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COMMIX-PPC: A Three-Dimensional Transient Multicomponent
Computer Program for Analyzing the Performance of

Power Plant Condensers

Volume I1: User's Guide and Manual

Abstract

The COMMIX-PPC computer program is an extended and improved version of earlier
•COMMIX codes and is specifically designed for evaluating the thermal performance of

power plant condensers. The COMMIX codes are general-purpose computer programs for
the analysis of fluid flow and heat transfer in complex industrial systems. In COMMIX-PPC,
two major features have been added to previously published COMMIX codes. One feature is

the incorporation of one-dimensional conservation of mass, momentum, and energy
equations on the tube side, and the proper accounting for the thermal interaction between
shell and tube side through the porous medium approach. The other added feature is the
extension of the three-dimensional conservation equations for shell-side flow to treat the

flow uf a multicomponent medium.

COMMIX-PPC is designed to perform steady-state and transient three-dimensional

analysis of fluid flow with heat transfer in a power plant condenser. However, the code is
designed in a generalized fashion so that. with some modification, it can be used to analyze
processes in any heat exchanger or other single-phase engineering applications.

The following unique features are retained from other COMMIX codes:

• Porous-Medium Formulation. COMMIX-PPC uses a new porous-medium

formulation with the parameters of volume porosity, directional surface
porosity, distributed resistance, and distributed heat source or sink. With

this formulation, the COMMIX code can model an anisotropic flow domain
with stationary structures, and it cml be used to treat irregular geometries.
The porous-medium formulation with the additional paxameter of directional
surface porosity represents a unified approach to thermal-hydraulic analysis.

Because of this feature, it is now possible to perform a multidimensional

thermal-hydraulic simulation of either a single engineering component, such
as a rod bundle, reactor plenum, or piping system, or of a multicomponent
system that is a combir, ation of two or more engineering components.

• New Finite-Volume Formulation for equations of Conservation of Mass,

Momentum, and Energy Equations. The momentum formulation employs the
concept of a volume-averaged velocity as used in COMM[X-IC. lt makes the

numerical calculation more robust than in previous COMMIX versions, lt also
makes the location of pressure change coincide with that of density change
for one-dimensional flows. In addition, the new discretlzed momentum

equations also satisfy the one-dimensional Bernoulli equation.

• Three Matrix Solvers. In COMMIX-PPC, three matrix solvers, the successive
overrelaxation method, the direct matrix inversion method, and the
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preconditioned conjugate gradient method for a symmetric matrix, are
available to solve the pressure equation and scalar transport equations.
Depending on the size of the computational domain, the user can choose the

solver that is best suited for a given problem. These three matrix solvers

greatly increase the flexibility and efficiency of numerical computation for
COMMIX-1C compared to previous codes.

• Geometrical Package. A special geometrical package has been developed and
implemented to permit modeling of any complex geometry in the most

storage-efficient way.

Volume I (Equations and Numerics] of this report describes in detail the basic equations,

formulation, solution procedures, and models for auxiliary phenomena. Volume li (User's
Guide and Manual) contains the input instruction, flow cha_rts, sample problems, and

descriptions of available options and boundary conditions.

COMMIX-PPC is a product of the continuing evolution of the family of COMMIX codes.
The technical contents of the latest version of COMMIX-1C. when appropriate and relevant.

will be duplicated here.
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Executive Summary

The COMMIX (Component Mixing) code is a general-purpose computer program for
the analysis of fluid flow in real-world engineering systems. Because the needs of users
have changed since its inception in 1976. the code has undergone several stages of
development, and several versions/extensions are now available. The present COMMIX-PPC
is yet another extension, designed specifically for the purpose of analyzing the performance

of power plant condensers. To meet this objective, two major additions have been
incorporated into the code:

• The three-dimensional conservation equations for shell-slde flow have been

extended to treat the flow of a multicomponent medium. This is necessary
because the shell side generally contains a mixture of steam and air. The
ability to treat the flow of a multlcomponent medium is also essential for
assessing the effect of noncondenslbles on condenser performance. On the
other hand, the computation is simplified by assuming that the steam is at

the saturated state and its bulk temperature is determined solely by its
partial pressure in the mixture.

• Tube-side fluid flow and heat transfer have been developed and incorporated

into the code. The use of one-dimensional conservation equations of mass,
momentum, and energy for tube-slde flow greatly reduces required

computer time without sacrificing accuracy, lt also facilitates handling of
thermal coupling between the condensation of vapor on the shell side and

forced convection of a single-phase liquid on the tube side.

In addiUon to the foregoing two major additions, several minor modifications and

addiUons have been made, mainly dictated by the consideration of condensation of steam in
the presence of noncondensibles. However, it is emphasized that many of the salient
features of COMMLX are retained in COMMIX-PPC.

A major unique feature of COMMIX is its porous--medium formulation, which was
rigorously derived through local volume averaging. The formulation makes use of the

concept of volume porosity, directional surface porosity (a dimensionless vector quantity
associated with a surface element), distributed resistance, and distributed heat source or

sink. Volume porosity is the ratio of the volume occupied by fluid in a control volume to the
total control volume. Surface porosity is similarly defined as the ratio of the area available

for fluid flow through a control surface to the total control surface area. Both arise naturally
in the averaging process. In the conventional porous-medium formulation, only the volume

porosity, distributed resistance, and distributed heat source are used. The concept of
directional surface porosity is relatively new. lt facilitates the modeling of anisotropic
structural resistance to flow. Irregular geometries can also be adapted in the present
porous--medium formulation.

The predictive capability of the numerical analysis of fluid flow and heat transfer in
complicated engineering systems, e.g., nuclear reactor cores or the shell side of a steam
condenser, depends strongly on how well the distributed resistances are modeled. The

resistances would vary with their orientation relative to the general flow direction and are
oftentimes not known a priori. The directional surface porosity is a geometrical quantity



and can be accurately and unambiguously calculated. Its introduction lessens the

dependency of the velocity field on the modeling of the flow resistance and hence.
improves the accuracy of the numerical prediction. This is a major advantage of the
present porous-medium formulation.

The finite-volume formulation used in COMMIX for the mass, momentum, and energy

conservation equations has recently been extended to include variable-density flows. The
modified formulation employs the concept of a volume-average mass--weighted velocity. As
a consequence, the numerical procedure is more robust than the previous COMMIX
versions, lt also forces the location of pressure change to coincide with that of density

change in one-dimensional flows. In addition, the ¢liscretized momentum equation also
satisfies the one-dimensional Bernoulli equation.

The COMMIX code provides detailed implied velocity and temperature fields for the

system under consideration. The conservation equations of mass. momentum, and energy.
and the transport equations of the turbulence parameters are solved as boundary-value
problems in space and initial-value problems in time. The discretized equations are

obtained by integrating the conservation equations over a control volume. The code is
flexible and has a wide range of applicability, lt is capable of solving thermal-hydraulic

problems involving either a single engineering component, such as a rod bundle, reactor

plenum, piping system, or heat exchanger, or an engineering system that consists of a
combination of these components.

COMMIX uses a fully implicit solution scheme called SIMPLEST-ANL. lt is a modlfica-
tioI_ of the well-known numerical procedure SIMPLER. The code has a modular structure,

and permits the use of either Cartesian or cylindrical coordinate systems. COMMIX-PPC
contains physical-property packages for water vapor and liquid water. In addition to these
two packages, an option is available for users to input simplified property correlations that

are valid in the desired range of applications.

There are three matrix solvers in COMMIX-PPC: the successive overrelaxation method

(SOR), the direct matrix inversion method (DMIM), and the preconditioned conjugate

gradient method (PCG). SOR and DMIM are suitable for both symmetric and nonsymmetric
matrices and are selected for solving the pressure equation and scalar transport equations.
PCG is only applicable to a symmetric matrix and thus may be used only for the pressure
equation. Depending on the size of the matrix, the user may choose the particular solver
that is best suited for the problem in question. With the availability of the three matrix

solvers, the efficiency of the numerical computation capability of COMMIX-PPC is greatly
increased.

Another unique feature of the COMMIX code is its geometry package. The basic con-

cept is to use computational cells (either in Cartesian or cylindrical coordinates} as building
blocks that are stacked to approximate the shape of the physical systems under consider-
ation. Then, volume porosity and directional surface porosity are used to account for

differences between the geometry used in the computation and the actual configuration.

This feature permits the COMMIX code to model irregular and complex geometries with
relative ease. Furthermore, the computer storage requirement of the COMMIX code is
optimized; only the computational cells used in the calculations are counted.

Volume I, Equations and Numeri_"s, of this report describes in detail the basic conser-

vation equations, finite-volume formulation, turbulence modeling, one-dlmensional



treatment of tube-side flow, and solution procedures. Auxiliary models for the following
phenomena are also described:

• Momentum interaction between fluid and stationary solid structures.

• Thermal interaction between shell- and tube-side fluid and stationary solid
structures.

In "_i, I!, User's Guide and Manual. we provide flow charts, descriptions of
subre,,J_,_i__,s, geometry modeling, initialization procedures, input descriptions, etc. A
sampig., p_'oblem is included to familiarize readers with the input/output structures of the
code. Also included is a sensitivity study of the effects of both condenser inlet air mass
fraction and exit mass flow rate at the extraction pipe on steam condensation rate.
Wherever applicable, technical content of COMMIX-1C is duplicated here.

1 Introduction

1.1 Purpose

COMMIX (Component Mixing) is a general-purpose computer code for the analysis of
heat transfer and fluid flow encountered in real engineering systems. Since the develop-
ment of COMMIX-I in 1976, many features have been added and/or refined to augment the
code's applicability. Consequently, COMMIX has become a general-purpose computer code

with a very wide range of applications. Although developed originally for nuclear-reactor
applications. COMMIX can be used, with minor modification, to analyze fluid flow and heat
transfer processes in other engineering systems.

Many industries and organizations involved in the design and/or analysis of nuclear

reactors are already using COMMIX. However, due to its generalized formulation and the
manner in which it is structured, COMMIX has also been found to be a useful tool in other

disciplines. Hence, the number of COMMIX users is expected to increase in the future. We
have prepared this report keeping in mind prospective users who can benefit from a
comprehensive description of the code.

In describing COMMIX-PPC, we had two distinct goals. One was to convey to the
reader the capabilities of COMMIX, the equations it solves, and how they are solved; this

was done in Volume I of this report. The second goal was to present a step-by-step
procedure for the use of COMMIX. Accordingly, the procedure was described in sufficient

detail so the usual difficulty of comprehending someone else's code is minimized. This, of
course, is not an easy task, but we have attempted it in Volume II.

We stress here that, while extending previous COMMIX versions to COMMIX-PPC, we

have tried to retain the original structure and format of COMMIX as much as possible.
Therefore, previous COMMIX users will have little difficulty in adapting and running their
problems with the COMMIX-PPC version.

Volume I, Equations and Numerics, describes the basic equations, formulations of the
discretlzed equations, auxiliary models, solution procedures, etc. Vol. II, User's Guide and

Manual, describes ali information needed by the user, e.g.. input description, flow chart,



solution methods, sample problems, output formats, and user's options. The results of a
sensiUvity study of the effects of both condenser inlet air mass fraction and exit mass flow
rate at the air extraction pipe on steam condensation rate are presented. Wherever
applicable, technical content of COMMIX-1C is duplicated here.

1.2 Organization of the Report

"ll_is volume describes the step--by-step procedure in sufficient detail so that a readerunfamiliar with the COMMIX code may begin using it with minimum difficulty.

An introduction is presented in Sec. I. Section 2 describes the overall structure of the
program, including the flow chart and solution sequence. For a user to start numerical
simulation, the first step is to model t.be geome.t_ry. In Sec. 3, we describe the geom,_trical
convenglons used in COMMIX, recommend modeling procedures, and suggest ways to

preI_are g_ometry-related input for the code. Section 4 addresses the initialization of the
variables, including simplified procedures for shell-slde, as well as tube-slde, flows, and
describes several available boundary condition options.

The modeling of the thermal interaction between a fluid and solid structures is
discussed in Sec. 5; that of the momentum interaction between a fluid and the solid

structures is given in Sec. 6. The solution procedure is presented in Sec. 7. In
COMMIX-PPC, we have implemented three matrix solvers: the successive overrelaxatlon
(SOR) method, the direct matrix inversion method (DMIM}, and the preconditioned

conjugate gradient (PCG) method. The user can select a matrix solver, depending on the
nature oi' the problem. The choice of these solvem is discussed in terms of convergence
rate and computation efficiency.

Auxiliary inputs, such as turbulence modeling, heat transfer correlations, and physical
property determination, are described in Sec. 8.

COMMIX requires initial estimation of the steady-state distribution of all dependent
variables regardless of whether the analysis is for a steady-state problem or for a transient
simulation. All inputs required for such steady-state calculation are described in Sec. 9.
The details related to transient simulations are presented in Sec. I0. In Sec. 1 I, the
input/output procedures and related variables are described. Section 12 discusses global

mass and thermal energy balances, and Sec. 13 contains final concluding remarks.

Appendix A summarizes all input variables for convenient reference by the user.
Appendix B list,,_ all subroutines, together with a brief description of their functions, and
Appendix C contains a llst of resistance correlations.

To illustrate the capabilities of COMMIX-PPC, a sample problem, along with its
description, input, and output, is presented la_Appendix D. Appendix E presents a
sensitivity study of the effect of both condenser inlet air mass fraction and exit mass flow
rate at the air extraction pipe on steam condensation rate.



2 Structure of COMMIX-PPC

2.1 Overall Flow Chart

The overall structure of the computer program is illustrated by the simplified flow
chart presented in Fig. 1, where _ represents the dependent variables. The major steps
are as follows:

• The numerical simulation begins with grid specification and the calculation

of ali geometrical quantities that are needed frequently in later work.
Reading of the geometry input is done in the subroutine GEOM3D.
Calculation of ali geometrical quantities is done in the subroutine BOXES, for
which either the Cartesian or the cylindrical coordinate system may be
selected.

• Next. the initial values of ali variables are either specified or calculated. The
subroutine INITAL is the main subroutine for initialization, lt sets up the
default values, reads NAMELIST/DATA/. and calls appropriate subroutines
(see Table 1 for reading input data, calculating initial values, and printing, if
desired, of input and control parameters}.

• The tube-side computational cell location cards are read in the subroutine
TBINPR, and the geometrical quantities are computed.

• After completion of the initialization, the subroutine OUTPUT is called to
print initial values of ali desired variables.

• The solution sequence (details of which are given later} is then executed to
calculate the values of ali dependent variables at a new time. Subroutine
TIMSTP determines the sequence of calling subroutines required during the
solution sequence. When the values of ali variables at the mnew time are
determined, we return to the main subroutine AMAIN.

• If printing is desired at this point, the subroutine OUTPUT is called and the
desired variables are printed.

• If the required number of time steps has been performed, or the maximum

computation time or the maximum real time is reached, the computation is
terminated and, if requested, the restart data are written on disk file.
Otherwise, old time values are updated and the execution continues for the
next time step until it converges.

2.2 Solution Sequence

The solution sequence is controlled by the subroutine TIMSTP: its flow diagram is
shown in Fig. 2. Subroutine TIMSTP is the heart of the program: it performs the outer
iteration loop.
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Table I. Initializing subroutines

Input Data FuncUon or
Subroutine NAMELIST RECORDS Parameters Initialized

INITAL GEOM - Initializes default values and
DATA calls initializing subroutines

INFORC DATA Force-structure Force--structure parameters

INPSTR STRUCT Thermal-structure Thermal-structure
T prototype and parameters
F location records
M

ICTEMP DATA - Boundary values of velocity,
temperature, heat, density,
and pressure

ICTUBE TUBS - Values of velocity, temperature,
and pressure for tube-side flow

¢ BARIN - Boundary and Boundary and initial values of
initial-value pressure, velocity, tempera-
records ture, enthalpy, heat source,

porosity, and surface area

The six major loops in subroutine TIMSTP are

• Shell-Side and Tube-Side Heat Transfer Coupling Loop: Heat transfer

coefficients, heat transfer rates from steam to tube and from tube to cooling

water, and steam condensation rate are calculated. Subroutine HSTRUC

computes the heat transfer coefficients, subroutine QSTRUC computes the

heat transfer rates both in shell side and tube side, and subroutine INMDOT

computes the steam condensation rate.

• Mass-Momentum Loop: Mass and momentum equations are solved and new

velocity and pressure values are computed. Subroutine MOLOOP calls the

required subroutines in proper sequence to solve the mass and momentum

equations.

• Turbulence Loop: Two subroutines, TKLOOP and TDLOOP, are called to

calculate the turbulence parameters k (turbulence kinetic energy) and E (rate

of dissipation of k). Turbulent viscosity and conductivity are then calculated

by subroutine TURVI2.
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Fig, 2. Flow chart for solution sequence in subroutine TIMSTP



• Component Mass Fraction Loop: Component continuity equations are solved
and new values of component mass fraction are calculated. Subroutine
MALOOP calls the required subroutines tn sequence to solve the component
mass conservation equation.

• Energy Loop: The saturation temperature of steam is calculated from the
steam partial pressure. Subroutine ENLOOP computes the saturation
temperature of steam. New values of enthalpies of steam, air. and a steam-
air mixture are computed.

• Tube--Side Flow and Temperature Loop: The one-dimensional tube-side flow
and tewperature fields are solved and new values are calculated for tempera-
ture, pressure, and velocity. Subroutine TBSIDE solves the one-dimensional
continuity, momentum, and energy equations.

2.3 Shell- and Tube-Side Heat Transfer Coupling Loop

The flow chart for the shell- and tube-side heat transfer coupling loop is shown in
Fig. 3. The calling sequence is as follows:

• First, calculate the heat transfer coefficients ha, hc, and hcw according to
Eqs. 9.3, 9.4, and 9.14 of Vol. I, respectively, and the fouling resistance Rf
described in Eq. 9.35 also of Vol. I. These quantities are then used to
compute the shell-side and tube-side heat transfer coefficients hl and h2
according to Eqs. 9.32 and 9.41 of Vol. I, respectively. The calculations of
ha, hc, hcw. Rf. h 1, and h2 are performed in subroutines HSTRUC, HTCOEF,
HTCOND, and HTCTUB.

• Use heat transfer coefficients hl and h2, tube geometrical information,

material properties, and the steam/air temperature to calculate coefficients
At and Ct for l = 1-L, as described in Eqs. 9.51-9.54. Then, solve for
temperature distribution Tt(t = 1 ... L) from Eqs. 9.48-9.50, and compute the

heat transfer rate _11and _IL+1 from Eqs. 9.55 and 9.56, ali of Vol. I. These
calculations are performed by subroutine QSTRUC.

• Use Cll and latent heat to calculate the steam condensation rate rh by
subroutine INMDOT.

The flow diagrams for the mass-momentum, component mass fraction, energy, and tube-

side flow and temperature loops are presented in Secs. 2.4, 2.5, 2.6, and 2.7, respectively.
The turbulence loop is discussed in Sec. 8.3.

2.4 Mass-Momentum Loop

The flow chart for the mass-momentum loop is shown in Fig. 4. The calling sequence
is performed by subroutine MOLOOP.
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Calculate Shell- and Tube-Side Convective
Heat Transfer Coefficients in

HSTRUC, HTCOEF, HTCOND, HTCTUB

•
Calculate Heat Transfer Rates in

Shell Side and Tube Side in
QSTRUC

Compute Steam
Condensation Rate in

INMDOT

Fig. 3. How diagram for shell- and tube-side
heat transfer coupling loop

• First, calculate the coefficients (I, 9, _, d u, dv, and dw in the pressure-

velocity relation described in Secs. 5 and 6 of Vol. I. These calculations are
performed in subroutines XMOMI, YMOMI, and ZMOMI for x (or r), y (or 0),
and z directions, respectively.

• Use these pressure-velocity-relation coefficients to calculate the coefhc_ents
P • • •

a o ,a_ ..... a,, bo (see Table 12 of Vol. I) in the pressure equation. This is
done by subroutine PEQN.

/

• The pressure equation is then solved in subroutine SOLVER by one of the/
matrix solvers (subroutine SOLVIT for the SOR method, subroutine DMIM/for
the DMIM, and subroutine CGRAD for the PCG method). If the SOR or PCG

method is selected by the user, the solution is obtained by an iterative
procedure.

