),
I BLK( 5, NBLOCK) , | PVERT( NCELL, 8) , | PNODN( NCELL, 6)

+ | PFACN( NCELL, 6) , | PNODF( NFACE, 4) , | PNODB( NBDRY, 4) ,

+ +



ANL/TD/TM02-30 Page 135

+ | PFACB( NBDRY) , | WORK( *) , WORK( *) , CWORK( *)
C
C+++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++++++++++
C--- AREA FOR USERS TO DI MENSI ON THEI R ARRAYS
C
C--- AREA FOR USERS TO DEFI NE DATA STATEMENTS
C
C+++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++
C
C--- STATEMENT FUNCTI ON FOR ADDRESSI NG
IP(1,J,K = IPT((K-1)*I LEN*JLEN+ (J-1)*1LEN#I)

C----VERSI ON NUMBER OF USER RQUTI NE AND PREC!I SI ON FLAG
Cc
IVERS = 5
| CHKPR = 2
Cc
CH++++++++++++++++ USER AREA 4 +++++++++++++++++++++++++++++++++++++++++
C--- TO USE TH S USER RQUTI NE FI RST SET | USED=1

Cc AND SET | UBCSF FLAG
Cc BOUNDARY CONDI TI ONS NOT CHANG NG | UBCSF=0
Cc BOUNDARY CONDI TI ONS CHANGI NG W TH | TERATI ON | UBCSF=1
Cc BOUNDARY CONDI TI ONS CHANGI NG W TH TI ME | UBCSF=2
Cc BOUNDARY CONDI TI ONS CHANG NG W TH TI ME AND | TERATI ON | UBCSF=3
Cc

IUSED = 1

I UBCSF = 0
Cc

CHt++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++
C
I F (1 USED. EQ 0) RETURN

C

C--- FRONTEND CHECKI NG OF USER ROUTI NE
| F (1 UCALL. EQ 0) RETURN

C

CH++++++++++++++++ USER AREA 5 +++++++++++++++++++++++++++++++++++++++++
C

C --- AREA FOR SETTI NG VALUES AT | NLETS, PRESSURE BOUNDARI ES

AND QUTLETS. (NOTE THAT THE MASS FLOW AT QUTLETS IS

SPECI FI ED | N USER AREA 7)

I F USI NG A REYNOLDS STRESS OR FLUX MODEL, NOTE THAT AT | NLETS
IT 1S | MPORTANT THAT THE USER SETS ALL COVWPONENTS OF THE
REYNOLDS STRESS AND FLUX AND THE TURBULENT KI NETI C ENERGY

AS VEELL AS THE ENERGY DI SSI PATI ON RATE.

SET THE VALUES | N VARBCS( NVAR, NPHASE, | LEN, JLEN, KLEN)

EXAMPLE: SETTING A LI NEAR T PROFI LE ON | NLET PATCH ' ENTRANCE
LEAVE OTHER VARI ABLES AS SET | N COMVAND LANGUAGE

| NTERROGATE GETVAR FOR VARI ABLE NUMBERS.

CALL GETVAR('USRBCS','T LT
SET IPHS = 1 FOR SI NGLE PHASE FLOW
IPHS = 1
USE | PREC TO FI ND ADDRESSES

CALL | PREC(' ENTRANCE ,' PATCH ,' CENTRES' , | PT, I LEN, JLEN, KLEN,
+ COWORK, | WORK)

O0000000000QOONDOOOOOO0OO00O0
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XMAX=2. 0
XM N=1. 0
TMAX=300. 0
TM N=250. 0
LOOP OVER PATCH
DO 103 K = 1, KLEN
DO 102 J = 1, JLEN
DO 101 | = 1, ILEN
USE STATEMENT FUNCTION | P TO GET ADDRESSES
I NODE = I P(1,J, K)
SET VARBCS
F=( XP( | NODE) - XM N) / ( XMAX- XM N)
VARBCS(| T, | PHS, | NODE) = F*TMAX + (1.0-F)*TM N
101 CONTI NUE
102 CONTI NUE
103 CONTI NUE

O00000000000000000O

C ---END OF EXAMPLE
Cc

Ck****************************** AU:ED BY S A Rk R R R S S S R R R S

CALL GETVAR('USRBCS' ,"SCAL ',IT)

CALL GETVAR(' USRBCS' ,'W LW

IPHS = 1

AA = 1.0D0

DD = 1.0D0

HA = 200. 0DO

NTERMS = 10000

Pl = 3.14159265358979D0
CH R R H A R T R R R R R R R R
C At patch entrance of type inlet velocity profile
C and electric potential are set