The iteration is continued until either the residue of the pressure equation is
below the specified convergence criterion or the number of iterations has
reached the specified maximum value, called ITMAXP. If the DMIM is
selected, the solution is obtained by direct inversion and no iteration is
involved.

• Velocities are then updated in subroutine MOMENI with the new pressure
values and the following relations:
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Compute New-Time

u,v, w

in

MOMENI

I Update Boundary VelociUes

In

BCFLOW

Fig. 4. Flow diagram for mass-momentum loop
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u = t_- dU(Sp2- 8Po).

v = v- d(Sp,- Spo).
and

w = _- dW(6p6 - 8po).

• Finally. update the velocity boundary values in subroutine BCFLOW.

This completes the mass-momentum loop.

2.5 Component Mass Fraction Loop

The sequence of computations in the component mass fraction loop (c_dled by
subroutine MALOOP) is shown in Fig. 5.

• Compute the convection terms in subroutine MACON®.

• Compute the diffusion term in subroutine MADIFF.

• Compute the transient and source terms in subroutine MASSCO.

• Solve the mass fraction equations

_ .,)AO }l a_x_ + bo 11=2.3 ..... n)i i

by subroutir: SOLVER for the'new-time mass fractions by either the SOR
method (subroutine SOLVIT} or the DMIM (subroutine DMIM). Note that i
indicates the component number.

• Compute the mass fraction of the first component by the following relation:

n

x I = 1- _x I.
1=2

2.6 Energy Loop

The sequence of computations in the energy loop (called by subroutine ENLOOP) Is
shown in Fig. 6.

• Update ali boundary values in subroutine BCTENT.

• Compute the steam partial pressure.

• Compute the steam saturation temperature based on steam partial pressure.

• Compute the enthalpies of steam, air, and steam and air mixture.
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Fig. 5. How diagram for component mass fraction loop

2.7 Tube-Side Flow and Temperature Loop

The sequence of computations in the tube-side loop (called by subroutine TBSIDE) is
shown in Fig. 7.

• Compute coefficients in the velocity-pressure relation.

• Compute coefficients in the pressure equation.

• Solve pressure equation for the new-time pressure.

• Compute new-tlme velocity.
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Update Constant and
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BCTEMT
i

Compute Steam Partial
Pressure

x tps = _)
Xs + 0.622X a

_P

Compute Saturation
Temperature

Ts

i

Compute Enthalples of

Steam, Air, and Steam and
Air Mixture

i

I_. 6. Flow diagram for energy loop

• Solve energy equation for new-Ume temperature and enthalpy.

• Update boundary velocities and temperature.

,3 Geometry Modeling
i

3.1 Introduction

In most cases, the first step is to model the geometry of the system to be simulated.
The geometry concept of COMMIX is somewhat unique and is different from the
conventional approach. We hope that, after using the COMMIX geometry package, the user
will not only feel at ease with the COMMIX concept, but will begin to appreciate the
benefits of the COMMIX approach. To make the introductory period as easy and smooth as
possible, we suggest that ali new users read this section with extra thoroughness.
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I_. 7. Flow diagram for tube-slde loop

3.2 Concept and Definitions

In numerical modeling, the computational flow domain is partitioned into several
computational cells formed by x, y, and z grid planes in a Cartesian coordinate system or by
r. 8, and z grid surfaces in a cylindrical system, as shown in Fig. 8. In COMMDLthe
following convention is used to define the various elements of the flow domain. For the
purpose of illustration, we consider a simple box geometry shown in Fig. 9.
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i

• Computational Cell

In COMMIX. the computational cell is defined by the location of the grid point
place:: in the geometrical center of the cell. Cell sizes can be nonuniform. A
computational cell surrounded only by other computational cells is called an
internal cell. If one cell surface is a boundary surface, it is called a boundary

cell. A user must spectfy the total number of computational cells required
through the FORTRAN variable NMI.

, Boundary Surface

The external boundaries enveloping the flow domain are called the boundary
surfaces. These may be solid walls or planes through which fluid can flow.
The geometry in Fig. 9a has eight boundary surfaces.

A boundary surface is defined by its unit normal vector, always pointing into
the fluid region. The x, y, and z components (XNORML, YNORML, and
2aNORML) of a unit normal vector are specified by its direction cosines. For
example, the unit normal vector of Surface 2 has components (-I,0,0). Table
2 l_sts the components of the unit normal vectors of the eight surfaces of the
flow domain shown in Fig. 9a.

• Regular Surface

A boundary surface coinciding with any one of the grid planes is called a
regular surface. All surfaces of the geometry of Fig. 9 are regular surfaces.

Table 2. Components of unit normal vectors
(direction cosines) of geometry in
Frg.ga

Surface XNORML YNORML ZNORML
ii i l

1 0 ! 0
2 -1 0 0
3 0 0 I
4 1 0 0
5 0 0 -1
6 0 0 -1
7 0 -I 0
8 -I 0 0

i,i
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• Irregular Surface

A boundary surface that does not coincide with any one of the grid planes is
called an irregular surface. In Fig. lOa, Surface 1 is an irregular surface. Note

that only regular surfaces can be specified as inlet and outlet planes, Le., .flow
inlet and outlet planes cannot be irregular surfaces.

• Surface Number

A user must assign a number to each boundary surface. The same surface
number can be assigned to boundary surfaces that have
-the same unit normal vector, and

-the same velocity, pressure, temperature, and heat flux boundary
conditions.

For example, although Surfaces 2 and 8 in Fig. 9a are in two different planes,
they can be assigned the same surface number if their unit normal vector has
the same direction cosines and the same boundary conditions, as Illustrated
in Fig. 1I. However, they may also be defined as two different surfaces, if
desired.

Surfaces 3 and 8 lle in the same plane, as illustrated in Fig. 12, and they have
the same unit vector. They must be considered as two different surfaces if
they have different boundary conditions for velocity or pressure or
temperature or heat flux.

The variable NSURF is used to specify a total number of surfaces. AU irregular

surfaces must be numbered before other regular surfaces are numbered.

• Irregular Cell

If one surface of a computational cell is an irregular surface, that cell is called
an irregular cell. An irregular cell cannot be an interior cell because it
contains an irregular surface that is part of a boundary surface. A
computational cell is permitted to have at most one irregular surface.

• Surface Element

A section of a surface between two pairs of consecutive grid lines is defined as
a surface element. A surface can therefore have more than one surface

element. For example, in Fig. 9b, Surface 6 has nine surface elements. The
variable NLI is used to specify the tot_ number of surface elements.

• Volume Porosity

The volume porosity 7 is a geometrical parameter that is defined as the ratio
of fluid volume in a cell to the total cell volume. The FORTRAN variable name
tor volume porosity is AL and its numerical value must lie between 0 and 1.

This parameter ts included to account for irregularity in geometry and the
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existence of internal solid structures. For example, the volume porosity of the
computational cell due to irregular geometry (Fig. 13a} is

"fv = AL = axAyAz- volume of prism A.axAyAz

Similarly. the volume porosity due to an internal solid structure (Fig. 13b} is
/

7v = AL = ._xAyAz- volume of the half solid cylinder.
axZ_yAz

• Directional Surface Porosity

The directional surface porosity Yxassociated with a surface whose normal
vector is in the x-direction is defined as the ratio of fluid flow area in that

surface to total surface area. The directional surface porosity yy and Yzcan be
similarly defined. The variable names arc _ ALY. and ALZ for the x (or r}. y
(or 0}, and z directions, respectively. Thus. in Fig. 13a.

Yx(l+1/2J,k} ffiALX (cell iJk) = (Ay_z- area A1)/(AyAz).

yy(iJ+ 1/2.k} = ALY (cell iJk) = 1.0. and

yz(iJ,k+l/2) = ALZ (cell lJk) ffi (Axay- area A3)/(axay};

and in Fig. 13b.

yx(i+l/2,J.k} ffiALX (cell iJk} ffi(ayAz- area AS}/(Ayaz},

yy(iJ+ 1/2.k} ffiALY (cell ljk) ffi 1.0, and

yz(iJ,k+l/2} ffiALZ (cell ljk} ffi (_.xAy- area A4}/(AxAy}.
.

The directional surface porosity is considered a flow-variable parameter. In
the staggered-grid arrangement, the flow-variable parameters are defined at
the face of a cell. Therefore. when we describe Yx, 7y, and Yz of cell (IJ.k}.
we mean Yx at (t+ l/2J,k}, yy at (tj+ 1/2.k}. and Yz at (l.J.k+ 1/2}.

• Tube Channel

In COMMIX-PPC, a tube channel is defined as a series of computational cells
that always contain the same group of condenser tubes. Each channel is
assigned a channel number and may contain more than one tube. Thus, in
Fig. 14. Channel 1 contains three condenser tubes and Channel 2 contains
five condenser tubes.
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Fig. 13. Volume porosity due to (a) irregular geometry and
(b) internal solid structure
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3.3 Recommended Approach

The task of developing a geometrical model of a flow domain involves

• selection of an appropriate coordinate system,

• partitioning of a computational flow domain into several computational cells

bounded by coordinate grid planes or grid surfaces, and

• computation of geometrical partition sizes.

The development of a geometrical model of a physical situation requires a judicious

balance between attempting to represent the geometry as accurately as possible on the one
hand, and minimizing the computational cost in terms of time and storage on the other.
The computational cost generally places an upper limit on the number of computational
cells; hence, the model should seek a proper balance between homogenization of the
details and resolution and accuracy of the results,

Developing a model and preparing input for a complex geometry involve many
decisions. There is no simple, rule-of-thumb procedure in modeling, because most of the
decisions that must be made are problem-dependent. The user must seek his/her own
intuition and Judgment. The following are only a few broad suggestions:

• Select the appropriate coordinate system.

• Take advantage of symmetry and model the system with minimal required
geometry.
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• Use a relatively coarse mesh at the beginning to ensure that the input is
correct and the results are reasonable. The mesh size should then be

reduced to determine its effect on the accuracy of the solution.

• Use fine meshes only in those regions where large variations in parameters
or properties are expected to occur.

3.4 Geometry Input

When all major elements of geometry modeling are decided, we can start the
preparation of geometry input. The following is a recommended step-by-step procedure.

• Specify value of the variable IGEOM.

IGEOM = 0 for Cartesian geometry and
ffi -I for cylindrical geometry.

• Partition the flow domain to be modeled by x, y, and z, or r, 0, and z grid

surfaces. Two examples are illustrated in Fig. 15. The following must be
specified:

IMAX, JMAX, and KMA_ Maximum number of cells in x, y, and z (or r, 8,
and z) directions.

DX, DY, and DZ: Partitioning distances in x, y, and z directions.

NSURF: Total number of surfaces.

NM I: Total number of computational cells.

NLI: Total number of surface elements.

• Be sure to take advantage of parameters IFX, IFY, and IFZ for one- and two--
dimensional calculations. For example, if the system variables are
independent of the x (or r for cylindrical coordinate) direction, set IFX = 0.
The code will bypass all calculations that are x (or r) dependent.

• Assign surface numbers to all boundary surfaces. Compute and specify
XNORML, YNORML, and ZNORML (the components of unit normal vectors)
for all surfaces. Number all irregular surfaces f'wst.

Partitioning must be done so that each cell has a maximum of one irregular
surface.

• Compute areas of (I) surface elements of all irregular surfaces (such as
surface area Al in Fig. 10b), and (2) partially truncated regular surface
elements of irregular cells (such as surface area A2 in Fig. 10b). Prepare and
supply all information about surface elements, as described in the section on

Boundary Surface Identification Records in the Input Description.
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* Compute volume porosity AL and directional surface porosities ALX, ALY, and
ALZ and input this information according to the section on Cell Initialization
Records in Appendix A (Input Description).

• Compute the condenser-tube numbers in each tube channel and specify the
channel locations and flow direction according to the section on Tube
Channel Location Records in Appendix A. Also specify:

NTUBES: Total number of tube channels.

NMCELL: Total number of computational cells in the tube side.

4 Initialization
i lm

4.1 Introduction

"_fter completing the geometrical modeling, initial values of temperature, pressure, and
velocity for all cells and surfaces are assigned. If one is continuing a previous run, initializa-
tion is performed through the restart capability of COMMIX.

The input of all initial and boundary values at the start of the first run can be very
tedious. In COMMIX, several simplified input procedures for initialization are provided.

Lists of initialization variables for uniform and nonuniform conditions in the shell side

are given in Tables 3 and 4, respectively. The variables for nonuniform initialization
override those for uniform initialization. For tube-side flow, the llst of initialization

variables is given in Table 5. These variables are discussed in Sec. 4.2. More details can be
found in Appendix A.

4.2 Simplified Procedures

Shell Side

• For the initial input, specify only pressure, temperature, and velocity. The
values of enthalpy and density are not required; they are calculated in the
code from the equation of state and the specified pressure and temperature
distributions.

• Establish initial hydrostatic pressure distributions in the entire flow domain
by specifying only

-One pressure value (variable PRES®) for all x, y, and z locations (variables
are XPRES®, YPRESO, and ZPRESO), and

-The components of the gravity vector (variables are GRAVX, GRAVY, and
GRAVZ).

The program then calculates the entire hydrostatic-pressure field.
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Table 3. Initialization variables for un{form sheU-side conditions
(Input Section is DATA)

i

Variable Initializing
Variable Name Region Rem arks

Temperature. TEMPQ Internal One value for all cells
°C cell ,

TEMP(N) Boundary One value for each surface
surface

Velocity, m/s VELOC(N) Boundazy One value for each surface
surface

Pressure, Pa PRES_ Internal Hydrostatic pressure distribution
cell

PRES(N) Boundary One value for each surface
surface

Heat flux, W/m 2 TEMP(N) Boundary One value for each surface
surface

Mass flux, k_ VELOC(N) Boundary One value for each surface
s_m 2 surface

i

• Uniform temperature distribution in the entire flow domain is obtained by
specifying only one temperature value (variable TEMPQ).

• Uniform temperature and hydrostatic pressure distributions can be
overridden by using cell initialization records (CIR) for the desired (iJ.k)
locations.

• Uniform normal velocity and temperature for each surface are prescribed by
specifying the desired values for variables VELOC(N) and TEMP(N).
respectively, where N is the surface number. Uniform pressure at cells
adjacent to a surface is specified by PRES(N) and only needs to be specified
for a surface with a uniform pressure boundary condition.

• Nonuniform velocity and temperature distributions for surface elements are
specified by using the surface element initialization records (SEIR) with
variables VELB and TLB. This overrides any VELOC(N) and TEMP(N) values.
Nonuniform pressure distribution at cells adjacent to a surface with a
specified pressure boundary condition is presented by using CIR, which
override the PRES(N) specification.

• If the user wishes to initially prescribe surface heat flux instead of
temperature, she/he can do so by specifying the desired value in W/m 2 to the
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Table 4. Initialization variables for nonun{form shell-side conditions a
i

Variable Initializing Input
Variable Name Region Section Remarks

Temperature. TL Internal cell CIRb Desired internal cells
°C TLB Surface element SEIR c Desired surface elements

Velocity. m/s UL,VL.WL Internal cell CIR Desired internal cell faces
faces

VELB Surface element SEIR Desired surface elements

Pressure, Pa POLD Internal cell CIR Desired internal cells

Heat flux. W/m 2 QBN Surface element SEIR Desired surface element

Enthalpy. J/kg HL Internal cell CIR Desired internal cells
HLB Surface element SEIR Desired surface elements

Density. kg/m 3 RIB Surface SEIR Desired surface elements

Heat source. QSOU Internal cell CIR Desired internal cells
W/m3

Turbulence TK Internal cell CIR Desired internal cells

kinetic energy. TKB Surface element SEIR Desired surface elements
J/kg

Turbulence TD Internal cell CIR Desired internal cells

dissipation rate. TDB Surface element SEIR Desired surface elements
W/kg

Mass flow rate. FLOW Surface element SEIR Desired surface elements

kg/s

av-,_rtables listed in Table 4 override those listed in Table 3.
bCIR: Cell Initialization Records.
cSEIR: Surface Element Initialization Records.

variable TEMP(N}. A nonuniform heat flux distribution can be specified by
using the SEIR with variable QBN. This overrides any TEMP value.

• Initial values of density and enthalpy fields are computed by the code using
the equation of state and the prescribed initial temperature and pressure
fields.

• Turbulence parameters (k and _} are specified for internal cells by using the
CIR with variables TK and TD. and for surface elements by using the SEIR
with variables TKB and TDB.
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Table 5. Variables for mbe-slde initialization

(Input Section fs TUBS)

Variable InItializing
Variable Name Region Remarks

i i l i

Temperature, °C TEM®TB Internal cell One value for all cells

TLBTB I Inlet boundary One value for each tube channel
surface

TLBTB2 Outlet boundary One value for each tube channel
surface

Velocity. m/s VEL_TB Internal cell One value for all cells

ULBTB 1 Inlet boundary One value for one tube channel
surface

ULBTB2 Outlet boundary One value for one tube channel
surface

Pressure, Pa PRE_TB Internal cell One value for all cells

• Mass flow rates corresponding to uniform mass flux are specified by
VELOC(N).

• Mass flow rates for the boundary surfaces are specified using the SEIR with
the variable FLOW. This overrides any value specified through VELOC.

• The format of the CIR and SEIR is

NAME RVAL IB IE JB JE KB KE N"

An example of the CIR is

TL 60.0 5 18 7 12 1 6,

meaning that we are specifying a cell temperature of 60°C for all internal
cells in the region having an I value from 5 to 18, J value from 7 to 12. and K
value from 1 to 6. Thus, in this example, 504 cells are initialized by one
input card.

An example of the SEIR Is

TLB 60.0 5 18 7 12 I I 5,

"NforSEIRonly.
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meaning that we are specifying a surface temperature of 60°C for ali surface
elements on computational cells having an 1value from 5 to 18. J value from
7 to 12. and K value from I to ! for surface number 5. We can see here that

in this example one input card initializes the temperature value for 84
surface elements.

• Before a program reads the input data. ali cariableso are set to zero. Conse-
quently, only the values other than zero must be specified in the input data.

The commonly occurring values of variables are provided as default values. If
the default value for a given variable is acceptable, the input for that variable
need not be specified.

Tube Side

• Just as for shell side, one need only specify temperature, pressure, and
velocity for the initial input. The values of enthalpy and density are
calculated in the code from the prescribed pressure and temperature
distributions.

• Unifozm temperature, velocity, and pressure distribution in the entire flow
domain are obtained by specifying only one value for each of the variables
TMP_TB, VEL_TB, and PREOTB, respectively.

• The inlet and outlet velocity for each tube channel are prescribed by
specifying the desired values to the variables ULBTBI(N) and ULBTB2(N).
respectively, where N ts the tube channel number.

• The inlet and outlet temperatures for each tube channel are prescribed by
specifying desired values for the variables TLBTB I(N) and TLBTB2(N),
respectively

• The variables for tllbe-side initialization are listed in Table 5.

4.3 Input Preparation

4.3.1 Internal Cell Variables

Shell Side

In the input preparation of initial cell values, the following variables must be specified:

• Three velocity components, UL. VL. and WL in m/s.
• Temperature TL in °C.
• Pressure POLD in Pa, and
• Heat source QSOU in W/m 3.

As mentioned previously, only nonzero values need be specified. Also. simplified
procedures described in Sec. 4.2 should be used for specifying uniform temperature and
hydrostatic-pressure distributions at the start. Use TEMPO and PRESO in
NAMELIST/DATA/.
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hydrostatic-pressure distributions at the start. Use TEMPO and PRESO in
NAMELIST/DATA/.

With regard to the heat source, the user has the option of either using the volumetric
_at source QSOU or specifying it through thermal structure (see Sec. 5).

Tube Side

The following variables are assumed to be uniform throughout the tubes.

• Flow velocity ULTB in m/s,
• Temperature TLTB in °C, and

• • Pressure POLDTB in Pa.

These three variables are calculated in the code by specifying VELOTB, TEM_TB, and
. PRE_TB in NAMELIST/T_BS/.

4.3.2 Boundary Surface Variables
.,

Shell Side

In the initialization of boundary variables, one must specify the type of boundary conditions
and the boundary values. They are discussed separately below.

* Types of Boundary Conditions

The variables used for defining the types of boundary conditions are

KFIX)W: for velocity,

KTEMP: for temperature/heat flux, and

KPRES: for pressure.

The options for the velocity, temperature/heat flux, and pressure boundary conditions are
listed in Tables 6-8 respectively. Detailed descriptions of these options are given in
Volume I and Appendix A.

• Boundary Values

The variables VELOC(N), TEMP(N}, and PRES(N) are used to initialize

uniform values of velocity, temperature, and pressure. These values are
specified in NAMELIST/DATA/.

If nonuniform boundary conditions are required, the input is achieved
through SEIR. Table 9 lists eight variables that can be specified through

SEIR. In general, we need not specify all eight variables. Of course, one can
always specify uniform boundary conditions by using the SEIR.

Tube Side

• Types of Boundary Conditions

The variables used for defining the types of boundary conditions are
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Table 6. Options for shell-side velocity boundary conditions

Parameter Boundary Physical

KFLOW(N) Condition Type Boundary Remarks a

. o _ (pAv)Al (one outlet surface
-5 ContinuaUve mass Outlet v n - _-_

kt -_-]
flow outlet element)

o = Z(pAv)
-4 Uniform velocity Outlet v. Ii(pA_° (several outlet/

outlet surface elements)

o _v° = 0 No momentum
-3 Free slip Symmetry v n = 0; _)--_-

surface diffusion

0 Al
-2 Contlnuatlve velocity Outlet Vn = v. For constant density

outlet and area

o (Pv)_ For constant area- 1 Continuative Outlet v. =
pOmomentum outlet

0 o
0 No slip Stationary v n = O; v t = 0

solid wall

i I
1 Constant velocity Inlet, v n _ O, vt = 0

solid wall v° = O, vt° = 0

2 Constant mass Inlet/ Mass flow rate specified by FLOW
flow rate outlet in the SEIR

i
100 + NF Uniform transient Inlet vn(t) = VELOC(N)f (t)

velocity fit) = Dimensionless function
number

200 + NF Uniform transient Inlet FLOW(t) = VELOC(N) f (t)
mass flow rate

aSuperscripts: 0 = Outlet or boundary value; AI = adjacent internal cell; i = inlet value;

n = normal to boundary surface; t = tangential to boundary surface.
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Table 7. Options for shell-side temperature/heat flux boundary conditions
........ ii ii i ,,i i,

Parameter Boundary Physical

KTEMP(N) Condition Type Boundary Remarks

1 Constant Inlet. Tw = constant.

temperature solid wall qw is calculated

100 + NF Transient Inlet, Tw(t) = Tw(0)f|t),
temperature solid wall qw is calculated

200 Constant heat Solid wall qw = constant,
flux Tw is calculated

300 + NF Transient heat Solid wall qw(t} = qw(0)f(t},
flux Tw is calculated

400 Adiabatic Outlet, qw = 0.0
symmetry

Table 8. Options for shell-side pressure boundary conditions

i

Parameter Boundary Physical
KPRES (N) Condition Boundary Remarks

i i

0 - - No pressure boundary
condition is applied

I Constant pressure Inlet-outlet Pw = constant

I00 + NFa Transient pressure Inlet-outlet Pw(t) = Pw(0) F(NF)a

aNF is the transient function number; F(NF) is the NFth transient function.

Table 9. Shell-side variables that can be specified through SEIR

FORTRAN Input
Variable Names Unit

Enthalpy HLB J/kg
Mass flow rate FLOW kg/s
Heat flux QBN W/m 2
Density RI_ kg/m 3
Temperature TLB °C
Normal velocity VELB m/s
Turbulence kinetic energy TKB J/kg
Turbulence dissipation rate TDB W/kg

i i i i i
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where I = 1 for the inlet boundary, and I = 2 for the outlet boundary,

• Boundary Values

For flow inside the condenser tubes, the boundary values of velocity and

temperature are specified in NAMELIST/TUBS/ by using the following
variables:

r

ULBTB 1(N): for inlet velocity,
ULBTB2(N}: for outlet velocity.
TLBTBI(N): for inlet temperature,
TLBTB2(N): for outlet temperature,
where N is the tube channel number.

5 Thermal-Structure Modeling

5.1 Introduction

The purpose of incorporating a thermal-structure model in COMMIX-PPC is to
facilitate consideration of heat-transfer interaction between fluid and structures. The

model implemented in COMMIX solves one-dimensional heat conduction equations for ali
solid structures, including condenser tubes, lt calculates temperature distribution in solids
and heat transfer from solids to surrounding fluids. In general, the output from the
thermal-structure model is a heat source/sink term for the fluid energy equation.

However, because the energy equation is not used for condenser modeling, the heat
source/sink term is used to calculate the steam condensation rate.

The basic equations, formulations, and features of the thermal-structure model of
condenser tubes and other internal solid structures are described in Vol. !. Here, we

describe only user-related aspects of the model in a general way.

e

5.2 Some Conceptsand Definitions

A thermal structure is a solid structure, in a fluid-flow domain, that thermally interacts

with the surrounding fluid, lt can be planar, cylindrical, or spherical. The COMMIX-PPC
model permits only structures with axes aligned with one of the three coordinate axes. as
illustrated in Fig. 16. In a given flow domain, more than one thermal structure can be
modeled if desired.

A thermal structure is identified by its geometric and physical features, Le.,

• All solid structures having the same grid axis alignment, same geometric

features, and same physical characteristics can be collectively modeled as
one thermal structure, although they may be spread out physically in the fluid

domain. Examples are fuel pins in a nuclear reactor, cooling tubes in a
power plant condenser.
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Computational

Cell///_/i/_

i i I _cl __!.,

z • ,,,.,_ .... 7,

,,..,
×

[cii lbl

Fig. 16. Illustrations showing thermal-structure alignment:
(02 cylindrical structure aligned to z axis:

(b) planar structure aligned to y axis

* A solid structure with a single geometric feature but heterogeneous physical
characteristics cannot be modeled as one thermal structure. An example is
fuel pins with different material composition in different axial sections.

In COMMIX-PPC computations, each thermal structure is partitioned by grid planes
normal to the structure axis to form several thermal structure elements, as shown in

Fig. 17. Each element has its own internal temperature distribution because the heat
conduction equation is solved for each element.

A thermal structure has two surfaces, outer and inner. These surfaces can be adiabatic

or they can interact with fluid, as shown in Fig. 18. Each structural-surface element is
permitted to interact with only one fluid cell However, a fluid cell can interact with more
than one structure surface. This can be seen in Figs. 19 and 20.

Each structure may be composed of several material segments. Figure 21 illustrates
the cross section of a structure element having

, Outside and inside surfaces, numbered I and 2, respectively,

* Three different materials separated by gaps, and

* Each material region divided into several partitions.

5.3 Thermal-Structure Subroutines

Three major subroutines are related to the thermal-structure model:

* HSTRUC: Computes heat transfer coefficients for the outer and inner
surfaces of all thermal-structure elements, lt uses local velocities
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Fig. 17. An element of a thermal structure
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F_g. 18. Element of a thermal structure, showing
outer and inner surfaces
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Fig. 19. Four quarter-cylindrical Fig. 20. Multiple structures
structures, each inter- interacting with a

acting with one fluid cell single fluid cell

MATERIAL MATERIAL MATERIAL

S RFA
FLUID FLUID

CROSS SECTION A-A

_COOL?. TCOOLI
(INSIDE)

SURFACE2

SURFACE I

(OUTSIDE)

Rg. 21. Typical structure element showing
material regions and gaps
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and therm_:l properties to calculate Reynolds number and Prandtl
number and appropriate user-specifled heat transfer correlations
to evaluate the heat transfer coefficient.

• QSTRUC: Solves the heat conduction equations for each element and
computes the heat source term for the fluid energy equation.

• TSTRUC: Solves the heat conduction equations for each element and

computes the temperature distribution of the thermal-structure
element.

The other three subroutines for this model are TSCAN, INPSTR, and PSTRUC. The
functions of TSCAN are to scan input and determine storage requirements; INPSTR reads
thermal-structure input and assigns appropriate markers and pointers; and PSTRUC prints
results related to thermal structures.

5.4 Modeling Recommendations

The following is a list of recommendations relating to thermal-structure modeling

• For steady-state analysis, one needs to model only those solid structures with
heat sources.

• For transient analysis, ali solid structures, with or without heat source, must
be modeled.

• Only plane, cylindrical, or spherical shapes are permitted in COMMIX-PPC.
If a structure does not conform to one of these shapes, the user should make

some approximations.

• COMMIX-PPC permits modeling of any multiple or fraction of a structure as
one thermal structure; e.g., if there are 10 condenser tubes passing through
one computational cell. as shown in Fig. 22a. the group of condenser tubes is
modeled as one thermal structure with surface area equal to 10 times the
surface area of a single tube. On the other hand, the user may wish to model
only a fraction of a tube as one thermal structure, as illustrated in Fig. 22b.

• A slab structure {Fig. 23) can be considered as either a
-Two-sided thermal structure with surface area for each side = AyAz and

thickness = t, or
-One-slded thermal structure of thickness t/2, with one adiabatic inner

surface, with outer surface area of 2AyAz.

• In many cases, we find, for computational purposes, that the solid structures
can be considered uniformly distributed, e.g., fuel pins in a reactor core,
cooling tubes in power condensers. An alternative means has been provided
for specifying the heat transfer surface area to model such uniformly
distributed thermal structures. This is done through the variablv RODFR,
which has different meanings depending on what and how we specify. This
can best be explained through examples.
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Fig. 22. Modeling (a) multiple structures or (b) fraction

of a structure as one thermal structure
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/ i,y/'

z Y

Fig. 23. Slab structure element

Positive RODFR: COMMIX -PPC computes heat transfer surface area using
the following equations:

Cvllndrieal Structure

Surface Area = (2_ r & Zi) RODFR

Plane Structure

Surface Area = RODFR

Soherlcal Structure_

Surface Area = 4_r 2 RODFR.

Here, r is the surface radius (either outer surface or inner surface) and A Z_
is the axial length of the coolant cell. Therefore, the definition of RODFR is
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RODFR = Number or fraction of rods interacting with the fluid cell. for a
cylindrical or spherical structure, and

RODFR = Surface area, for a slab-type structure. Hence, for Fig. 22a,
RODFR = 10, and for Fig. 22b, RODFR = 0.5.

Negative RODFR: COMMIX-PPC uses the following equations to compute the
heat transfer surface area:

L-_,ltndrical Structure

Surface Area = (2x r A ZIIRODFRI ),(Cell
area normal to the

structure axis).

p|ane Structure

Surface Area = IRODFRI ,(Cell area parallel to the structure surface
, area).

Svherical Structure

Surface Area = 4_rr2 [RODFRI*Cell Volume.

Therefore. negative RODFR means

IRODFRI = number (or fraction of rods) for cylindrical structures.
cell cross-sectional area

or

[RODFRI = slab heat transfer surface area for slab-type structures.
cell cross- sectional area

or

[RODFRI = number of spheres - for spherical structures.
cell volume

Hence.

RODFR =-2/ab

for the cell at the upper left corner In Fig. 24.

1

1

for the illustration in Fig. 25, and

RODFR = - I

for the illustration in Fig. 23.
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Fig. 24. Uniformly distributed rod
bundles in a nonuniform grid

rl r2

Fig. 25. Cylindrical shell with nonun/form azimuthal grid

5.5 Input Preparation

5.5.1 Introduction

There are four sections of COMMIX-PPC input where the specified Information is
dtx'_ctly related to the thermal structure. They are:

• NAMELIST/GEOM/.
• NAMELIST/DATA/.
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• Thermal-Structure Prototype Records.
• Thermal-Structure Location Records.

The first two are described in Sec. 5.5.2, the third, in Sec. 5.5.3, and the fourth, in Sec.
5.5.4. In addition, the inputs must also include material properties and heat transfer
correlations (described in Sec. 8).

5.5.2 NAMELIST-Input

• NAMELIST/GEOM/: Here, we input the variable ISTRUC=I, which
commands that the thermal-structure-related input is to be read and
computation is to be performed.

• NAMELIST/DATA/: Here, the TS-related variable is NEWTS. which we

specify NEWTS = 1 only if we want to

-Modify or update information related to thermal structure using the
restart option, or

-Input new information related to thermal structure

at the start of either a steady-state run (ISTATE = 0) or a transient run
(ISTATE = 2). This variable comes into operation only with ISTRUC = 1 and
ISTATE = 0 or 2.

S.S.3 Prototype Records

The thermal-structure prototype records are records where we input ali geometric
and physical information for all thermal structures. A detailed description of this input is
given in Appendix A. Some input-related rules are briefly described below.

• For each TS there is a set of input records.

• Each set contains several NAMELIST records. They are to be in the
following order:

&T Information about thermal structure,

&F Information about outer surface fluid,

&M Information about Material I and Gap 1

& M Information about Material 2 and Gap 2

• (Include one NAMELIST/M/for each material region in a thermal
structure.)

&F Information about inner-surface fluid. This record is included only if
the TS is two--slded. If the inner surface is adiabatic or a symmetry
boundary, this record is not required.
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* The numbering of material regions begins as we traverse from outer surface
to inner surface. To illustrate the ordering system, three examples are

presented.

Example I: Ordering sequence of records for TS shown in Fig. 26a:

& T N =, IXYZ -, NI' =, RODFR =, OUTR =, &END

&F IHT -, &END

& M Ml --, NP =, DR =, Q =, &END

& M Ml =, NP =, DR m, Q =, SGAP =, HGAP =, &END

&F IHT =, &END

Example 2: Ordering sequence of records for TS shown in Fig. 26b:

&T N =, IXYZ =, NT =, RODFR =, OUTR =. &END

&F IHT =, &END

& M Ml =, NP =, DR =, Q =, SGAP =. HGAP =, &END

& M Ml =. NP =. DR =, Q =. SGAP =, HGAP =, &END

&F IHT =, &END

Example 3: Ordering sequence of records for TS shown in Fig. 26c:

&T N =, IXYZ =, NT =, RODFR =, OUTR =. &END

&F IHT =, &END

& M Ml =, NP =, DR =, Q =, SGAP =. HGAP =. &END

& M Ml =, NP =, DR =, Q =, SGAP =, HGAP =, &END

& M Ml =, NP =, DR =, Q =, SGAP =. HGAP =, &END

& M Ml =. NP =, DR =. Q =, SGAP =. HGAP =, &END

The meanings of all FORTRAN variables referred to in the TS prototype records are given in
Table I0.

If a Jluld or an adiabatic surface follows a material the gap properties are ignored. The gap
properties are used for a given material only when another material follows.

If there fs no gap between two materials, we spec_ a high heat transfer coefficient, e.g.,

SGAP = 0.0, HGAP = I.E30.
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Surface (a)
Fluid Fluid

Inner Surface G_ I Outer Surface )

_ (bl

Inner Surface Outer Surface
Ga-3 Ga-2 Ga-I

(c)

Adiabatic Mat-4 Mat-3 Mat-2 Mat- 1
Surface

Flg. 26. Numbering system of thermal-structure material regions

Table I0. FORTRAN variables for TS prototype records

Variable Description

N TS#

IXYZ Number to describe shape and axis alignment (see Appendix A for numbers)

N T Transient function number for heat sources

RODFR Rod fraction to specify surface area

OUTR Outer-surface radius (m)

IttT Heat-transfer correlation number

MI Material number (see Sec. 8)

N P Number of grid partitions in the material for finite-difference analysis

DR Thickness of each partition (m)

Q Volumetric heat source (W/m3)

SGAP Gap thickness (m)

HGAP Gap heat transfer coefficient (W/m2°C)
i
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5.5.4 Location Records

The purpose of the locatio_ records is to input TS-element location information. The
format of specifying the location information is similar to that of boundary value and
internal-cell initialization records. The FORMAT is (A4, 714}:

OUT N IB IE JB JE KB KE
or

IN N IB IE JB JE KB KE

For a two-sided structure, we specify OUT to describe the locations of the outer-surface
cells and IN to describe the locations of the inner-surface cells. For one-sided structures,

we have either "IN" or "OUT' records only. The variable N stands for the TS number and

IB ... _ stands for the beginning and ending of i, J, and k indices. For thermal-structure
modeling of condensers, the locations of the outer- and inner-surface cells of the tubes are
the same.

To illustrate the location input records, we consider the simple geometry shown in
Fig. 27. The inputs for the thermal structures are as follows:

OUT 1 2 2 1 4 4 9

OUT 2 8 8 1 5 9 9
OUT 2 6 6 1 5 9 9

OUT 3 8 8 1 5 2 2
IN 3 8 8 1 5 1 I

6 Force-Structure Modelin_l

6.1 Introduction

The purpose of force-structure modeling in COMMIX-PPC is to facilitate consideration
of flow resistance due to irregular geometry and the presence of solid structures in a flow

domain. In COMMIX-PPC, such resistances are accounted for by introducing an additional

distributed-resistance source term in the momentum equation. To incorporate this
distributed-resistance source term in the computation, certain information is needed.

6.2 Flow Resistance Correlation

In the literature, many different equations have been used to express pressure drop
due to obstructions, e.g.,

LI
Ap =4_pv2f, (6.1a}

= Llpv2Co, 16. lblD2

= lP v2K (6. lC)2
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The coefficients f. CD, K, etc. have been given different names, e.g., Fanning friction factor,

Darcy friction factor, drag coefficient, loss coefficient, etc.. depending on the equation.

In COMMIX-PPC. the following general forms are used:

: L
Ap = Cl _pv2f . (6.2)

which, in terms of distributed resistance R, is

R Ap _ vlvl
= -- = ulP--_- f. (6.3)L

Here, L[_c (Ar). Ay (rAe), or Az] is the cell length of a momentum control volume. D ts the
hydraulic diameter or characteristic length, and C l is the coefficient that accounts for

" different definitions of friction factor f.

Friction factor f in Eqs. 6.2 and 6.3 Is generally a function of the Reynolds number. In
COMMIX-PPC. the following forms of the friction factor correlation are used:

f =atRe bt + ct (6.4a)
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for laminar flow when the Reynolds number Re (= pud/l_) is less than a predefined
transition Reynolds number Retr, and

f = at Re bt + ct (6.4b)

for turbulent flow (Re > Retr). The subscripts t, t, and tr stand for laminar, turbulent, and
transition, respectively.

6.3 Input Requirements

With reference to the form of the equations in the preceding section, the following
inputs are required.

Shell Side

• Variables C I (FORCEF) and D(CLENTH) for the computation of the
reslstance-source term (Eqs. 6.2 and 6.3),

• Variables at (ACORRL)...... ct(CCORR13, and Retr (REYTRN) for the
computation of the friction factor f (Eq. 6.4), and

• Reference length d (REYLEN) in Reynolds number Re.

Additional input requirements are

• NEWFOR A signal to inform that new force--structure input must be read.

• NFORCE Number of force structures.

• NCORR Number of friction factor correlations.

• ICORR Linkage between a force structure and a correlation number, e.g.,
ICORR(3} = 4 means that correlation 4 is to be used for Force
Structure 3.

• Force-structure locations.

All input variables related to force structure are listed in Table 1 I.

Tube Side

• Tube diameter for computing Reynold number Re,

• Variables at (ATBL)....... Ct(C'TBT), and Retr(RETRN) for computing friction
factor f (Eq. 6.4), and

• Variables CI(FORCTB) for computing the resistance term (Eq. 6.3).

All input variables related to the tube-slde force structure are listed in Table 12.