Ch##HHHHHHHH TR HHH T HHH TR R

CALL | PALL(" ENTRANCE' ,'*',' PATCH ,' CENTRES , | PT

+ , NPT, CWORK, | WORK)
DO 110 K = 1, NPT
INODE = | PT(K)
X = - XP( | NODE)
YY = YP(| NCDE)
SUMU = 0.D0
SUMB = 0.D0
SUWP = 0.D0
SN = 1.D0
DO 210 N = 0, NTERMS
ALFAN = (DFLOAT(N)+0. 5D0) * Pl / AA
EN = 2. DO* SGN AA/ ALFAN ( ALFAN**2. +Ha**2.)
BETAN = DSQRT( ALFAN 2. DO* ( ALFAN+DSQRT( ALFAN** 2. +Ha**2.)))
GAMVAN = DSQRT( ALFAN 2. DO* ( - ALFAN+DSQRT( ALFAN** 2. +Ha**2.)))

I F (( BETAN*( X+DD). LT. 20. D0)
* . AND. (- BETAN* ( X- DD) . LT. 20. D0) ) THEN
CS1 = DCOS( GAMVANF ( X+DD) )

CS2 = DOOS( GAMVANF ( X- DD))
SNL = DSIN( GAMMVAN* ( X+DD))
SN2 = DSIN( GAMVAN* ( X- DD))
CHL = DOCSH(  BETAN* ( X+DD))
CH2 = DOCSH(  BETAN* ( X- DD))
SHL = DSINH BETAN*(X+DD))
SH2 = DSINH( BETAN*( X- DD))
CSG = DOCS( 2. DO* GAMVAN* DD)
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CHB = DCOSH( 2. DO* BETAN* DD)
CN = CHI*CS2 + CH2*CSl
DN = - SHI*SN2 - SH2* SNL

KN = CHB + CSG
DPN = ( BETAN ( SH2* SN1- SH1* SN2) +GAMVAN* ( CHL* CS2- CH2* CS1) )
* / ( BETAN* 2. +GAMVANF * 2. )
FRACL = (CN - HA/ ALFAN*DN)/ KN
FRAC3 = DPN*( Ha/ ALFAN+ALFAN HA) / KN

ELSE
El = DEXP( - BETAN*(X+DD) )
E2 = DEXP( BETAN*(X-DD) )
E3 = DEXP( -2.D0*BETAN*(X+DD) )
E4 = DEXP( 2. D0* BETAN*(X-DD) )

EB = DEXP( - 2.D0*BETAN*DD)
= DCOS( GAMVAN* ( X+DD))
CS2 = DOOS( GAMVAN* ( X- DD))

SNI = DSIN( GAMVAN* ( X+DD) )
SN2 = DSIN( GAMVAN* ( X- DD))
CSG = DCOS( 2. DO* GAMVANF DD)
CN = 0.5D0*( E2* CS2* (1. DO+E3) +E1* CS1* ( E4+1. D0))
DN = 0.5D0* (- E2* SN2* (1. DO- E3) - E1* SN1* ( E4- 1. DO))
KN = 0.5D0*(1.DO+EB**2.) + EB*CSG
DPN = (- BETAN*( E2* SN2* (1. DO+E3) +E1* SN1* ( E4+1. DO) )

+ GAMMANF ( E2* CS2* (1. DO- E3) +E1* CS1* (E4- 1. D0) ) )
/ ( BETAN** 2. +GAMVANF * 2. ) / 2. DO

FRACL = (CN - HA/ ALFAN*DN)/ KN
FRAC3 = DPN*( Ha/ ALFAN+ALFAN HA) / KN

ENDI F

UN = EN*(1.D0 - FRACL)

PN = EN¢( FRAC3)

SUMU = SUMJ + UNFDOOS( ALFANFYY )

SUMP = SUMP + PNFDOCS( ALFAN‘YY )

SN = -SQN

210 CONTI NUE
VEL = SUMJ*Ha**2.
POT = SUMP*Ha**2.

VARBCS(I T, 1, | NODE) = POT
VARBCS(| W 1, | NODE) = VEL

110 CONTI NUE

write(6,*) ' #####H#H#H#H Subroutine USRBCS fi ni shed

Ck******'k***********'k***********'k**********'k****************************

CH++++++++++++++++ END OF USER AREA 5 ++++++++++++ttttttttttttttttttt++
Cc
CH++++++++++++++++ USER AREA 6 +++++++++++++++++++++++++++++++++t+tt++++
Cc

C--- AREA FOR SETTI NG VALUES AT WALLS

C

C USE A( 4+NSCAL, NPHASE, NNODE)

C WHERE NSCAL = NO. OF SCALARS, AND NPHASE = NO OF PHASES.