6.4 Force-Structure Locations

Information on force--structure location is provided through force-structure
specification records. The FORMAT is (A4, 714):
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Table 1I. Input variables related to shell-side force-structure modeling

FORTRAN Description of COMMIX Input
Name a Variable Section Remarks

NFORCE No. of force NAMELIST/GEOM/ ---
structures

,,

NEWFOR Signal for new NAMELIST/DATA/ = 0 for no, = I for yes;
force--structure applicable for ISTATE = 0

input or ISTATE = 2

CLENTH(NF) D (Eqs. 6.2 NAIV[ELIST/DATA/ Given a negative value if
and 6.3) desire to use Eq. 6. lc; i,e.,

when L = D

FORCEF(NF) C I (Eqs. 6.2 NAMELIST/DATA/ ---
and 6.3)

NCORR No. of NAMELIST/DATA/ ---
correlations

ICORR(NF) Correlation NAMELIST/DATA/ See Sec. 6.3
linkage

ACORRL(N) at (Eq. 6.4a) NAMELIST/DATA/ ---

BCORRI_NC) bt (Eq. 6.4a) NAMELIST/DATA/ ---

CCORRL(NC) ct (Eq. 6.4a) NAMELIST/DATA/ ---

ACORRT(NC) at (Eq. 6.4b) NAMELIST/DATA/ ---

BCORRT(NC) bt (Eq. 6.4b) NAMELIST/DATA/ ---

CCORRT(NC) ct (Eq. 6.4b) NAMELIST/DATA/ ---

REYTRN(NC) Retr NAMELIST/DATA/ Reynolds no. for laminar/
turbulent transition

REYLEN d NAMELIST/DATA/ Reference length for
Reynolds no.

XFOR_ Force-structure Force-structure For direction and location,
YFOR_ location specification see Sec. 6.4
ZFOR J records

aNF is a force-structure number; NC is a correlation number.
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Table 12. Input variables related to tube-slde force-structure modeling

FORTRAN Description of COMMIX Input
Nam e Variable Section Rem arks

AI'BL at (Eq. 6.4a) NAMELIST/TUBS/ ---

BTBL bt (Eq. 6.4a) NAMELIST/TUBS/ ---

CTBL ct (Eq. 6.4a) NAMELIST/TUBS/ ---

ATBT at (Eq. 6.4b) NAMELIST/TUBS/ ---

BTBT bt (Eq. 6.4b) NAMELIST/TUBS/ ---

CTBT ct (Eq. 6.4b) NAMELIST/TUBS/ ---

RETRN RETR NAMELIST/TUBS/ ---

DMTB D_ (Eq. 6.3) NAMELIST/TUBS/ Tube inside surface

FORCTB C I (Eq. 6.3) NAMELIST/TUBS/ ---
i I. i i l

XFOR'
or

YFOR NF IB IE JB JE KBKE,
or

ZFOR

where XFOR, YFOR, or ZFOR are to input the direction of force. The variable NF stands for
the force-structure number, and IB .... ICE stands for the beginning and end of the i, J, k

indices of the cell locations. For more details relating to force-structure location input, see
Appendix A.

6.5 Modeling Recommendations

6.s.1 Staggered-Grid System

In the finite-volume formulation, the frictional resistance due to a solid structure in a
flow domain is considered an additional source term in the momentum equation. Because a

staggered-grid system is used in COMMIX-PPC, the control volumes for the momentum
equations are displaced from the mass or energy cells, as illustrated in Fig. 28. Therefore.
for modeling of the resistance term. it is important to remember that

• The distributed-resistance source term is for the staggered control volume,
shown in Fig. 28. and

• The reference velocity used in the resistance source term equation is the
velocity at the face of a cell.
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Fig. 28. x-Momentum control volume in a staggered-grid system

To illustrate this point, we consider the case of a sudden enlargement, as shown in Fig. 29.

The pressure loss due to an abrupt change in area is generally expressed in terms of a loss
coefficient KI or K2, depending on which reference velocity is used,

I

Ap=K, pv,.
I

= K 2 _PV 2 ,

where subscriptsI and 2 refertosmallerand largercrosssections,respectively.In such
cases,theuser must lookatthe locationofabruptexpansion (seeFig.29} and then

prescribea suitablecorrelationforthe losscoeflcientKl or K2.

6.5.2 Friction-Factor Library

Occasionally, the COMMIX-PPC user may find that the desired correlation is not of the
form prescribed in Sec. 6.2. When this occurs, the user may

• Approximate the correlation to conform with the input form, or

• Implement a new correlation in the code.

The user who wishes to implement a new correlation should first examine the sub-
routine FORCES to see what correlation numbers are free and available. Then. with other

library correlations as a guide, a new correlation can be inserted appropriately in subroutine
FORCES and recomptled.

6.S.3 List of Correlations

To save the user's time in searching the vast literature, a set of correlations commonly
needed by COMMIX-PPC users has been compiled and listed in Appendix C. These
correlations are not necessarily ideal; therefore, we welcome feedback and comments from
ali users so that an improved and expanded list can be prepared.
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Fig. 29. Sudden enlargement

7 Solution Procedure

7.1 Introduction

As described in Vol. l, COMIVlIX-PPC employs the fully implicit scheme for the general

finite-volume equations. Also available in COMMIX-PPC are the three matrix solvers for the
scalar transport equations (energy, k, and el and the pressure equation. These options

make the numerical computation more efficient for a given problem. [n this section, we
describe how to use these options and provide some guidance on the selection of the
method that is suitable for a given application. Convergence and relaxation parameters are
also discussed.

7.2 Solution Methods

Two variables in the solution procedure are given in Table 13. The user can choose
one of the matrix solvers for the scalar transport equations and the pressure equation. The
successive overrelaxation (SORI method and the direct matrix inversion method (DMIM)

are suitable for both the symmetric and nonsymmetric matrix and therefore can be selected
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Table 13. Variables in the COMMIX NAMELIST/GEOM/ Input Section

of the solution procedure

FORTRAN

Nam e Description Rem arks

ISOLVE Flag to choose matrix solver for scalar transport = 0 for SORa
equations (energy, k, e, and mass fraction x) = 1 for DMIMb

ISOLVR Flag to choose matrix solver fox the pressure = 0 for SOR
equation = I for DMIM

= 11 for PCGc

aSOl_ successive overrelaxation method.
bDMIM: direct matrix inversion method.

cpCG: Preconditioned conjugate gradient method.

for both the scalar transport equations and the pressure equation. The preconditioned

conjugate gradient (PCO) method is applicable to symmetric matrices and is therefore
suitable for the pressure equation only. The FORTRAN name ISOLVE is the flag for
choosing the matrix solver for the scalar transport equations. If ISOLVE = 0, SOR is
selected; if ISOLVE = I, DMIM is selected. The FORTRAN name ISOLVR is the flag for

choosing the matrix solver for the pressure equation. ISOLVR = 0, I, and 11 corresponds
to matrix solvers SOR, DMIM, and PCG, respectively. If SOR is selected, the user should

specify the convergence parameter epsilon and the relaxation parameter omega, which will
be separately discussed in Secs. 7.3 and 7.4. If the DMIM is selected, the user should input
the parameters NNZERO and NSPACE in the NAMELIST/GEOM/. The values of these two
parameters are not known a priori. A common approach is to input some arbitrary values
for NNZERO and NSPACE, and submit a job. The output will then indicate the proper
values to use for NNZERO and NSPACE. This procedure may have to be repeated several
times.

In general, DMIM is most efficient if the number of the computational cells is less than
I000. If the number of computational cells is greater than 2000, the SOR method should
be selected for the scalar transport equations and the PCG method for the pressure

equation. If the number of computational cells is be_hveen I000 and 2000, there is no clear
advantage in using one method over the others and the selection is problem-dependent.

7.3 Convergence Parameters

A list of convergence criteria employed in COMMIX-PPC is presented in Table 19 of

Vol. I. The user must input these convergence parameters for the iterative solution
schemes such as the SOR method and the PCG method. The list is repeated in Table 14

and all parameters shown are required as input. The default value for each parameter
should be in the NAMELIST/DATA/ section of the input.
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Table 14. Convergence parameters

FORTRAN Default

Name Symbol Descrlptlon Value
ii l i l

EPS 1 e I Mass convergence for pressure 10 -4
equations

EPS2 _2 Mass convergence for pressure 10 -6
equations

EPS3 _3 All transport variables (h, k.e. 5 x 10-5
u. v, andw)

EPS6 ge Turbulence parameters k and e 10 -5

7.4 Relaxation Parameters

The flnlte--volume discretlzatlon equations in COMMIX-PPC have been so constructed
that. In the absence of Interllnkages and nonlinearities, convergence will be certain.
However, because the equations of interest are nonlinear and interlinked, care must be
exercised to prevent divergence. One simple strategy is to slow down the changes that
occur from iteration to iteration. This is accomplished by underrelaxation.

7.4.1 Implicit Underrelaxatlon

The general finite-volume dlscretizaUon equation of COMMIX-PPC can be expressed by

a_o,o : _a:,, + b_o, (7.1)
t

where the subscript t denotes neighborlng points.

We define

_)_ = (t_o + (I- (o)(_o, (7.2)

where w ts the underrelaxaUon factor, to sal Isfles Eq. 7. I, and _o is the most recent

_). Multiplying Eq. 7.2 by a_o/(O)gives
iterationvalue of

la:_new = a_o_o+(I-'0)) '0 (7.3)L;o
SubsUtuttng Eq. 7.1 Into Eq. 7.3 gives

t *
(a_o/(O)_ = _ a_L + b_o+ (I- (o)(ao/o))_ o . (7.4)l
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-Za,',,+b*o+Ii- (74
t

When _o tendstoequal _o {i.e..the iterationsconverge}.Eq. 7.4 tends to become identical
to Eq. 7.I. However. when the relaxationfactorcoislessthan I.Eq. 7.4willhave a

tendency to keep the resulting#_"_closerto _othan would Eq. 7.I. A valueof¢ocloseto
zerowillresultinvery heavy underrelaxaUon.

For thevelocitycomponents, a conservativevalueofco= 0.8 may be used. Similar
valuesmay be used forturbulencekineticenergyand turbulencedissipation.A properset

ofcovaluescan usuallybe obtainedthroughworking experiencewith a givenclassof
problems. In COMMIX-PPC. the inputparametersOMEGAV. OMEGAK. and OMEGAD are

providedforimplicitunderrelaxtlonforvelocitiesu. v.and w. turbulencekineticenergy k.
and turbulencedissipationrates.respectively.Table 15 liststhe underrelaxatlon
parametersand defaultvaluesemployed in COMMIX-PPC. ltincludestwo additional
underrelaxatlonparameters.OMEGAR fordensityand OMEGAT forturbulentviscosity.The

defaultvalueforthesetwo parametersis 1.0.

7.4.2 Successive Overrelaxation

When the SOR method is used for the pressure equation and/or the scalar transport
equation, the recommended default values for these parameters are those given in Table 16.

Table 15. Underrelaxation parameters and default

values employed in COMMIX-PPC

FORTRAN Default
Name Value Remarks

OMEGAV 0.8 Velocitycomponents

OMEGAK 0.7 Turbulence kinetic energy

OMEGAD 0.7 Rate of dissipation of
turbulence kinetic energy

OMEGAR 1.0 Density

OMEGAT 1.0 Turbulent viscosity

Table 16. Relaxation parameters and default values when
SOR method is employed in COMMIX-PPC

FORTRAN Default
Name Value Remarks

OMEGA I. 5 Pressure

RELAXK 0.8 Turbulence kinetic energy
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8 Auxiliary Input ,,

In addition to geometry specification, initialization, and model input, several auxiliary
inputs are required. These inputs are briefly described here; detailed information is
presented in Appendix A.

8.1 Heat TransferCorrelation

Relevant heat transfer correlations are needed to calculate the surface heat transfer
coefficient in thermal-structure models. Currently, three types of heat transfer
correlations are available in COMMIX-PPC. The heat transfer coefficient is linked to the
thermal-structure model through the variable IHT in the thermal-structure prototype
records NAMELIST/F/. Three input parameters are associated with a particular II-IT:

• IHTCOR(IHT} Heat transfer correlation number.

• HTCLEN(IHT) Characteristic length, and

• HTCMUL(IHT) Heat transfer coefficient multiplier.

For example, if IHT = 2, then

IHTCOR(2) = 8.
4

HTCLEN(2) = 2.0.

HTCMUL(2) = 3.0,

meaning that heat transfer correlation number 8 will be used for this particular thermal
structure, the characteristic length used in the calculation of the Reynolds and Nusselt
numbers is 2.0 meters, and the calculated heat transfer coefficient is multiplied by a factor
of three.

The three types of heat transfer correlations in COMMIX-PPCare

1. if IHTCORffiI - 10:

h = ho xNuxk/d (8.1)

where ho = heat transfer coefficient multiplier (HTCMUL),
Nu -- Cl + CaRec' Prc' . (8.2)
Re ffiReynolds number.
Pr = Prandtl number.
k = thermal conductivity, and
d = characteristic length (HTCLEN)

2. if IHTCORffiI1- 20:

h = ho(Cl + C2ReC3prC'). (8.3)
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The constants C 1, C2. C3. and C4 are the user input coefficients, and the FORTRAN names
for these coefficients are HEATC1, HEATC2, HEATC3. and HEATC4, respectively. Ali input
parameters for the heat transfer coefficient calculations should be in the NAMELIST/DATA/
section.

3. If IHTCOR ffi21 to 40, the condensation heat transfer correlations are used.
Values of IHTCOR from 21 to 30 are reserved for shell-side heat transfer
correlations and values of IHTCOR from 31 to 40 are reserved for tube-side heat
transfer correlations.

a) Shell-Side Heat Transfer Correlations

At the present time, only one value of IHTCOR is available, i.e.. IHTCOR = 21.
The condensation correlations of Nusselt (Eq. 9.5 of Vol. I) and Berman and
Fuks (Eq. 9.4 of Vol. 1).which account for the effect of entrained air. are used.
The effects due to inundation, subcooling, and vapor shear are specified by the
variables INNUDA, ISBUC, and ISHEAR, respectively, in NAMELIST/GEOM/.

INNUDA = 0 inundation is not considered

1 Eq, 9.8 of Vol. I is used

ISUBC = 0 subcooling is not considered
1 Eq. 9.9 of Vol. I. is used
2 Eq. 9.10 of Vol. I is used

ISHEAR = 0 effect due to vapor shear is not considered
1 Eq. 9.11 of Vol. I is used

b) Tube-Side Heat Transfer Condition

The heat transfer correlation for tube-side flow (single-phase) has the same

form as in Eq, 8.1 for which the Nusselt number is given by Eq. 8.2. If
IHTCOR = 31, the Dlttus--Boelter correlation for Nu is used.

The effect due to biofouling is specified by the variable IFOUL in
NAMELIST/GEOM/.

IFOUL = 0 biofouling effect is not considered
1 biofouling effect is considered.

When IFOUL = 1, the fouling resistance, FOUL, must be specified in
NAMELIST/DATA/.

Other heat transfer correlations may be selected by the user if deemed appropriate.
The new additions can be defined by using an IHTCOR number greater than 41. They
should be inserted in the subroutine HTCOEF and recomplled.

8.2 Fluid and Material Properties

Fluid properties are determined by the variable MATYPE in the input section of
NAMELIST/DATA/. The values of MATYPE may be any integer from 1 to 22. When the
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value of MATYPE is from I to 20, the fluid properties are computed from the simplified
equations. If MATYPE is 21 or 22, the fluid properties are calculated by rigorous
subroutines for the following:

2 1 water liquid,
22 water vapor.

The simplified equations for enthalpy h, density p. thermal conductivity _ viscosity _,
saturation pressure Psat, and molecular diffusivity D are

hI_ggl = Cob+ chT+ C2h T2 + Chp , (8.4)

(kg)p _-_ = Ct +C_T+C_P/(T+ 273.16), 18.51

r Wo _ k kT+ kT2 (8.6)
k_,m - C) = CO + CI C2 '

_(Pa ,s) = C_ +C_T +C_/(T + 273.16) , (8.7)

Psat(Pa) = exp(C_ + CPT + C_T 2) (8.8)

D___/ = (cd+ C__pdl(T+ 273.15) Cd (8.9)

where T is In °C and P Is in Pa. For each property, the user must input the constants Co,
C I, etc. The FORTRAN names for these constants are

COH, CIH, C2H, C3H Coefficients in enthalpy equation,
CORO, C 1RO, C2R Coefficients in density equation,
COK, C IK, C2K Coefficients in conductivity equation,
COMU, C 1MU, C2MU Coefficients in viscosity equation.
COP, C IP, C2P Coefficients in saturation pressure equation, and
COD, CID. C2D Coefficients in molecular diffusivity equation.

Linkage of the material properties to the thermal-structure model is through the
variable MI in the thermal-structure prototype records NAMELIST/M/. For example, if Ml
= 2 for a given material and

COK = 20.0, 40.0, 60.0,

CIK-- 10-3, 10-4, 10- 5,

the thermal conductivity of the material is given by

k = 40 + 10-4 x T, in W/m-°C.

Similarly, if MATYPE = 1, the fluid properties are calculated by

k = 20 + 10-3 T, in W/m-°C.
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8.3 Turbulence Modeling

In COMMIX-PPC, two options are provided to account for the effect of turbulent flow:

• Constant-diffusivity model, and
• k-e two-equation turbulence model.

The theory and equations relating to these models are described in Vol. I. Here, we
present only the information needed by the user.

8.3.1 Signal Parameter

The variable ITURKE in NAMELIST/GEOM/ specifies which turbulence model is to be
used:

ITURKE : 0 Use the no-turbulence (laminar flow) or constant-diffusivity model,

= 12 Use the k-¢ two-equation turbulence model.

8.3.2 Constant-Diffusivity Model

In the constant-diffusivity model (ITURKE : 0), the user must specify the values of the
turbulent viscosity (_tur) and turbulent conductivity (ktur) in NAMELIST/DATA/. The
corresponding FORTRAN variables are TURBV and TURBC, respectively.

lt is recommended that whenever possible, the prescribed values be based on

experimental data. If experimental data are not available, a user can provide his/her own
estimate or use the procedure suggested in Sec. 7.1 of Vol. I.

8.3.3 k-e Two-Equation Turbulence Model

In the two-equation model (ITURKE : 12), the transport equations of the turbulenc_

kinetic energy k and its dissipation rate are solved. As has been described in Vol. 1, eight
presumably constant coefficients are employed in the k-e two-equation turbulence model.
Table 17 is a list of the FORTRAN names and default values of these coefficients. These

parameters are required only if the user wishes to use values different from the default
values given in the table, in which case, the values desired by the user should be in the
input section of NAMELIST/DATA/.

Table 18 lists additional inputs that the user may need for the k-_ two-equation
turbulence model. These parameters have already been described in previous sections. For
example, the relaxation parameters are explained in Sec. 7.4, and the boundary turbulence
parameters (TKB and TDB) are explained in Sec. 4.2. They are presented here mainly for
cross reference.

Ali parameters listed in Table 18, with the exception of TKB and TDB, should be in the
input section of NAMELIST/DATA/. _ and TDB should be in the surface-element
intUalization records.
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Table 17. Coeffwients employed in k-e two--
equation turbulence model

FORTRAN Symbols Used Default
Name in Volume I Value

PRNDLH o h 0.9

PRNDLK Ok 1.0

PRNDLD aE 1.3

CTI CI 1.44

CT2 C2 1.92

CDTURB CD 0.09
AKAPPA K 0.42

EE E 9.0

Table 18. Possible additional input for k--e two-equation turbulence model

Default
Variable Function Value

ITMAXK Maximum number of iterations for k equation 2 9

' OMEGAT Relaxation factor for turbulent viscosity 1.0

OMEGAK Relaxation factor used in the solution of k equation 0.7

OMEGAD Relaxation factor used in the solution of s equation 0.7

RELAXK Relaxation factor for k 0.8

EPS6 Convergence criterion for the k and s equations 10 -5

TKB Boundary turbulence kinetic energy I0-16

TDB Dissipation rate of boundary turbulence kinetic
energy I0 -Io

ii

8.4 Time-Step Size

COMMIX performs thermal-hydraullc calculations by marching in time. All values of
the dependent variables at a given time t and the corresponding time step n are known.
The values of the dependent variables at time t + At and time step n+ 1 are calculated. By
repeating this procedure, the thermal-hydraulic conditions are determined for the desired
time span.

For steady-state calculations, the same procedure is followed. We start with an initial
state and continue the marching-in-time process until the values of all dependent variables
slowly vary. The size of the tlme step for the implicit-steady-state calculation can be very

large, e.g., as much as 10--20 times the Courant tlme-step criterion.
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In COMMIX-PPC, there are two options for selecting the time-step size:

• The user can prescribe the desired time-step size as input; details of this
option are given in Appendix A.