C

C THE CONVENTI ON FOR VARI ABLE NUVBERS |'S DI FFERENT I N TH S ROUTI NE
C FROM THAT I N THE REST OF THE PROGRAM T IS

C

C lU=1, IV=2, IW=3, IT=4, 1S=5

C

C --- EXAWPLE: SETTING FREE SLI P BOUNDARY CONDI TI ONS AT ALL WALLS

C AND SETTI NG T=300. 0 AND SCALARL AND SCALAR2 =0.0

C ON WALL1. SET T=400.0 ON CONDUCTI NG SOLI D BOUNDARY WALL2



ANL/TD/TM02-30

Page 138

200

+

201
202
203

O0000000000000000000000000000000000000000000000000000NOOOOOO0O0O

nH4s<c

()]
u
T
Q
=
o
(0]

[T I |
O wWNPEF

IPHS = 1

| NODE=I PT( 1)

A(1'U, | PHS, | NCDE)
B(1 U, | PHS, | NODE)
C(1 U, | PHS, | NCDE)

A(1' W | PHS, | NCDE)
B(1 W I PHS, | NODE)
C(1 W 1 PHS, | NCDE)
CONTI NUE

LOOP OVER GROUP OF PATCHES
DO 200 1=1, NPT
USE ARRAY | PT TO GET ADDRESS

0
.0
0

ero

oro
coo

oro
coco

CWORK, | WORK)

LOOP OVER PATCH

DO 203 K = 1, KLEN
DO 202 J = 1, JLEN

DO 201 |

A(I'T, | PHS,
B(IT, | PHS,

C(1 T, | PHS, | NCDE)

A(1'S, | PHS,
B(1S, | PHS,
(1S, | PHS,

A(l S+, |
B(1S+1, |
o(1S+1, |

CONTI NUE
CONTI NUE
CONTI NUE

PHS
PHS
PHS

1, ILEN
USE STATEMENT FUNCTI ON | P TO GET ADDRESSES
INCDE = 1 P(1,J,K)

NODE)
NCDE)

NODE)
NODE)
NODE)

| NODE)
, | NCDE)
| NODE

wor

cor

~

eoer

USE | PALL TO FI ND 1D ADDRESSES OF

SET IPHS = 1 FOR SINGLE PHASE FLOW

A

cocoo Soo

USE | PALL TO FIND 1D ADDRESSES COF A GROUP OF PATCH CENTRES

CALL | PALL('*',"WALL',' PATCH ,' CENTRES' , | PT, NPT, OAORK, | WORK)

USE | PREC TO FI ND ADDRESSES OF SI NGLE PATCH

CALL | PREC(' WALL1',"' PATCH ,' CENTRES , | PT, | LEN, JLEN, KLEN,

[eNeoNe)

GROUP OF PATCH CENTRES
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C CALL I PALL(' WALL2'," *'," PATCH ,' CENTRES , | PT, NPT, OWORK, | WORK)
C

C LOOP OVER GROUP OF PATCHES

C DO 300 | =1, NPT

C USE ARRAY | PT TO GET ADDRESS

C | NODE=I PT( 1)

C ACND( 1 NODE) = 1.0

C BOND( | NCDE) = 0.0

C COND( | NODE) = 400. 0

C 300  CONTI NUE

C

G ---END OF EXAVPLE

C

C+++++++++++++++++ END O: USER AREA 6 ++++++++++++++++++++++H+H T
C

C

CH++++++++++++++++ USER AREA 7 +++++++++++++++++++++++++++++++++++++++++
----- DEFI NE FLOW AT QUTLETS (MASS FLOW BOUNDARI ES)

(TO TEMPERATURES AND SCALARS AT MASS FLOW BOUNDARI ES USE

USER AREA 5)

SET PARAMETER | FLOUT:

I FLQUT = 1 ==> MASS FLOW SPECI FI ED AT LABELLED QUTLETS.
| FLOUT = 2 ==> FRACTI ONAL MASS FLOW SPECI FI ED AT LABELLED QUTLETS
| FLOUT = 2