• The automatic time-step option can be used.

In the automatic time-step option, the time-step size is evaluated on the basis of the
Co,rant condition:

at = C! Atc, (8.10)

where C l is the user-prescribed coefficient and Atc is the time-step size evaluated from the
Courant condition. The Courant Ume-step size is the minimum time required for fluid to
be convected through a cell. The automatic time-step option does not provide an optimum
time--step size for a given transient condition. Additional work is needed to develop an
automatic time-step selection scheme, where an optimum time-step size is selected
during the course of a transient calculation, as described in Vol. I.

The following input variables are related to time-step size:

IDTIME Signals whether the time-step is user-specified or a Courant
time-step.

DT(1) }

DT(2) DT(1) is the Ume- step size for Steps 1- LASTDT.

LASTDT DT(2) is the time- step size for steps after LASTDT.

RDTIME Factor CI is used for multiplying the Courant time--step
size (Eq. 8.10).

Several other time-related parameters are listed in Table 19. These parameters
provide the user with additional flexibility in controlling how a particular run should be
conducted. For example, if the user wants to run for Just one time step (for debugging}, the
parameter NTMAX should be set to 1. I_ the user wants to run a particular problem for Just
1 rain, the parameter TIMAX should be set to 60.

8.5 Output

An input procedure, described in Appendix A, is provided for printing array values of a
range of variables at given locations (specified plane} and at a given time or time step.

9 Steady-State Calculationi i ii m Hl

9.1 Introduction

in COMMIX-PPC, even when analyzing a transient problem, we must generate an initial
condition for the transient analysis by first obtaining a steady-state solution.
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Table 19. Tlme-relatedparameters

i i

Default

Name Description Value

NTMAX Maximum Ume step for a given rvn 99999

TIMAX Maximum time for a given run 3.6 x 107

ITEMER = O, no subroutine time information shown 0
= I, subroutine time information shown at the

end of a run
= 2, subroutine t_e information shown after every

call

TREST If the elapsed run time exceeds TREST, the run 3600
is terminated after t_ptlonally writing a restart file

TSTART This value should be reset to zero at the beginning 0.0
of a transient run (STATE = 2)

To perform a steady-state calculation, the problem is treated as if it were a transient
case. We prescribe an estimated distribution of the dependent variables as their initial
values and continue marching irt time until the distribution slowly varies and satisfies the
prescribed convergence criteria.

9.2 Input Preparation

To start a steady-state calculation, we prescribe

• Control flag ISTATE = 0.

• Control flag IFRES = I.

The control flag IFRES "= I implies that we are starting a new case and that at the end
of the run we want the results to be written on a restart file. If we do not desire a restart

file to be written, we pre_crlbe IFRES = 0. For continuation of a steady-state run, we
specify

• ISTATE = I and

• IFRES = 3

in the input of the continuation run.

• Geometrical information.

• Constant-value boundary conditions (use the surface-element initialization
records if the boundary conditions are nonuniform).
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• The best estimates for the initial values of all dependent variables; to save

computer running time, it is recommended that prescribed Initial estimated
values be as close as possible to the expected solution.

• Number of iterations IT = I. Because we are performing a steady-state
simulation, each time step represents a steady-state iteration; therefore,
more iterations per time step are not required.

• Time-step size DT can be large. We recommend starting with DT = 1000 s
or larger. If this causes a convergence problem, it then can be reduced to,
for example, 100 or I0 s or even less.

• Fluid and material properties,

• Other ancillary information, e.g., output printing desired.

• Force-structure Input, if any.

• Thermal-structure modeling with heat source, if any. For a steady-state

calculation, only the thermal structures with heat sources need to be
considered.

• Turbulence-model input, ff necessary.

9.3 Steady-State Convergence Criteria

We define a steady-state solution as having been achieved when the following criteria
are satisfied simultaneously:

--h--j_. <E_.

_--"LMAX)u< E3,

I IAwl <e,and
VELMAX),_

181m_< DCONV.

Here Ab, Au ..... , are the changes In enthalpy, velocity components, etc., between successive
time steps, 8 is the mass residue, Ez is the steady-state convergence criterion, VELMAX As
the maximum of all velocity magnitudes, and DCONV is the mass convergence parameter
calculated from

[["u'] ]
., 1 _kX +Es.J'Lh, ,],_ in kg/m3-s. (9.1)
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where el and £2 are the input convergence constants, subscript l stands for the three
coordinates. ¥i is the suface porosiW, and *fvis the volume porosity. The default values for

1. _2. and _3 are 10 -4. 10-6 and 5 x IO-5. respectively.

10 Transient Calculations
i1|ii i i iii i

10.1 Introduction

In COMMIX-PPC. any one of the following conditions or their combination will result in
a transient problem:

, Transient velocity boundary condiUon.

, Transient temperature and surface heat flux boundary conditions.

, Transient pressure boundary condition, and/or

* Transient heat source.

10.2 Procedure

The following procedure is recommended for running a transient problem:

* Obtain a steady-state solution using constant-value boundary conditions and
guessed initial distributions of all dependent variables, and write the results
on a restart file. The constant boundary values must be the values at time t =
0 of the transient problem.

* Run the transient problem, using the restart data and the following
additional input in NAMELIST/DATA/.

-ISTATE = 2.

-TSTART ffi starting time of the transient.

-KFLOW(N) = I00 + NF; this is for the transient velocity boundary condition.
NF defines the transient function number to be used for the transient
condition on surface N.

-KTEMP(N) = I00 + NF or 300 + NF; this is for the transient temperature or
heat flux boundary condition. NF defines the transient function number to
be used for the transient condition on surface N.

-KPRES(N) = I00 + NF; this is for the transient pressure boundary
condition. NF defines the transient function number to be used for the

transient condition on surface N. i

:! /
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-NOFQT is the number of the transient function used as a multiplier of the
specified volumetric heat source (QSOU} distribution. For example, if
NOFQT = 2,

Q{x,y.z.t}= f2{t}x QSOU (x.y.z}.

where Q {x.y. z.t}Isthe transientvolumetricheat source,f2isthe
transientfunctionnumber 2.and QSOU ix.y.z}isthe spatialheat source
distributionin the fluid.

-TVAL representsthe valuesof the independentvariable{time}of the
transientfunctions.

-FVAL representsthe valuesof the dependent variableof the transient
functions.

-NEND{N) isthe number ofpointsused to prescribethe transientfunction
number N.

-Other ancillary information - time--step size, output, etc.

10.3 Transient Functions

In COMMIX-PPC, we use the relation

F(t) = F(0} * fit) ( 10. I)

to prescribe the desired variation of a function with time. Here, F(0} is the value of a
function at time t = 0 and fit) is a dimensionless transient function. The following is
information relevant to the use of fit) in COMMIX.

• A set of f and t values must be prescribed for each transient function. Cubic
spllne-flt coefficients are evaluated to approximate a transient function as a
polynomial.

• Up to 25 functions, consisting of up to I00 points, can be defined.

• All transient functions should be normalized with respect to values at time t
=0.

• FVAL and TVAL are the names of FORTRAN variables that prescribe discrete
values of f and t, respectively.

• NEND(NF) is the number of discrete f and t values prescribed for transient
function #NF.

• FVAL and TVAL are one--dlmenslonal arrays; the first value of the second
transient function immediately follows the last value of the first function.
The same pattern is followed for all subsequent transient functions.

• Discontinuities in a function can be indicated by specifying the same t value
twice for the same or different f values.
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11 Operatin9 COMMIX-PPC

11.1 Creation of a LoadModule

To ease the task of creating load modules (binary files) to fit the size of the problem

being considered, a dynamic storage allocation scheme is implemented in COMMIX, Space
for the geometry-dependent variables is allocated in the variable S of COMMON/SPACE/.
The address of each variable is computed at the beginning of each run. These addresses are
then passed into subroutines, where the variables are named and variably dimensioned.

11,2 Input/Output

11.2.1 Input Data File li

The input for File 5 is described in Appendix A. The most recent version of the input
description is generally distributed with the code. The input contains a mixture of
NAMELIST and formatted data. lt is rewound to allow for multiple passes through the file.

The user may wish to change the file number of the read statements if the user's system
does not provide for rewinding of File 5.

1 1.2.2 Printed Output File 6

The printed output from COMMIX-PPC is written into File 6. A 133-character line
length Is assumed, with Column I being the carriage control. The input data from File 5
and summary information, depending on the problem, are always printed. But the bulk of
the output is User-specified and controlled by parameters such as ISTPR, NTHPR,
NTPRNT, and TPRNT, which are described in Appendix A.

1 1.2.3 Restart information Flies 9 and 10

The restart capabilities of COMMIX-PPC are programmed in SUBROUTINE RESTAR.
Blocks of information are written into File I0, which can be read by a subsequent Job from

File 9 to permit continued processing from the point at which the restart file was written.

Restart files are written optionally (see IFRES in Appendix A) in any of the following
three events:

• Steady state is reached.

• The time specified for the Job has elapsed.

• A specified time or time step has been reached.

The first event is indirectly controlled by the convergence parameters. The second and
third events can be controlled by variables described in the "Restart Option" section under
NAMELIST/GEOM/ and the "Time- and Time-Step-Related Parameters" section under
NAMELIST/DATA/ in Appendix A.
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After the restart information is written into File 10, several additional records are
written. These records contain, in effect, a snapshot of the simulation as it existed when
the restart was written. This information can then be used, by interfacing with the user's

graphics programs, to obtain graphic plots, e.g., velocity vectors and isotherms.

11.2.4 Plot Tape File 76

Before reaching a steady state, it is generally adequate to obtain plots only for points in
time at which restart files are written. However, once steady state has been reached and a

driving transient has been turned on, it is often desirable to save the complete history of
the flow and temperature fields. SUBROUTINE PLTAPE provides this optional capability
(see NTPLOT in Appendix A). At the beginning of File 76, a group of records containing
geometry and properties tnformaUon is written. Then, at user-controlled time-steps, the
entire velocity and temperature fields are written. This file can then be used to interface
with the user's plotting routines. At the present time, the plotting routines for condenser
modeling are available for shell-side flow only.

11.3 Error Detectionand Diagnostics

lt is generally impossible to anticipate ali the potential error conditions that one might
encounter while using COMMIX. However, an attempt has been made to provide informa-
tion that will guide the user through abnormal terminations.

Key variables are tested for meaningful values in many places or where certain paths of
a branch statement indicate error conditions. Some of these have been coded to call
SUBROUTINES ERRORS and ERRCHK. These two subroutines print short error messages

and determine whether processing can continue or must terminate.

The "Error Messages" secUon in Appendix A contains expanded explanations of the
errors encountered.

12 Global Mass and Enthalpy Balances

12.1 Global Mass Balance

Shell side

The global balance equations for the mixture and for each component fluid are obtained
by integraUng Eqs. 2.1 and 2.2 of Vol. I over the entire flow domain; thus,

for the mixture, and

m

_V0(Yvpxk)dv + _AYApXk_ * _ = _vYvlhkdV (12.21

for the component fluid.
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Equations 12.1 and 12.2 can be expressed as

[m, accumulatlon]= [net mass flow convectedl + [mass generation Irate J into system J rate j. (12.3)

By denoting MDASDT = mass accumulation rate, kg/s, FLOSUM = net mass flow convected
into the system, kg/s, and XSOURC = mass generation rate, kg/s, the global mass in balance
can be calculated from

Arh = DMASDT - FLOSUM - XSOURC. (12.4)

Each term of the above equation is computed and printed in the shell-slde global mass
balance section of the printout when Subroutine OUTPUT is called.

Tube side

The global mass balance equation is obtained by integrating Eq. 8. I over all the
condenser tubes, i.e.,

_v[_+--_(pu)]dv = O (12.5)

or

netmass ] [net mass flow convected]accumulation rate = [. into condenser tubes J" (12.6)

By denoting DMASDT = mass accumulation rate and FLOSUM = net mass flow convected
into condenser tubes, the global mass imbalance Arh for the tube-slde flow is given by

Arh = DMASDT - FLOSUM. (12.7)

Each term of the above equation is computed and printed in the tube-slde global mass
balance section when Subroutine OUTPUT is called.

12.2 Global Enthalpy Balance

Shell side

The enthalpy imbalance can be determined from the following relation:

net enthalpy ] [net enthalpy convected I _net heat conducted laccumulation rateJ = into the system J + L into the system J

Inet latent heat released I [pressure work]. (12.8)
+ [. within the system J +

In the COMMIX code, we define

DHNET = net enthalpy accumulation rate,

HINSUM = net enthalpy converted into the system,

QINSUM = net heat conducted into the system,
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QSOURC = net latent heat released within the system, and

DPDT = pressure work.

Therefore, the enthalpy imbalance is calculated from

&E = DHNET- HINSUM - QINSUM - QSOURC - DPDT. (12.9)

Each term in the above equation is computed and printed in the shell-slde global enthalpy
balance section of the printout when Subroutine OUTPUT is called.

Tube side

The global balance equation is obtained by integrating Eq. 8.3 over all the tubes, lt can
be expressed as

net enthalpy _ = _net enthalpy convected_ _net heat transferred_
accumulatlon rateJ [. Into condenser tubes J + Lto the coollngwaterJ (12.10)

In COMMIX-PPC, we define

dHdT = net enthalpy accumulation rate,

HINSUM = net enthalpy converted into condenser tubes,

QSOURC = net heat transferred to the cooling water.

and the energy imbalance is calculated from

AE = dHdT- HINSUM - QSOURC. (12.1 I)

Each term in the above expression is computed and printed in the tube--slde global
enthalpy balance section when Subroutine OUTPUT is called.

13 Concluding Remarks .......

The development of COMMIX began in 1976, with emphasis on the analysis of fuel
assemblies in nuclear reactors, specifically under natural-circulation conditions. However,
as application multiplied, demands increased, and the structure of COMMIE: changed in
response to users' needs, it became apparent that COMMIX could be made into a user-
oriented general-purpose code with a wide range of capabilities and applicabilities.

The development of COMMIX has been a continuous, dynamic process. New
modifications and improvements are implemented continuously in response to

• New development of physical models and solution procedures,

• Feedback from users, and

• A desire to streamline the code, i.e., make it more user-oriented, and

increase its flexibility.
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The first version of COMMIX, named COMMIX-I, was released in March 1978.

Development continued and many features were added, e.g., thermal- and force-structure
models, a cylindrical geometry option, semi- and fully implicit solution procedures, etc. In
December 1983, COMMIX-1A was released. Further development led to COMMIX-IB,
which was released in September 1985 and included new features such as turbulence
models and a volume-welghted skew-upwlnd difference scheme. New matrix solvers,
namely, DMIM and preconditioned conjugate gradient method, and modified finite volume
formulation using the concept of volume averaged velocity, have been incorporated into
COMMIX-IC, released in February 1990. Two more capabilities, namely, treating fluids of
multicomponents and shell-tube thermal interaction, have been the most recent additions
in COMMIX-PPC. These capabilities are introduced specifically for performance analysis of
power plant condensers.

Since the inception of COMMIX, code verification has been performed in parallel with
development. Extensive simulations have been performed to check and verify every step of

the development. We believe that COMMIX is a very well-tested code. However, because
COMMIX is large and versatile, some bugs might still have been overlooked. We certainly
welcome feedback and comments from any user so the code can be further improved.

Within the constraints of available time and manpower, we have made very effort to
make COMMIX a well-tested, user-oriented computer code. No doubt, many more
improvements could be implemented to make it even more user-orlented. The following
work is in progress:

• Implementation of more error detection and diagnostics to provide
information that will guide the user through abnormal terminations.

• Development of a software package for computing all geometry-related
information (e.g., mesh size, volume and directional surface porosity, and
surface area} and generating input for COMMIX.

• Development of an interactive input processor for auxiliary input information,
e.g., boundary conditions, thermal structures, and force structures.

• Development of a postprocessor for c_,_vcting COMMIX output to plot
processors for generating vector and isotherm plots.
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Appendix A: COMMIX-pPc Input Description

A.1 General Comments

The units used are meter, kilogram, second, and degrees Celsius. These and other
derived units are Indicated after the description of variables requiring them.

Default values are indicated either by an asterisk or a value in parentheses after the
variable description.

Arrays are indicated by the use of a subscript following the variable name. The ranges
of the subscripts are indicated in the following table. An asterisk tn the 'Current Limit'
column indicates that storage is allocated at execution time according to the value in the
'Range' column.

Index Range Current Limit

I IMAX 99

IND IMAX*JMAX IND=I*(J- I)*IMAX I O0
J JMAX 99
K KMAX 99
N NSURF 399
N H NHEATC 10
N M Number of materials 24
NP 50
NF NFORCE *
NC NCORR 20

A.2 Some Terminology

The computational area is partitioned into a number of computational cells, each
bounded by consecutive X-. Y-. and Z- direction {or r- .o. and z-direction} grid planes.
Surface (portions of a plane or cylinder) may be defined both on the exterior, bounding the
computational area. and in the interior. The intersection of a surface and consecutive grid
planes outlines a surface element. Surfaces which coincide with a grid plane are called
regular surfaces, otherwise, they are called irregular surfaces. A regular cell is one with ali
faces coinciding with grid planes. Irregular cells have one irregular surface element.

A.3 General Input Structure

The user input is read from a file associated with unit 5. This input consists of two
required namelists, optional namelists, and several other record groups.

The user may specify unit 5 input in any order. One possible order follows:

Dmwlpthm and Commenta (Optional)
l_Al/IEx,v B_/GBON/
IIJ_NIlIP.ZII_PIDIkT&/
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Bo_ Surtn_ _mom_
Inl_ ItNoeds (Optional)

Eiomont Jni_ Roooa_ (Optional)
Foa_ Bhw_tm_ _NeJ_ea_m _ (Optional)
Theawa_ _awetml _ _ (Optional)
Tube _Jdo _ptlon and Comnmnto (Optional)
NAMI_LIST/TUBS/ (Optional)
C,omlel_a'Ttflm _ Room_ (Optional)

A.4 Input

A.4.1 Problem Description and Comments

In order to sense the presence of optional input, columns 1-4 of each line of input is
compared with the list of key words listed below. When a match ts found, the line is reread
in the appropriate format. If no match is found, the line is ignored or. in effect, treated as a
comment. Thus any number of user comments can precede NAMELISTSor be interspersed
between non-NAMELIST input as long as column 1-4 do not contain any of the following
keywords.

azo z_zo TaL TaLn XMS XXSn
XFOR YFOR ZFOR aT &F &K

OUT XN HLB PB QBN RLB

TLB VIILBN AL ALZ &LY &LZ

IlL P QSOU TL UL VL

WL FLOW TK TD TKB TDB

&RX& ZNDO POLD TUBB

A.4.2 NAMELISTIGEOM/

The following variables are used to determine the amount of memory to be allocated for
the run. lt is important that they are specified correctly. The variables preceded by an
asterisk can be approximated by a value larger than actually needed. The minimum values
are printed after they are computed. Any of these variables that remain unchanged for a
subsequent restart run need not be respeclfied since they are read from the restart file.

*NM:I. *NL3. NSUI_F ZM&X _I(AX KX_X

NFORC| I STRUC ZTURER :I;GZOM

Nsznao NS_ACIl

The following three variables can be set to allow for more efficient computation when
running one- or two-dimensional problems.

XFX I Perform all x-component calculations. (*)
0 Bypass x-component calculations.

XFY 1 Perform ali y-component calculations. (*}
0 Bypass y-component calculations.

]:FZ 1 Perform ali s-component calculations. (*}
0 Bypass z-component calculations.

x GIlox 0 Regular Box geometry (Cartesian coordinate} option. (*)
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-1 Cylindrical geometry option using box geometry input.
Note 1. A surface must be dedicated to Re0.0 when the origin is present.
Set xrz, ow(N)=-3 and KTIINP (N) =400 for that surface.
Note 2. For full 2.0*PI radian geometries J= ! and J--JMAX are automatically
linked thus no surfaces need be defined at 7=0.0 and Yffi2.0*Pl.

>0 INOPERATIVE

z soz, vl Flag to determine the solution technique used to the transport equations.
These include energy, turbulent kinetic energy and turbulent dissipation. (0}

0 Successive Over-Relaxation (SOR) solution scheme used. Values for epsl and
omega must also be specified when using this option.