SET QUTLET FLOW RATES:
FLOUT(LABEL) = MASS FLOW QUT OF QUTLETS LABELLED LABEL (| FLOUT=1).
FLOUT(LABEL) = FRACTI ONAL MASS FLOW OQUT OF QOUTLETS LABELLED LABEL

(I FLOUT=2) .
FOR MULTI PHASE FLOAS | T |'S NECESSARY TO SET
El THER
FLOUT(LABEL) = TOTAL MASS FLOW
| FLOUT = 1
I MFBMP = 0
R

FLOUT(LABEL + (1 PHASE-1)*NLABEL) FOR EACH PHASE
IFLOUT =1 OR 2
| MFBVP = 1

DOOO000O0O000OO0O000000OO0O00O0O0O00O0O0O

EXAMPLE: EQUI DI STRI BUTI ON OF FRACTI ONAL MASS FLOW AMONGST QUTLETS

| FLOUT=2
FRAC = 1.0 / MAX( 1.0, FLOAT(NLABEL) )
DO 300 | LABEL = 1, NLABEL
FLOUT(I LABEL) = FRAC
00 CONTI NUE

000000

C----END OF EXAMPLE
Cc
CH++++++++++++++++ END OF USER AREA 7 ++++++++++++++++++++++++++++++++++
Cc
RETURN
Cc
END
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Figurel MHD problemsin for the upper partsof thedivertor.

Main Thermal, Fluid, and MHD Problems

Associated With a Jet Divertor
supply duct 1

Pressuredrop in the supplying duct
dueto anonuniform field and
bending of the duct

manifold

2. Transition from duct flow to
manifold flow (the manifold problem)

3. Transition from manifold flow to
nozzle flow

4. Transition from duct flow to jet flow
(the nozzle problem) and the
meniscus effect

5. Non-uniform field effectsand jet
stability

6. Heat transfer analysis, including
thermocapillary convection

Figure?2 MHD problemsin for the lower part of the divertor.

Main Thermal, Fluid, and MHD Problems
Associated With a Jet Divertor (cont.)

collector

to the draining
system

. sidewalls
draining
duct

LM film (wettable sidewalls)

or rivulet (non-wettable sidewalls) C)

7. Impact of ajet on aliquid metal
surface

8. Impact of ajet on asolid wall
9. LM filmor rivulet
10. The problem of draining
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Shercliff solution. Geometry and co-or dinate system.

Figure3

= 200.

100; (b) for Ha

Shercliff solution. Grid used: (a) for Ha

Figure4

(@)
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(b)

Figure5 Shercliff solution. Electric potential in the plane y=0 for a square

duct and for Ha = 100 (numerical solution - solid lines; exact solution -

Cr 0SSes).

Shercliff solution, Ha = 100, Electric potential.
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Figure6 Shercliff solution. Axial velocity in the plane x =0 for a square duct
and for Ha=100 (numerical solution - solid lines; exact solution -

Cr 0SSes).

Sherciff solution, Ha = 100, W welogity in the plane x = 0.

it

0.24----- R T T A - IR K R O

-1 0.8 0Gd 04 02 0 0.2 0.4 0.6 0.8 1

Figure?7 Shercliff solution. Axial velocity in the plane y =0 for a square duct
and for Ha=100 (numerical solution - solid lines; exact solution -

Cr 0SSes).

Shercliff solution, Ha = 100, W velogity in the plane y = 0.
T T T T T T T T T
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Shercliff solution. Electric potential at x =0 for a square duct and for

Figure8
Ha = 200 (numerical solution - solid lines; exact solution - crosses).
Shercliff solution, Ha = 200, Electric potential at x = 0.
&
x
Figure9 Shercliff solution. Axial velocity in the plane y =0 for a square duct

and for Ha=200 (numerical solution - solid lines; exact solution -
Cr 0SSes).

Shercliff solution, Ha = 200, W velocity in plane y = 0,
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Figure1l0  Shercliff solution. Axial velocity in the plane x =0 for a square duct

and for Ha=200 (numerical solution - solid lines; exact solution -
Cr 0SSes).

Shercliff solution, Ha = 200, W velogity in the plane & = 0.

L e S e e T e e e T T EE P T T SERE o
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na 0.4 06 0.8 1 1.2 1.4 1.6 1.8 2
¥

Figure1ll  Hunt solution. Geometry and co-ordinate system.