1 The direct matrix Inversion method (DMIM) solver is used. This option is
recommended when the number of computational cells, nm 1. is less than
1000. Values for nnzero and nspace are required when using this option. (*)

z soz, vit Flag to determine the solution technique used to solve the pressure and
component continuity equation. (0)

0 Successive Over-Relaxation (SOR) solution scheme used. Values for ¢ps! and
omega must also be specified when using this"option.

1 The direct matrix Inversion method (DMIM)solver is used. This option is
recommended when the number of computational cells, nm 1. is less than

• 1000. Values for nnzero and nspace are required when using this option. (*)
11 A Pre-Conditioned Conjugate Gradient solver is used. This option is

recommended when the number of computational cells, nm 1, is greater than
1000.

IATOT ( Z) Total number of components or materials.

Nz,_. Total number of surface elements. (0}

Nxz Total number of computational cells. (0)
Note. Both b'L1and mcz can be approximated by values larger than actually
required. However, if this is done they must not be included in NAM'_LZST
/GZOM/ when restarting (XSTATZ>0). Storage will be allocated according to
the values specified in the input rather than the minimum storage needed.
The minimum values are printed when computed. If one desires to change
mtz and/or NL1. it must be done only at the start a steady-state run
[zs,el,,el=O).

zuAx The maximum number of cells in the x-direction (R). (1)

JHAX The maximum number of cells in the Y-direction (THETA). (1)

KHAX The maximum number of cells in the z-direction. (1)

wsvRr The number of unique surfaces enclosing the computational domain. Unique
surfaces are determined by a unique combination of the following three
characteristics:

1. Velocity Boundary Condition
2. Temperature Boundary Condition
3. The unit normal vector to the surface.

DX(Z) The calculational cell sizes along the x-axis, m.

vY (a) The calculational cell sizes along the Y-axis. m or rad.

DZ(X) The calculational cell sizes along the z-axis, m.
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"i_te unit normal vectors referred to by the following three variables are those pointing

into the computatlo_zl domans.

XNOnXT-(N) The X-component of the unit normal vector to surface N.

YNoI_uY-(N) The Y-component of the unit normal vector to surface N.

ZNOI_MI,(N) The Z-component of the unit normal vector to surface N.

The required values for the following variables are internally computed during
initializat/on for a problem. If the input values are too small, the run will terminate with a
message indicating the proper size for these variables.

N_zz1_o Number of matrix non-zeros when using DMIM.

NS_ACZ Work space size when using DMIM.

z _,I/_x Max/mum number of surface elements on any surface.

z_unxz In this version of COMMIX-PPC two turbulence models are included. For ali
of the details of input requirements for these options see the Turbulence
Models in _nT.ZSTIDA_/.

0 Constant Turbulent Viscosity Model (*).
12 Two-Equation Turbulence Model.

T.UPI_NT 0 Cell number and surface number arrays are not printed. (*) Specifying
u_nb'_=l or z_u_n_-_=2 causes excessive geometry debugging information to
be printed and execution to terminate. This information is of little use to
the casual user and is not recommended.

1 Cell number array is printed. Use z,M_n_l"z=0.
2 Cell number and surface number arrays are pr_ted. Use z,v_z_'T=0.

",:7oncz Number of force structures. (0} When NrORCZ > 0, both the Force
Structures section of N_IT.ZS?ID_?J_I and the FORCE STRUCTURE
SPECIFICATION CARDS are required.

3:s_nuc 0 No thermal structures are used. (*) Do not include Thermal Structure inpuL
or Thermal Structure Location Records in the input.

1 Thermal structures are used. NAMELIST/F/,/M/, and/T/, and Thermal
Structure Location Cards are required in the input.

3:STnUG 0 The storage layout table is not printed. (*)
1 The storage layout table is printed.

-1 The input file listing is supressed.

3:BSnUG 0 The BOUNDARY SURFACE _UMMARY is not printed. (*)
1 The BOUNDARY SURFACE SUMMARY is printed, after which execution

continues. For _ description of the BOUNDARY SURFACE SUMMARY see the
section entitled FINDING HOLES IN THE BOUNDARY in the appendix.

2 The BOUNDARY SURFACE SUMMARY is printed, after which execution
terminates.

3:T3:InR 0 NO subroutine tuning information is shown (*)
1 Subroutine timing information summary.
2 3ubroutine timing information is show after every call.

x_vnz ,_ By-pass the condenser calculation.
- 1 Condenser calculation v/a Option A.
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l Condenser calculation via option B. (*)

The following variables are related to the condenser calculation.

zsu-.L The index number in x-. y- or z- direction for separating the shell side and
tube side geometrical location, lt is used only when ITUBF " (10)

z SXZAR 0 Vapor shear model is not used.
1 Berman's vapor shear model is used. (*)
2 Berman and Tumanov's vapor shear model is used.

z suBc 0 Subcooled model is not used.
1 Subcooled model by Rohsenow is used. (*)
2 Subcooled model by Chen is used.

zm_'uv_ 0 Innudation is not considered.
1 Innudation is considered. (*)

z rorT. 0 Biofouling is not considered.
1 Biofouling is considered. (*)

A.4.2.1 Restart Option

There are two ways to force the code to write a restart file. The first is to allow the job
to "max time". This is done by specifying large values for _ and ,zxxax. The amount of
time remaining for the Job is checked at the end of each iteration using the Argonne system
routine TL_r_'.

(See the appendix section entitled MACHING DEPENDENT ROUTINES.) If the amount
of time remaining is greater than TBRS_, an input parameter in _U(ZT.ZST/VATb/. another
iteration is performed, if not, a restart file is written.

The second way to obtain a restart file is to set NTXAXor _'Zm_X to a time step or time
which will be reached before the CPU Job time expires. A restart file will be written at this
time step or time. After a restart file is written, execution termlnate_s.

When restarting from a previous run make sure that zs_'z is set to the appropriate
value. Also. it is advisable to delete all input for variables that one does not intend to
change. In some cases variables will be reset back to their initial values if the input
specification remains in the input stream. In short, the minimum input necessary is the
correct input for restart cases.

XrBRS 0 New case with no restart _,rltten. (*)
1 New case with restart written to unit I0.
2 Restart of previous run read from unit 9 with no restart written.
3 Restart of previous run read from unit 9 with restart written to unit I0.

A.4.3 Boundary Surfaco Identification Records

These records must be present only at the start of stead-state runs {ZSTATZ--O). The
purpose of this section is to specify a set of boundary surfaces which completely enclose the
computational region and to define any other boundary surfaces inside the computational
region. These interior boundary surfaces must completely surround a surface, a cell, or a
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group of cells. To completely surround a surface one must specify two boundary surfaces
with normals in opposite directions. A single sided boundary surface Is not allowed in the
interior of the calculattonal region. Also be sure that ali surfaces specified bound
calculational cells, Each boundary surface is defined by specifying one or more BOUNDARY
SURFACE IDENTIFICATION CARDS. e_ch of which contains the following variables in
FORMAT (A4,F 10.3,714):

N_VIE AREA IB IE JB JE KB KE N

NAME
REG The surface fs a regular surface.

Regular surfaces lie on grid planes.
IREG The surface fs an irregular surface.

Irregular surfaces do not lle on grid planes.

Anl& REGtKAR SURFACES
<0.0 The area of each surface element of cell (i,J,k} is set to the product of its

actual geometrical value, either dx(1)*dy(J), dy(J)*dz(k), or dx(1)*dz(k},
whichever is appropriate and absolute value of AR_.

>0.0 The area of each surface element of cell (i,J,k) is set to _L_.

IRREGULAR SURFACE
<0.0 The absolute value is the slant length. The area of each surface element is

set to slant length *vIL_, where VIT-T corresponds to rx, bY, or vz and is
determined by the respective zero normal vector component.

>0.0 The area of each surface element of cell (i,J,k) is set to _IA.

zB, zl These six variables are the beginning and ending I-, J-, and K-indices that
aB, ai define a rectangular solid composed of one or more cells. The rectangular
xn, xl solid that defines or partially defines a surface is the one adjacent to and on

the side pointed to by the surface normal. (Keep in mind that the surface
normals x_om(x,, _o_, and zNo_ always point into the compu_atlonal
region.) The intersection of each cell and the surface defines a surface
element.

N The surface number. Ali surfaces with the same combination of the following
three characteristics can be assigned the same surface number:

1. Velocity boundary condition,
2. Temperature boundary condition,
3. Unit normal vector to the surface.

Note 1. lt is possible for two _urface elements to lie in the same surface and
have either the same or different surface numbers as well as for two
surface elements to lie in different surfaces and have the same or
different surface numbers.

Note 2. The order of the BOUNDARY SURFACE IDENTIFICATION RECORDS
must be as follows:
1. Ali IREG records (irregular surfaces} must precede ali REG

records (regular surfaces}.
2. The surface numbers. N, of ali IREG records and REG records

must be in the order of increasing value.
Note 3. When us_g cylindrical geometry (zuol=-1), a surface must be

specified at the origin when computational cells are bounded by the
origin. When an annular region is t_etng modeled, a surface should
not be defined at the origin but rather at the boundary of the first
(counting from the center} computational cell. Set xr_,ow(N)=-3
and xTnmP (N} =400 for surfaces defined at the origin.

Note 4. When using cylindrical geometry (ZQffiOM=-1),with 2.0*PI radian
geometries, J= 1 and J=JMAX are automatically linked, thus, no
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surfaces need be defined at Y--0.O and Y=2.0*PI. the BOUNDARY
VALUE INH'IALIZATION CARDS.

A.4.4 NAMELISTIDATA/

A,.IDXA 0.0 Semi-implicit time advancement for both momentum and energy equations.
1.0 Fully-implicit time advancement for both momentum and energy equations.

(*)

zrxoK 0 No momentum calculation.
1 Momentum calculation is performed. (*)

z rzHzn 0 No energy calculation.
1 Energy calculation is performed. (*)

IrXASS 0 No component mass fraction calculation (*)
1 Component mass fraction calculation is performed.
2 Component mass equations solved with mass diffusion.

I sKzw Two finite differencing options for energy equation are available.
0 Pure Upwind Differencing scheme. (*)
2 Flow Modulated Skew Upwind Differencing scheme. This option reduces

numerical diffusion inaccuracies present in the Pure Upwind Differencing
scheme when the predominate flow is not orthogonal to the computational
mesh.

The two variables below give the user some control over the frequency that the
momentum and energy calculations are performed. The need for this control might arise
in cases when one of the two fields (velocity or energy) varies slowly compared to the other.
The intent is to be able to perform one of the calculations (momentum or energy) every
time step while performing the other only occasionally resulting in a savings of CPU time.
Before the user activates these variables it is highly recommended that s/he understand the
full implications of this approximation. The following combinations are allowed:

XSRT_O=I and ZSnTSMffiNwhere N is any nonzero integer.

ZSSTMOfN and XSnTZN=I where N is any nonzero tr_eger.

ZszT_ofM and ZSZTZNfN where one of the following conditions is satisfied:
(1) M < 0 and N divides M or (2) N < 0 and M divides N.

_:SZTZU N When N is less than zero the energy calculation is turned off ever -Nth
timestep.

N When N is greater than zero the energy calculation is turned on only every
Nth timestep. (1)

I SZTMO N When N is less than zero the momentum calculation is turned off every -Nth
timestep.

N When N is greater than zero the momentllm calculation is turned on only
every Nth ttmestep. (1)

XST_TZ 0 Start of steady-state run. Geometry. boundary conditions, and initial
condlUons are specified from the input stream. Other parameters take
default values or zero. (*)

1 Continuation of a steady-state run. Initial conditions are read from the
restart file of a previous run in which steady-state has not yet been achieved.
Some parameters may be changed in the input stream.

i
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2 Beginning of a transient run. Initial conditions are read from the restart file
of a previous run. lt is desirable that this previous run has achieved steady-
state although not necessary. Some parameters may be changed in the input
stream.

3 Continuation of a transient run, Initial conditions are read from the restart
file of a previous beglnning-of-transient run or contlnuation-of-transient run.
Limited changes may be made in the input stream.

ZTZnVQ 0 No convergence information is printed.
1 Convergence information is printed every iteration.

The defaults for the following three values is 1 when ZSTATZ--O, and 0 when
zsT&:|=2. In other cases these variables are ignored.

NZWTS 0 No new thermal structure input is read.
1 New thermal structure information is read if ]:sTn_c=l and ZSTXTZ--0 or

ISTATB:2.

NIWFOR 0 No new forcestructureinformationisread.
1 New forcestructureinformationisread ifI_FORCE>Oand ZSTATE=O or

ZSTATE=2.

A.4.4.1 Debugging Parameters

Several debugging flags exist in the code which are intended primarily for use in the
developmental stages. One generally needs the source listing in order to determine exactly
what values are printed and under what conditions. The default value of ali debugging flags
is zero which indicates that no debugging printout is activated.

ZDLBUG

Z INBUG

/MABUG

ITKBUG

ZTLBUG

IXMBUG

ZYMBUG

I ZHBUG

A.4.4.2 Time and Time Step Related Parameters

v: (1) Tl_e step size for time steps 1 through LASTWr. s. (0.1). This value is used
oniy :f zm, zxz=O.

DT(2) Time step size for t_me steps after z,asTv_, s. (0.1}. This value is used only if
. ZDTIK:8=0.

ZDTIME O The tingestep sizeistaken from the user specifiedvariableDT.
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1 The time step size is computed internally as the product of the largest
allowable time increment given the conditions (Courant time step size) and a
user specified variable, lgl_ZMn. (*)

L_.STDT This variable in combination with vT allows the user to change the time step
size during a run. The time step size for ali time steps through X,_STD_ iS
taken from w(1). After step number _sTv_, the time step size is taken
from m'(2). (99999} This value is used only if ]:m'xxs=0.

NTSCON Up to ten values to specify the time step numbers to call SUBROUTINE
GDCONV to calculate convergence criteria and the allowable time step size.
The following are acceptable values of _ucoN:

0 No further calls to GDCONV.
>0 Time step number for which ovcoz_v is called. After the Nth positive time

step number in _mcoM has been processed, the N+Ith value of NTHCOHiS
used to determine subsequent calls to GDCONV.

<0 A value of -N indicates that GDCO_IViS to be called every Nth time step. No
subsequent values of _xcoN are considered. (-I) See b'TgBNT and N_'gY.OT
for examples.

NTXAX The maximum time step number for this run. Normal termination occurs
after completion of this time step. (99999)

nDTXXZ The time step size is computed internally as the product of the largest
allowable time increment given the conditions and the variable, XtDTZmR.
(0.8) ThiS value is used only if _:DTIKZ=I.

TZHAX The maximum time of this run. Normal termination occurs after this time
has been reached, s. (3.6E+7) Tz_.x refers to the simulation or problem
time and not the computer CPU time needed to run the problem.

TBI ST The amount of time remaining for the job is checked at the end of each
iteration. If the amount of time remaining is greater than TnnST another
iteration is performed. If not, the restart file is written. When running long
Jobs or Jobs requiring several seconds per iteration, one might wish to
choose a larger more conservative value of TnZST, s. (20.0)

This implementation depends on the Argonne system routine TY.nFT which
returns the time left until the total Job time as specified on the JOB card has

_ elapsed.

Note. In Sun work station, COMMIX-PPC calls the SUN FORTRAN Library
Routine v_xml to obtain the elapsed frun time in seconds for the
calling process. When at the end of an iteration this elapsed time
exceeds TItBST, the calling process is terminated after optionally
writing restart file. (3600.0)

TSTa, hT Initial time, s. (0.0) This value should be reset to zero at the beginning of a
transient run, XSTATZ=2.

A.4.4.3 Iteration Control Parameters

The general definitions and default values of control parameters are given in this
section. For a diagram showing the loop to which each variable relates, see the CONTROL
PARAMETERS AT A GLANCE section in the appendix.

• _ s :L Convergence criterion parameter. (I.OE-4)

z _ s 2 Convergence criterion parameter. (I.OE-6)
i
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IPs3 Convergence criterion parameter. (5.0E-5)

IPs S Convergence criterion parameter. {I.OE-5)

zw(1) Number of Iterations for time steps 1 through z_s'_z2'. (10)

zT(2) Number of Iterations for time steps after I_s_'zT. (I0)

:]:'zx,_xn Number of iterations in the energy iteration loop. (99)

z_xAx_ Number of iterations in the pressure iteration loop. (99)

LAS_Z_ This variable in combination with zr allows the user to change the number of
iterations per time step during a run. The number of iterations for ali time
steps through LAS_ZT iS taken from z_(1). After step number x_s_zT, the
number of iterations Is taken from zT(2). (99999)

OX]KG._ Relaxation factor for pressure solution. (1.5)

OXZGAZ Under-relaxation factor for the energy equation coefficients. (0.8)

ox3ox]L Under-relaxation factor for the density, ii.0)

OXnGAV Under-relaxation factor for the momentum equation coefficients. (0.8)

OXnaAX Under-relaxation factor for the component continuity equation coefficients.
(0.8)

RZT.XXZ Relaxation factor for ethe SOR energy solver. (0.95)

vcoNv Velocity used for convergence testing. (1.0e-3 m/s). For additional
information, see the STEADY-STATE DEFINITION tn Appendix.

nHco_rv Enthalpy used for convergence testing. (l.Oe3 J/kg). For additional
information, see the STEADY-STATE DEFINITION in Appendix.

A.4.4.4 Boundary Condition Types

Ali external surfaces must have a velocity boundary condition type and a temperature or
heat flux boundary condition type. Internal surfaces may also be assigned boundary
condition types.

Kr,.ow is) Type of velocity boundary condition. (The default for ali Hsvnr surfaces is 1)
-5 Continuative mass flow outlet.
-4 Uniform velocity outlet.
-3 Free slip boundary.
-2 Continuative velocity outlet.
- 1 Continuative momentum outlet.
0 Solid Wall
1 Constant velocity boundary with normal velocity set from VRLOC(H) or

explicitly specified by the BOUNDARY VALUE INITIALIZATION CARDS. The
tangential component is in effect zero. (*)

2 Constant mass flow. FLOW , n,-B * V_T.IN * Jt]t]U_specified by the
BOUNDARY VALUE INITIALIZATION RECORDS.

100.NF Uniform transient velocity boundary with normal velocity set from the
product of the m, th transient function and vzLoc (N).

200+NF Transient mass flow boundary with normal velocity set uniformly from
VILOC (N)/SUM(RLB*AREA).
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KPnBS (N) Type of pressure boundary condition. Pressure boundary conditions are
applied to the cells adjacent and interior to the boundary surface specified.
(The default for all ztsmtF surfaces is O)

0 No pressure boundary condition is applied. (*)
1 Uniform constant pressure boundary with pressure set from pnzs (zt).

100+NF Uniform transient pressure boundary with pressure set from the product of
the NFth transient function and _B1s(zt).

xT]txP (N) Type of temperature or heat flux boundary condition. (The default for all
zts_gF surfaces is I}

1 Specified constant temperature boundary with temperature set from
TBItP(Zt) or the BOUNDARY VALUE INITIALIZATION CARDS. (*} The
surface heat flux is nominally computed considering the fluid conduction but
not the presence of a wall. If one wishes to account for both the fluid
convection and a wall conduction, the following four variables from the Wall
Model section below must be specified: XSTWAT-(N),WALT.D_(N), and
MATWA_,(g) •

IO0+NF Uniform transient temperature boundary with temperature set from the
product of the NFth transient function and Ttmp (s). The surface heat flux
is computed with the options as specified above for KTmIP (N)= 1.

200 Specified constant heat flux boundary with normal heat flux set from
TJmP(N) or the BOUNDARY VALUE INITIALIZATION CARDS.

300+NF Uniform transient heat flux boundary with normal heat flux set from the
product of the NFth transient function and Tmtp (N).

400 Adiabatic or zero diffusive heat flux boundary.

KXASS (1,1) Type of mass fraction boundary condition. Each value of _,xss has an
integer value of the form _'SSCFF' which is coded according to the following
rules:

T 0 Contlnuative mass fraction outlet.
1 Fixed specified mass frctlon.
2 Fixed specified volume fraction.
3 Transient mass fraction.
4 Transient volume fraction.

SS Surface number.

A.4.4.5 Wall Model

When specifying either a constant temperature boundary condition or a uniform
transient temperature boundary condition (KTmIP(N)=I or KTIHP(N)=I00+NF) a wall may
be modeled by defining the following three variables.

• . . . _ .

WAV.v.VX(zt) Wall thickness, m. (I.0}

XATW_T.( ZT) Material type for suz1"ace N. The value of this variable is used as the index NM
in the Material Properties section below. (I}

ZsTW_T. (zt) Heat-transfer coefficient number for the calculation of heat-transfer between
coolant and wall. The value of this variable is used as the index NH in the
Heat Transfer coefficient structure. {0}
Note. If the default value is taken, then the coolant to wall heat-transfer

coefficient, if used, is evaluated simply as the fluid conductivity
divided by the fluid conduction length.
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A.4.4.6 Uniform Boundary Initialization

The following three variables allow easy specification of uniform velocity, temperature
or heat flux, and pressure values at boundaries. Nonuniform distributions can be specified
by using the SURFACE ELEMENT INITIALIZATIONRECORDS.

VlLOC (U) Initial velocity at surface N in the direction indicated by XNORNL(N),
rNOHT. (S), and _.sonT. (_), m/s. (0.0}

_mMp (N) InlUal temperature for surface N, C. (0.0}. For a constant or transient heat
flux boundary, _mp (w) contains the heat flux. W/m**2. (0.0)

IP]gms(x) Initial pressure fo_ surface N, Pa. (0.0)

A.4.4.7 Uniform Cell Initialization

The following variables allow easy specification of uniform cell temperature and
pressure. Nonuniform distributions can be specified by using the CELL INITIALIZATION
RECORDS.

_lH_o Initial temperature of ali internal cells, C. (0.0)

PRnso Initial pressure at the pressure reference point located at (x_]txso. YPRsso,
spnms0). Pa. (1.01353E+5). The default pressure inttializaion computes the
static head using the density based on component 1 properties evaluated at
TI_p0. pluBs0. The tnital static head pressure at any point is computed with
respect to the pressure reference point.

xPRss0 X-coordinate of the pressure reference point, m. (0.0)

Y_RIs0 Y-coordinate of the pressure reference point, m. (0.0)

•._ss0 Z-coordinate of the pressure reference point, m. (0.0)

omxvx X-component of gravity vector, m/s'*2. (0.0)

ORXVY Y-component of gravity vector, m/s**2. (0.0)

oaxvz Z-component of gravity vector, m/s**2. (0.0)

xx_ss (N) Initial mass fraction for surface N.

A.4.4.8 Fluid-Structure Heat Transfer

Fluid-Structure heat transfer (q)is computed as follows:

q = A * h * (Ts - "rf}

where

A is the area,

h is the heat transfer coefficient,

Ts is the temperature of structure, and
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"lTis the temperature of the fluid.

Heat transfer coefficient index, Iu, which is specified by the input variables
_:U_WM,(N) in the WALL Model section and zs_ in the Thermal Structure Fluid
Namelist/F/. is defined by three input parameters:

ZH_COR (NS) Heat transfer coefficient correlation number.

w_c,.sx (HB) Characteristic length.

s_cxt;,. (Ns) heat transfer coefficient multiplier.

When the correlation number, ZS_COR(NS), is in the range [I-I0), then the heat transfer
coefficient, h. is defined as follows:

h = S'eCMUL(NS) *Nuek/HTCLltN(NH) (A)

where

NU • SZ&Tel (£_) +HRATC2(:Lo) *Ro**HI_TC3 (£_) *Pr**HR&TC4 (lo)

Re = the Reynolds number.

Pr = the Prandtl number.

_.o = ZS_'COR(kl)

s_'J_. (J.o) is Nusselt number coefficient.

Since the Nusselt number, Nu, must always be positive, sm_cl (ml) should be positive
to accomodate a zero flow situation. (5.0)

_n_'zc2 (i_) Nusselt number coefficient. (4.02E-4}

snA_c3 (_.¢) Nusselt number coefficient. (0.8}

ssA_c4 (J._) Nusselt number coefficient. (0.0), and

k is the fluid conductivity.

When the correlation number, zsTcol(mi), is in the range [11-20), then the heat
transfer coefficient, h, is defined as follows:

h = STCNUL(NH) * (HI&TC.I(£o) +El&TC2 (£6) *Ro**HR&TC3 (Lc)

• Pr**ssA_c4 (_.o) } (B}

where

ic=zs_coR (Ns) - I0.

When Heat transfer correlation number, zx_coR(ml), is in the range (21-50), then lt
is referred to the condenser shell-slde and tube-side heat transfer correlation. Details may
be described as follows.
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I. zu_cont(m[)=21-30 For shell-slde heat transfer correlations. When za_,colt(u)=21,
correlations by Nusselt's condensation on horizontal tubes and the
effect due to non-condensable gas by Berman and Fuks are used.

2. ]:u_'colt(Nm)=31-40 For tube-slde heat transfer correlaUons. The heat transfer

coefficient, h, is calculated according to equation (A) with
£Q=ZXTCOR(ml) -30.

When biofouling In inner tube wall is considered, the following variable must be
specified in NAMELIST/DATA/.

FOUL Fouling resistance, m**2-K/kw. (l.0e-30)

A.4.4.9 Material Properties

Material Properties are needed when modeling the fluid in the computational cells
(_Y_n(x)) and optionally walls (_w_u,(N)). The values of ux_Y_Z(K) and

_'w_ (N) may be any integer from I to 22. When the value is in the range of I to 20. the
material properties are computed from the fast running simplified straJght-llne
approx/mations to the state equations. When the value is In the range of 21 to 22, the
mater/al propertltes are computed from the rigorous equatlon-of-state subroutines.

_Ypl (x) Simplified mater/al properties for compoment or mater/al K (For value from I
to 20).

ConducUvlty in W/(m-C}:

COND=COK(MA) +C 1K(MA)*TC+C2K(MA)*TC**2

Density in kg/m**3:

DENSEfCORO(MA}+C 1RO(MA}*TC+C2RO(MA}*PA/TK

Enthalpy in J/kg:

ENTH = COH(MA) + CIH(MA)*TC + C2H(MA}*TC**2 + C3H(MA}*PA

Saturation pressure in Pa:

PSATfEXP(COP(MA} +TC*C 1P(MA}+TC*TC*C2P(MA) )

Viscosity in Pa's:

VISCfCOMU (MA)+C 1MU (MA}*TC+C2 MU {MA)/TK

Molecular weight of mater/al :

MOLVc_I'fWTMOL(MA}

Binary molecular dlffusiv/ty fm*m/si:

DIFFIMf(COD(MA}+C 1D(MA}/PA}*TK'*C2D(MA}
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Note. When COD{MA) < 0.0 and CID(MA} < 0.0, DIFFIM is evaluated from the formula

developed by Slattery and Bird.

where

TC is the temperature in degrees C,
TK is the temperature Irl degrees K,
PA is the pressure in Pascals, and
H ts the enthalpy in J/kg.

vzrxvv. The multiplier for the binary molecular diffusivity.

_¥l_I (z) CODED VALUE OF MATERIAL TYPE FOR COMPONENT K. (For value from 21
to 22}

The following values of x_Y_s are associated w/th rigorous equatlon-of-state
subroutines. This list may be expanded with little difficulty by users having more accurate
equation--of-state subroutines for their materials.

2 1 Water liquid
2 2 Water vapor

Note: In condenser application, _TYPz(1) and L_YPI(2) are reserved for steam and
a/r respectively.

xx_T&n _m/) To allow the user to spot check property values, a small table is printed
_'xnLo_ (lm) for each of the material types listed in the var/able _h_T'_n with five
Txauz_(m/) temperature values ranging from the corresponding entries in T&nT.O_to

• _SZ_' at a pressure of l_nls0. For example, one could obta/n a table of
property values computed from the coefficients COK(1), CIK(1), C2K(1),
CORO(1), CIRO(1), C2RO(I}, COH(1).... etc., over a temperature range
from 500.0 to 900.0 degrees C and a table of water liquid property values
over the range from 20.0 to 90.0 degrees C by including the following
input in NAMELIST/DATA/:

_TY_= 1,2 I,
_n_.oT=500.0,20.0,
_xnxzT=900.0,90.0,

The default values for the above three variables are zero thus no property tables are
printed unless these values are specified.

A.4.4.10 Trsnsient Functions

Ali transient driving functions are. input into the following three variables. They must
be/nput at the beginning of the transient (ZSTA_X=2} even if"they have been input
previously. F.ach function is defined by a user specified set of points. Cubic spline fit
coefficients are then generated in SUBROUTINE FITIT. Fifty equally spaced values are
prtnted to allow the user to check the adequacy of the input distribution. Ten to fifteen
values with points concentrated at rapidly chang/ng Y-values should be adequate• Currently
the total number of points allowed for the specification of transient functions is one
hund_ -d.

J TvxI, (Np) The independent var/able, usually time, for the transient functions.
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rvAw (Np) The dependent variable for the transient functions. The first value of the
second function immediately follows the last value of the first function. The
same pattern must be followed for all subsequent functions. Make sure that
the entire range of the function used lies within the range input as the fitting
routine does not extrapolate. Discontinuities are indicated by specifying the
same X-coordinate twice with the same or different Y-coordinate values.

UnWD(Nr) The number of points in the. NFth transient function

x_o_8 In order to simplify thermal structure input in certain cases, the heat source
transient function numbers can be overridden in NAMELIST/DATA/. These
values are input into the var/able _Ts in the order in which the thermal
structure prototypes were defined. Any values specified in t_o_s will
override ali other input and previous values. If no values of wzoTm are
defined, no changes to the heat source transient function numbers are made.

NorQ_ Number of the transient function which is used as a multiplier of the heat
source for the coolant when thermal structures are present and as a
multiplier of total heat source when no thermal structures are present. (0}

A.4.4.11 Plot Tape Option

N_PT.O_ Up to 25 values to specify when plotting information is to be written to unit
76. The following are acceptable values of _T.o_:

0 No more plotting information is written to unit 76. (*)
>0 Time step number for which plotting information is written to unit 76. After

the Nth positive time step in _PLO_ has been processed, the N+ lth value of
wzpx, o,z is used to determine subsequent writes to the plot file.

<0 A value -N indicates that information is written to unit 76 every Nth time
step. No subsequent values of t_T.o_ are considered.

Example. _px, o_=-5 indicates that every Sth step is to be processed.
t_PT-OT=5.10.-20 indicates that steps 5. 10. 20. 40. 60. etc.. are to be
processed, wzPx,o_=10.20.0 indicates that only steps 10 and 20 are to be
processed.

A.4.4.12 Printing Option

Calls to SUBROUTINE OUTPUT are controlled by the two var/ables, x_p_ and
TP_. They can be used individually or together. The information printed at each call to
SUBROUTINE OUTPUT is determined by the variables zs_pa and N_UPn described below.

N_Pn_T Up to 50 time step numbers at which SUBROUTINE OUTPUT is to be called.
The following are acceptable values for l_l_mer:

0 No more calls to SUBROUTINE OUTPUT. When restarting, previous
specification of _Pl_t_ values may be overridden by specifying the desired
new values followed by a zero in wJ_p_.

>0 Time step number for which SUBROUTINE OUTPUT is to be called. After
the Nth positive time step in N_l_m_ has been processed the N+ lth value of
NT_m_ IS used to determine subsequent calls to ov_Pvv.

<0 A value -N indicates that SUBROUTINE OUTPUT is called every Nth time
step. No subsequent values of _I_I_ are considered. -9999..SUBROUTINE
ou_po'_ fs called Just before the run is terminated. (*)

Example. _p_'_=0 indicates that after initialization. SUBROUTINE
OUTPUT is never called. _e_=5.10.-9999 Indicates that SUBROUTINE
OUTPUT is called at steps 5. 10. and Just before termination.
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Up to 50 times (problem time in seconds) at which SUBROUTINE OUTPUT
is to be called. The following are acceptable values of _'PR_:

0.0 No more call to SUBROUTINE OUTPUT. (*} When restarting, previous
specification of _]Plt1_ values may be overridden by specifying the desired
new values followed by a zero in Tpm_.

>0.0 Times at or after which SUBROUTINE OUTPUT is to be called. When or
after the Nth positive time in _Pltt_ has been processed, the N+ lth value of
_p]tw_ is used to determine subsequent calls to ovTp_.

<0.0 A value of -T indicates that SUBROUTINE OUTPUT is to be called at T-
second intervals. If the Nth value is negative, then the N+ lth value stores
the next time value at which o_]_ is to be called. This is nominally set to
zero but can be specified by the user. No subsequent values of _pltt_ are
considered.

Example. _P]Dr_=l.0,5.0,-10.0 indicates that o_]_v_ is to be called at or
after times 1.0, 5.0. 10.0, 20.0,.. etc.. _pmq,z=-5.0,10.0 indicates that
o_P1rJ_ is to be calle_ at times I0.0.15.0,20.0,... etc..

Up to fifty coded values which specie/the arrays to be printed in the first call
to SUBROUTINE OUTPUT. (0)

Up to fifty coded values which specify the arrays to be printed iv. ali calls
after the first call to o_v,_. For internal arrays, each value o_"zs_H and
_WDR is a signed seven digit integer of the form 'SCVVPLLL' which is coded
according to the following rules:

Fluid component or phase number. (1}

. Only the plane specified by 'PLLL'is printed. (*) A plus sign is assumed and
need not be specified.

- Ali planes between the values of 'LLL' on the current and following values of
zs_a or w_u_R are printed.

01 Ps_x_'o U-component of velocity. [m / sl .
02 vT, V-component of velocity.[m/sl.
03 wT. W-component of velocity.Ira/sl.
04 sT. Enthalpy,[J/kg].
05 _z, Temperature,[deg. C].
06 hl, Volume porosity.
07 It;, Denslty,[kg/s].
08 ]P Static Pressure, [Pa].
09 DX, Residual mass.[kg].
10 _z,x X-direction surface permeability.
11 AT,Y Y-direction surface permeability.
12 AT.Z Z-direcUon surface permeability.
13 aZ,OT-D Density at previous time step.[kg/m**3].
14 _s Turbulent kinetic energy.[J/kgl.
15 Qso_a Volumetric heat source,[W/m**3].
16 P-Pox, D Pressure change from last time step,[Pal.
17 P-psY&_0 Pressure minus static pressure,[Pa].
18 _l[_- VOLUME fraction.
19 P-l_It]_0 Pressure minus initial pressure.[Pal.
20 _;l_co_ Turbulent conductlvlty,[W/m/C].
21 _v_vzs Trubulent viscoslty,[Pa-s].
22 _ux, oz, v Volume fraction from previous time step.
23 _x, oz, v U-component of velocity at previous step,lm/s].
24 v;,o_.v V-component of velocity at previous step, lm/sl.
25 wx,oz, v W-component of velocity at previous step,[m/s].
26 _O_V Enthalpy at previous step,[J/kg].
27 _OX,D Static pressure at previous step,[Pal.
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28 xx s Mass fraction.
29 VrLVZD Fluid cell volume, lm**3].
30 _rx, vx X-direction cell face area,[m**2].
31 xrT.uy Y-direction cell face area.lm**2].
32 _rT._z Z-direction cell face area,[m**2].
33 XXSOr, V Mass fraction at previous step.
37 _n Dissipation of turbulent kinetic energy.[W/kg].
38 n_,H Density * Volume Fractlon,[kg/m**3].
39 lgS'HOLD Value of RTH at previous time step,[kg/m**3].
40 xrolaclm Coded entries of force strucures
41 DRDP d(dens_ty)/d(pressure),[(kg/m**3)/Pal.
42 VltVU d(denslty}/d(enthalpy),[(kg/m**3)/(J/kg)].
43 FT.OWX Mass flow across x-face,[kg/s].
44 FLOWY Mass flow across y-face.[kg/s].
45 FLOWZ Mass flow across z-face,[kg/s].
46 xxn kinetic energy,[J/kg].
47 Ir_oT.v kinetic energy at previous time step,[j/kg].
48 x-directlon mass flux,[kg/m**2/s].
49 y-directlon m_iss flux,[kg/m**2/s].
50 z-dlrectlon mass flux,[kg/m**2/s].
51 BXVO'_ volumetric mass source.[kg/m**3/s].
52 vzrrv molecular dlffus/vity,[m**2/s].
53 DXrFU_ turbulent diffusivity, [m**2/sl.

P 1 An l-plane is printed.
2 A J-plane is printed.
3 A K-plane is printed.

LLL Specific plane to be printed. If S is +, only one plane is indicated. If S is -,
the 'LLL'values in the current and next values of zsTpm or _HPn indicate
the range of planes to be printed.

For thermal structure information, each value of XSTPH and N'ZUPBiS a signed seven
digit integer of the form 'SC8NNNNN' which is coded according to the following rules:

C Fluid component or phase number. Values of 0 thru 9 correspond to
components 1 thru 10. (0)

S + Only structure number *NNNN' is printed. (*) A plus sign is assumed and
need not be specified.

- Ali structure between the values of 'NNNN' in the current and following
values of zs_Pn and _s_n are printed.

NNNNN Specific structure to be printed. If S is '+', only one structure is indicated. If
S is '-', the 'NNNNN' values in the current and next values of xsTPa or
wzxPn indicate the range of surfaces to be printed.

For surface arrays, each value of zsTpn and w_uPn is a signed seven digit integer of the
form 'SC9VVLLL' which is coded according to the following rules:

C Fluid component or phase number. (I)
S + Only the surface number 'LLL'is printed. (*) A plus sign is assumed and

need not be specified.
- All surfaces between the values of 'LLL'in the current and following values of

xsTPn or wzmpn are printed.
VV 01 vl,-nN Normal surface veloclty,[m/s].

02 QnN Normal surface heat flux,[W/m**2].
03 Nn Adjacent internal cell number.
04 Hx,n Surface enthalpy.[J/kg].
05 TLn Surface temperature,[deg. C].
06 xnzA Surface element area,[m**2].
07 IgLI_ Surface denslty,[kg/m**3].
08 • n Surface pressure,[Pal.
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09 I JK Adjacent internal cell indices. Each value is of the form 'IIJjKK'
where II is the I index, JJ is the J index, and KK is the K index.

I0 QnN/(TT.n-TY.) Overall heat transfer coefficient from coolant to wall as used
in duct wall model,[W/m**2/C].

11 xH s n Boundary mass fraction.
12 rI, own Mass flow rate at boundary,[kg/s].
13 ?x,-n Volume Fraction at boundary.
14 ITHn Density * Volume Fraction,[kg/m**3].
15 Tl_n Turbulent kinetic energy,[j/kg].
16 TVn Dissipation of Turbulent kinetic energy,[W/kg].

LLL Specific surface to be printed. If S is +, only one surface is indicated. If S is
-, the 'LLL'values in the current and next values of ZST_S or N'tHPS indicate
the range of surfaces to be printed.

Example. zsTPn=06105,- 1030 I,- 10305, _HPs=01105,-02301 ,-
02305,90101,-90501,-90505, indicates that the first call to OUTPUTwill
print the I=5 plane of volume porosity and K-planes 1 through 5 of the X-
direction surface permeability. On all subsequent calls, to OUTPUT, the I=5
plane of the U component of velocity, K-planes I through 5 of the V
component of velocity, the boundary velocity for surface I, and surface
temperature for surfaces 1 through 5.