Hartmann walls
y=1
\
y
Xx=-1 x=1
Z X L
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Figure1l2  Hunt solution for a square duct with perfectly conducting walls. Axial

velocity in the plane y=0 for Ha=100 (numerical solution - solid
lines; exact solution - stars).
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Figure1l3  Hunt solution for a sguare duct with perfectly conducting walls.
Electric potential in the planey =0 for Ha= 100 (humerical solution -

solid lines; exact solution - stars).
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Figure 14

Figure15

Hunt solution

for a square duct with perfectly conducting Hartmann

walls and electrically insulating parallel walls. Electric potential in the
plane y=0 for Ha=100 (numerical solution - solid lines;, exact

solution - stars).

CFE
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FOTEHTLAL
]

POTENTIAL

Hunt solution for a square duct with perfectly conducting Hartmann
walls and electrically insulating parallel walls. Axial velocity in the
plane y=0 for Ha=100 (numerical solution - solid lines, exact

solution - stars).
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Figure 16

Figure17

Hunt solution for a square duct with perfectly conducting Hartmann
walls and electrically insulating parallel walls. Electric potential in the
plane y=0 for Ha=200 (numerical solution - solid lines, exact

solution - stars).

CFE

POT

g
-l.o—._'_'_

Hunt solution for a square duct with perfectly conducting Hartmann
walls and electrically insulating parallel walls. Axial velocity in the
plane y=0 for Ha=200 (numerical solution - solid lines, exact

solution - stars).
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Figure18 Flow in a duct with a 1:2 symmetric expansion in a transverse

magnetic field.
yA y=1
BT
y=05
\
Flow
— >
X
y=-05
y=-1

Figure19 Inertialessflow in aduct with an expansion. Streamlinesfor Ha = 200.
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Figure20 Inertialess flow in a duct with an expansion. Velocity profiles in the
duct (x =-3) and at the junction (x = 0) for Ha = 200. Solid lines - CFX
numerical solution, stars- numerical solution obtained in ([26]).

CFER
L]
B
'|'5|
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Figure21  Inertialess flow in a duct with an expansion. Core velocity (y = 0) for
Ha = 200.
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Figure22  Inertialessflow in a duct with an expansion. Pressure distribution for
Ha = 200.

R
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Figure23  Inertialessflow in a duct with an expansion. Pressure at the top of the
wider duct (y = 1) for Ha = 200.
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Figure24  Inertial flow in a duct with an expansion. Streamlines for Ha = 200,
N=1

R

b

.

Figure25 Inertial flow in a duct with an expansion. Velocity profilesin the duct
(x =-3) and at thejunction (x = 0) for Ha=200, N = 1.

| CEXR

I.12

L)




ANL/TD/TM02-30 Page 153

Figure26  Inertial flow in a duct with an expansion. Pressure at the top of the
wider duct (y=1) for Ha=200, N = 1.
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Figure27 Inertial flow in a duct with an expansion. Pressure distribution for
Ha=200,N = 1.
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Figure28  Flow in an asymmetric duct with an expansion in a transverse

magnetic field.

A y=2

y=0

Figure29 Inertial flow in an asymmetric duct with an expansion. Streamlines
for Ha=200,N = 1.

CFH
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Figure30 Inertial flow in an asymmetric duct with an expansion. Pressure
distribution for Ha= 200, N = 1.
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Figure31 Inertial flow in an asymmetric duct with an expansion. Pressure at the
top of thewider duct (y=1) for Ha=200, N = 1.
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Figure32  Flow in asquareduct in anon-uniform transver se magnetic field.

B(z) T

y=-1

Figure33  Flow in a square duct in a non-uniform transverse magnetic field.
Magnetic field ver sus axial co-ordinate.

Magnetic field versus axial co-ordinate
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Figure34  Axial velocity profiles for inertialess flow in a square duct in a non-
uniform transverse magnetic field. Ha=50. Line y=0 and (a) z= -6;
(b)z=-2; (c)z=-1; (d) z=-0.5; (e) z=0; (f) z=0.5; (g) z=1,; (h) z=2;
(i)z=6.
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Figure35  Axial velocity profilesin theinertialess flow in a square duct in a non-

uniform transver se magnetic field for Ha = 50.
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Figure36  Streamlinesin the inertialess flow in a square duct in a non-uniform

transver se magnetic field in the planey = 0 for Ha = 50.
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Figure37  Pressure in the inertialess flow in a square duct in a non-uniform
transverse magnetic field on the central line of the duct x=y=0

(broken line) and near thewall x =y =1 (solid line). Ha = 50.
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Figure38  Electric current linesin theinertialess flow in a square duct in a non-

uniform transver se magnetic field for Ha = 50.
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Figure39  Axial velocity profilesin theinertialess flow in a square duct in a non-

uniform transver se magnetic field in the planey = 0 for Ha = 200.
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Figured40  Streamlinesin the inertialess flow in a square duct in a non-uniform

transver se magnetic field in the planey = 0 for Ha = 200.
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Figure4l  Pressure in the inertialess flow in a square duct in a non-uniform
transverse magnetic field on the central line of the duct x=y=0

(broken line) and near thewall x =y =1 (solid line). Ha = 200.
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Figure42  Electric current linesin theinertialess flow in a square duct in a non-

uniform transver se magnetic field in the planey = 0 for Ha = 200.
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Figure43  Pressure variation in the inertialess flow in a square duct in a non-

uniform transver se magnetic field in the planey = 0 for Ha = 200.
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Figure44  Liquid metal drop in a strong, vertical magnetic field.
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Figure45  Liquid metal drop in a strong, vertical magnetic field after 0.185 s.
Solid line - asymptotic solution.
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Figure46  Liquid metal drop in a strong, vertical magnetic field. Horizontal
velocity for both phases ("air" and liquid metal). Solid line - drop
surface (asymptotic solution).
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Figure47  Liquid metal drop in astrong, vertical magnetic field. Vertical velocity
for both phases ("air" and liquid metal). Solid line - drop surface
(asymptotic solution).
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Figure48  Liquid metal drop in a strong, vertical magnetic field. Pressure for
both phases ("air" and liquid metal). Solid line - drop surface
(asymptotic solution).
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Figure49  Liquid metal jet in astrong, transverse magnetic field.

: B
i —>

V<

Xy

Figure50  Liquid metal jet in a strong, transver se magnetic field. Variation of jet
thicknessin a uniform field for E = -1, Ha = 200.
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Figure51  Liquid metal jet in a strong, transver se magnetic field. Ve ocity profile
in a uniform field for E = -1, Ha = 200. Vel ocity in the duct (solid line)
and inthejet region (stars).
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Figure52  Liquid metal jet in a strong, transverse magnetic field. Variation of

pressurein auniform field for E =-1, Ha = 200.
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Figure53  Liquid metal jet in a strong, transverse magnetic field. Variation of

pressurein auniform field at y =0 for E = -1, Ha = 200.
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Figure54  Liquid metal jet in a strong, transverse magnetic field. Velocity in the
corein auniform field at y=0for E =-1, Ha = 200.
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Figure55  Liquid metal jet in a strong, transverse magnetic field. Variation of
pressurein auniform field for E =-1, Ha=200, N = 1.
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Figure56  Liquid metal jet in a strong, transverse magnetic field. Variation of
pressurein auniformfieldaty=0for E=-1, Ha=200, N = 1.
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Figure57  Liquid metal jet in a strong, transver se magnetic field. Velocity in the

corein auniform fieldat y=0for E=-1, Ha=200, N = 1.
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Figure Liquid metal jet in a strong, transver se magnetic field. Variation of jet
thicknessfor E = -1, Ha = 200, By = 0.5, z = 2. Colour map represents
the numerical solution, the solid black line shows the asymptotic

solution.
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Figure59  Liquid metal jet in a strong, transverse magnetic field. Variation of
pressurefor E=-1, Ha=200,By =0.5,z=2.
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Figure60  Liquid metal jet in a strong, transverse magnetic field. Core velocity
in the jet (y=0) for E = -1, Ha = 200, By = 0.5, z=2. Solid line
corresponds to the numerical solution, stars to the asymptotic

solution.
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Figure6l  Liquid metal jet in a strong, transverse magnetic field. Streamlinesin
thejet for E=-1,Ha=200,By =05,z =2
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Figure62  Flow in eectrically coupled U-bends(from [36]).
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Figure63  Flow in a circular insulating duct in a nonuniform magnetic field.
Projection of lines of constant pressure onto the plane transverse to
the field. The field is out of the plane of the figure; it varies between
x=-1land x = 1. Variablex isin the flow direction. Variablezisin the
direction transverse to the magnetic field (duct axis is at z = 0).

Hartmann and Roberts layers are not shown. Here Ha =7000. (from

[3D).
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