NCOLVX The number of columns to be written in the tabular output. Valid values for
_OLm( are 8, 9, I0, and II. The formats used are IPEI3.6, IPEII.4,
IPE10.3, and IPE9.2 respectively. (I0)

xJKnc A three digit binary number which determines the row-column orientation of
tabular output. The following table gives the acceptable values. (101)

l-plane Indices J-plane Indices K-plane Indices
Row Column Row Column Row Column

000 J K K I I J
001 J K K I J I
010 J K I K I J
011 J K I K J l
I00 K J K I I J
I01 K J K J l
II0 K J I K I J

111 K J I K _ J I

A.4.4.13 Force Structures

The force structure is a mechanism whereby a drag or resistance force in Pa/m can be
applied to a fluid flow across a cell face between two calculaUonal cells. The location of
each force structure, NF, is specified in the FORCE STRUCTURE SPECIFICATION CARDS.
The generic force structure applies a resistance of one of the following forms:

DPDX8 -FORCEF (NF) *RLtABS (UL) *UL*FCORR/CLIINTH (NF)

DPDY,, - FORCEF (NF) *SL*ABS (VL) *VL*FCORR/CLENTH (NF)

DPDZm-FORCEF (NF) *RL*AB8 (WL) *WL*FCORR/CLI|NTH (NF)

where FCORS-.ACORRL (NC) *RE* * BCORRL (NC) +CCORRL (NC)

when sl| < RII{YTRN(NC) •

and FCORRmACORRT (NC )*RE* *BCORRT (NC )+CCORRT (NC)

when Si| >m RIBYTRN(NC),

and RI|mRL*SQRT (ULe*2+VL**2+WL* *2 )*REYLEN (NF)/VZ8,
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and hT. is the local density,
_[,, vi,, and wr, are local velocities,
vxs is the local viscosity, and
N¢ is the correlation index, zconn (rr).

ronczr (rr) Force coefficient for force structure hr.

n]IYZ,]_r (rr) Length used to compute the Reynolds number for force structure Icr. m.

cT.nr_u (rr)>0.0 The value input is used as the characteristic length in the above
equation.

<0.0 A characteristic length computed from either DX, DY. or DZ,
whichever is appropriate, is used for cz,nrTu (rr) in the above equation.

zcolt]t (rr) The correlation index of force structure hr. For the generic force
structures the values of zcon must be less than 2 I. These values are
used as indices of the user specified correlation variables below.
Note. For the valve model zcomg is set byl00 * ( the valve # NV ) +
Z¢ORR.

rcon]t The number of correlation types available for force structures. This
value must equal or exceed the maximum value specified in xco_tlt but
be less than 2 I.

RXY'L'Br(rC) The transition Reynolds number. Correlation coefficients when the
_connx, (rc) Reynolds number above, RE, is in the laminar regime,
BCOBRZ,(rC) i.e., when nz < nnYT]m(rc). Correlation coefficients when the Reynolds
cconnx,(rc) number above, Rra. is in the turbulent regime,i.e., when ni >=
&CORRT( rC ) ]LBYTRr (rC) .
nCOBB_ (rc)
ccO_n_ (rC)

A pressure relief valve can be modeled by specifying a force structure with a correlation
index of the form T_/CC' where _V' is the valve number, N'V, ranging from 1 to 19, and 'CC'
is the correlation index. Each valve, NV, has associated with it the following variables:

xv_Y,v_ (Nv) The state of valve NV. A value of 1 indicates that the valve is open and a
value of 0 indicates that the valve is closed. (0}

vPopnr(wv) The pressure gradient between two cells at which a closed valve opens,
Pa. (1.0E+20)

vPcT, os (we) The pressure gradient between two cells at which an open valve closes,
Pa. (- 1.0E+20)

Note. The pressure gradient between two cells is computed as P(I,J,K)-
P(I+i,J,K) for x-direction valves, P(I,J.K)-P(I,J+ I,K) for y-dlrectlon
valves, and P(I,J.K)-P(I.J,K+I) for z-dlrectlon valves.

When a valve is closed a very high resistance is applied across the cell face. When a
valve is open a resistance can be applied in one of two ways. By specifying a correlation
index IC in the range of 1 through 20, a generic force structure as defined above can be
applied. When choosing this o[_tion the user can specify itzY_,nr(rr)=l.0. CY.ZrTH(_)=
X_,_A, the local volume poroslly, nnYTlm (xc) ffi1.0E+ 10, Aco]m_- (xc) ffi1/VIS. where VIS

is the local viscosity, nconnT. (xc) =- 1.0, and CCOnRT.(XC) =0.0, the resistance is then given
by-roncsr(mP) *wr,, where wr, is the local velocity. Alternatively, one can specify a force



91

correlation of 70 and the valve velocity will be automatically computed according to the
valve velocity model.

Several other specific structur,_s can be modeled by including a force structure with a
co_rrelaUon index listed below.

zcoItlt (Nr) 50 dP/dx proportional to velocity (U).
60 dP/dx proportional to mass flux (RO*U}.
61 Specified mass flux. RO*U = roxtcXr(Nr).
90 CRBR fuel assembly
91 CRBR blanket assembly
92 DRHX (Direct Reactor Heat Exchanger)
93 CRBR chimney assembly
94 FFTF pin bundles
95 CRBR control assembly
96 Axial flow through vertical rod bundles.

7ozcxr (Nr) Force coefficientmultiplyingthe resistancecomputed forthe specific
structure.

nSYLZN (Nr) When modeling axial flow through vertical rods, correlation index 96,
this value defines the length used to compute the Reynolds number.

A precise description of the resistance being modeled can be found in the source code
for SUBROUTINE FORCES or in the doccument entitled "Some Resistance Correlations for

COMMIX Users" by Sha and Shah, ATHRP-13, (April 1983).

A.4.4.14 Turbulence Modeling

In all of the following turbulence models an effective viscosity is used in the diffusion
term of the momentum equation. This effective viscosity is the sum of the turbulent
viscosity and the the molecular viscosity. Similarly an effective thermal conductivity is used

in the diffusion term of the energy equation which is likewise the sum of the turbulent
thermal conductivity and the molecular thermal conductivity.

A.4.4.14.1 Constant Turbulent Diffusivity Model

The turbulent viscosity and turbulent conductivity are assumed constant everywhere.

XT_RKS 0 Turbulent kinetic energy flag must be zero. (*] The variable XTURKm
must be input in NAMELIST/GEOM/.

TUnBV Turbulentviscosity,Pa-s.(0.0) This must be settosome non-negative
value.

T_BC Turbulent conductivity, W/(m-C). (0.0)

A.4.4.14.2 Two-Equation Turbulence Model

This is the most rigorous turbulence model for practical engineering problems. Both

the equation for turbulent kinetic energy (TK} and the equation for dissipation of turbulent
kinetic energy (TD} are solved. Wall function corrections are applied to cells adjacent to
solid walls for both the turbulent kinetic energy equation and momentum equations. The
turbulent viscosity is computed using the following equation:
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TURVIS-CDTURB*RO*TK**2/TD

where CDT_RB is the coefficient for computation of shear stress near the wall,
Ro is the local density,
TK is the local turbulent kinetic energy, and

TD is the dissipation of turbulent kinetic energy.

Note: Values are initialized only when ZSTATZ=0 or ZSTATZ=2.

For this option the following input must be specified:

ZTtmKZ 12 Turbulent kinetic energy flag must be 12. The variable zTtraKn must be
input in NAMELIST/GEOM/.

AKAIPPA Wall constant. (0.42}

CDT_ItB Coefficient for computation of shear stress near the wall. {0.09}

CT I Empirical constant used in the equation to compute turbulent kinetic
energy. (1.44}

cT2 Empirical constant used in the equation to compute the dissipation of
turbulent kinetic energy. (1.92}

zz Wall constant. (9.0}

z_s 6 Convergence criterion parameter for turbulent kinetic energy equation.
(1.0E-5}

ZTXAXK Maximum number of iterations for turbulent kinetic energy equations. (29}

OXZGAD Relaxation factor for equation to compute dissipation of turbulent kinetic
energy. (0.7}

OXZQAX Relaxation factor for equation to compute the turbulent kinetic energy. (0.7}

OXZOAT Relaxation factor forturbulent viscosity.(0.7}

PRNDLD Turbulence Prandtlnumber fordissipationofturbulentkineticenergy.(1.3}

PnNDLX Turbulence Prandtlnumber forthermalenergy transfer.{0.9}

PnNDLX Turbulence Prandtlnumber forturbulentkineticenergy(I.0}

RELAXK Relaxation factor for turbulent kinetic energy solution (0.8}.

TDMZN The smallest value allowed for turbulence dissipation. Ali values of
turbulence dissipation computed to be less than TVMZNwill be set to TVHXN.
( I .Oe- I O}

TXX'rN The smallest value allowed for turbulence kinetic energy. Ali values of
turbulence kinetic energy computed to be less than Tr_ZN will be set to
TXMIN. (l.Oe- 16}
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A.4.5 Force Structure Specification Records

These records must be included only when NFOXtCZ>0and _rmWFOR=lin NAMELIST
/GEOM/. These records are used to locate the force structures described in the Force

Structure section of NAMELIST/DATA/. These forces can be applied at cell faces between
two computational cells. The locations therefore correspond to portion of grid planes. Each
card in this section contains the following variables in the FORMAT (A4,714).

NAME N IB IE JB JE KB KE

NAME XFOR X-direction force.
YFOR Y-direction force.
ZFOR Z-direction force.

N Force structure number.

zB, zz These six variables are the beginning and ending I-, J-, and K-indices used to
,TB, sz define a plane of cells. The cell face defined by cell (I,J,K) for an X-directlon
xB, xz force is that one between cells (I,J,K) and (I+I,J,K). For a Y-directlon force,

it is the one between cells (I,J,K) and (I,J+I,K), and for a Z-direction force,
it is the one between cells (I,J,K) and (I,J,K+I).

A.4.6 Thermal Structure Records

This set of records is included if and only if zs_'Ruc=l and NZWTS=I in
NAMELIST/ GEOM /.

A thermal structure is a collection of thermal structure elements each of which has the

same characteristics as specified by a thermal structure prototype. Thermal structure
prototypes are defined using TYPz, FLVZD, and XXTZRZALnamelists with the names T, F,

and M respectively. The order in which these namelists are input indicates the the
construction of the thermal structures and must conform to the following rules:

I. A TYPE namelist must begin the definition of each thermal structure prototype.

2. If fluid interacts with surface one, a FL_ZD namelist must be present after the TYPz
namellst (before the first xx_'zz_:M, namelist). If, in addition, fluid interacts with

surface two, a FLVZD namelist must also be present after the last m_ZRZAT, namellst.

3. A gap exists after each material except the last. The gap parameters are specified in
the XA_ZRZAL namelist.

4. The initial default for all namellst variables is zero. Subsequent defaults are the values

in effect after reading the previous namelist. If, for example, the geometrical type is

the same for all thermal structure prototypes, zxYz need be specified only on the first
• Ypz namelist.

5. The definition of thermal structure prototype N+I must follow the definition of
thermal structure prototype N.



94

6. Blank cards or cards with blanks in columns 1 through 4 may be interspersed as
desired.

The precise definition of each card is as follows:

A.4.6.1 TYPE NAMELIST/TI

N Thermal structure prototype number. This number does not need to
correspond to its index or ordinal number.

z xy_. Geometrical type or characteristic.
1 Rods (cylinders) with axis aligned in the l-dlrectlon.
2 Rods (cylinders) with axis aligned in the J-dlrectlon.
3 Rods (cylinders) with axis aligned in the K-dlrectlon.

11 Slab with the normal aligned in the l-dlrectlon.
12 Slab with the normal aligned in the J-dlrectlon.
13 Slab with the normal aligned in the K-dlrectlon.

I01 Sphere aligned in the l-dlrectlon.
102 Sphere aligned in the J-dlrectlon.
103 Sphere aligned in the K-dlrectlon. The alignment specification is included

in the spherical option to allow the normalized axial power

N? The number of the transient function to be used as a multiplier for the heat
source.

novrlt Rods or cylindrical thermal structures:
>0 Number or fraction of actual rods interacting with each associated coolant

cell.
<0 The absolute value is the number or fraction of rods per unit area (m**2)

interacting with each associated coolant cell.
Slab thermal structures:

>0 Slab area in each associated coolant cell, m**2.
<0 The absolute value is the slab area divided by the cell area. In the case of two

sided thermal structures this value is equivalent to a solid permeability for
the structure.
Spherical thermal structures:

>0 Number or fraction of spheres interacting with each associated coolant cell.
_ <0 The absolute value is the number or fraction of spheres per unit

volume (m**3) interacting with each associated coolant cell.

o_?It Thermal structure outer radius, m. This is not used for slab type thermal
structureJ.

A.4.6.2 Fluid NAMELISTIF/

XH_ Heat transfer correlation index. This value is used as the index, z_x, of the
variables U_ATCl. UlA_'C2, XZbTC3, and HZA_4 described in the Fluid-
Structure Heat Transfer section of NAMELIST/DATA/.

mYv Hydraulic diameter or reference length, this value is used as D, the
reference length, as described in the Fluld-Structure Heat Transfer Section
of NAMELIST/DATA/.

A.4.6.3 Material NAMELISTIM/

xz Material type index. This value is used as the index NM described in the
Material Properties (Solids} Section of NAMELIST/DATA/.
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N_ Number of partitions in the material. A thermal structure temperature will
be computed for each material partition.

DB Partition size, m.

Q Volumetric heat source for the material region, W/m**3.

The following gap properties must be correctly specified or defaulted only when
another material follows. If a fluid follows, the gapproperties are ignored.

s(3&1_ Gap size, m. (0.0)

XG_p Gap heat transfer coefficient, W/(m**2-C). (1.0)

A.4.7 Thermal Structure Location Records

This set of records is included if and only if zsT1tuc=l and NRW_'S=I in NAMELIST
/GEOM/.

Once the thermal structure prototypes have been defined the location of the thermal
structure elements are specified by the THERMAL STRUCTURE LOCATION CARDS. These
cards contain the following variables in FORMAT (A4,714)

LOC NUM IB IE JB JE KB KE

T.oc out The cells specified interact with the outside or surface I.
]:]_ The cells specified interact with the inside or surface 2.

NUM Thermal structure prototype number.

z n, z z These six variables are the beginning and ending I-, J-, and K-indices that
_n, _z define a rectangular (cylindrical) solid composed of one or more cells which
Kn, xz are to interact with thermal structure _nm.

Note I. A cell should not be specified twice by the indices unless the
true intention is to have two occurrences of the thermal

structure prototype _.

Note 2. Many THERMAL STRUCTURE LOCATION CARDS may be
needed to define all the cells interacting with a given thermal
structure prototype.

Note 3. The order in which cells are specified is arbitrary except
when the thermal structure prototype has fluid cells
interacting with both surfaces. In this case cells are paired o_
in the order in which they are specified. The number of cells
interacting with one surface must equal the number of cells
interacting with the other surface.

A.4.8 Cell Initialization Records

The purpose of this set of records is to permit initialization of internal cell values of any
of the array listed below. Uniform temperature can be more easily specified using the
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variable T_ in NAMELIST/DATA/. Each line in this section contain the following
variables in the FORMAT (A4,FI0.3,914).

NAME RVAL IB lE JB JE KB KE N NCOM

NAME

, bL Volume porosity, the dimensionless ratio of fluid volume in a cell to total cell
volume. (1.0)

ZUDO Volumetric mass source per geometric cell volume (eg. DX*DY*DZ)
[kg/m°'3/si

xY- Enthalpy. J/kg.
P Pressure [Pal (see pRns0 in nameltst VATX for default)

POT,D use P & pOT.Dto set pressure having a large number of significant digits as
P+POLD

Qsou Volumetric heat source per computational cell volume DX(1)*DY(J)*DZ(K),
W/m**3. (0.0)

TD Dissipation of turbulent kinetic energy. (J/kg}
ex Turbulent kinetic energy. (J/kg)
Tr. Temperature. C. (0.0)

TBI` Void fraction of component scox.
xxs Mass fraction of component scoM.

nvxi` The value to be assigned to the variable named.

zm, zE These six variables are the beginning and endtngl-. J-. and K-indices that
,Ts, om define a rectangularsolid composed of one or more cells.
KB, KI

The surface number of the boundary being set. (lt should be ignored )

xcoH Fluid component or phase number. (1) (lt should be ignored except for THL
and XMS)

A.4.9 Cell Surface Initialization Records

The purpose of this set of records ts to permit initialization of internal cell surface
values of any of the arrays listed below. Each card in this section contains the following
variables in the FORMAT (A4,FI0.3,914).

NAME RVAL IB lE JB JE KB KE

NAME
_v.x Surface permeability, the dimensionless ratio of free flow area to the total

surface element area, between cell (I,J,K) and cell (I+ I.J,K). (1.0)
_i`Y Surface permeability, the dimensionless ratio of free flow area to the total

surface element area, between cell (I.J.IG and cell (I.J+I.K}. (1.0)
AT-Z Surface permeability, the dimensionless ratio of free flow area to the total

surface element area. between cell (I,J,K) and cell (I.J,K+I). (1.0)
vi` U-component of velocity, m/s. (0.0)
vi, V-component of velocity, m/s. (0.0)
wi` W-component of velocity, m/s. (0.0)

_VXL The value to be assigned to the variable named.

zn, z: These six variables are the beginning and ending I-. J-. and K-Indlces that
_, oK define a rectangular solid composed of one or more cells.
KB, KB
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Note. When the location of _,T.x(t,J,k), xz,Y(i,J,k), or AT.z(i,J,k)
coincides with the location of _zA (T.), then the operative
variable is _t_zb(v.). similarly, when the location of w.(i,J,k),
vL(i,J,k), or wT.(i,J,k) coincides with the location of vsY.D (T.),
then the operative variable is vzT._ (T.).

A.4.10 Surface Element Initialization Records

The purpose of this set of records is to permit initialization of surface values of any of
the arrays listed below. Velocity boundary condition can be more easily specified using the
variable vm,_)c in NAMELIST/DATA/. Each record in this sectior_ contains the following
variables in the FORMAT (A4,F10.3,914).

NAME RVAL IB IE JB JE KB KE N NCOM

NAME
_Rsb Boundary surface permeability, the dimensionless ratio of free flow area to

the total surface element area.
rr, ow Mass flow through boundary surface element. [kg/s]

uv.B Boundary enthalpy,[J/kg].
I_I,B Boundary denstty,[kg/m**3].

T.D Boundary temperature.[CI.
Ts_ Boundary turbulent kinetic energy,[J/kg].
• vm Dissipation of boundary turbulent kinetic energy.[W/kgl.

VIT.B Magnitude of the velocity normal to the surface in the direction indicated by
_oaHz, (N), Y_ronHz,(N), and ZNOlmL (N) ,[m/sl.

TmI, B Boundary void fraction for component Ncox.
XMSD Boundary mass fraction for component NCOM.

nVXl, The value to be assigned to the variable named.

z]s, z z These six variables are the beginning and ending I-, J-, and K-indices that
_B, sz define a rectangular solid composed of one or more cells. The rectangular
I_B, _z solid that defines or partially defines a surface ts the one which is totally

interior and adjacent to, or partially interior to and intersecting that surface.

N The surface number of the boundary being set.
Nco]f Fluid component or phase number. (1) (lt should be ingorned except for

xHsa and TXZ,B)
Note. The scheme to indicate surfaces in the BOUNDARY SURFACE

IDENTIFICATION CARDS is the same as that used to indicate
surfaces in the BOUNDARY VALUE INITIALIZATION CARDS.
This. however, is different from the scheme used to indicate
surfaces in the INTERNAL CELL INITIALIZATIONCARDS. In

the former case, surface elements are indicated by file cell
which is adjacent to and on the side pointed to by the surface
normal. In the latter case, cell (I,J,K} indicates the surface

between cell (I.J,K) and either cell (I+I,J,K), cell (I,J+I.K}. or

cell (I,J.K+I), whichever is appropriate for the variable being
initialized. Surfaces lying on boundaries must not be initialized
using the INTERNAL CELL INITIALIZATION CARDS but rather
the BOUNDARY VALUE INITIALIZATION CARDS.
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A.4.11 Tube Side Condenser Model

This section defines the variables used in the COMMIX condenser calculation when
ZTUBlt= 1.

A.4.12 NAMELISTfTUBSI

NTVnXS Total number of the tube channel.

NKClY.T. Total number of computational cells in tube side.

DXTn (N) Diameter of tube in tube channel. Where N is the tube channel number.

_onn_o (H) Number of tubes in tube channel N.
>0 Number of tubes in tube channel N interacting with the associated fluid cell

in steam side.
<0 The absolute value is the tube number per unit area within the tube channel

N.

zxxTn Index for computing the fluid properties of the coolant. The value of this
index may be any lnterger from 1 to 22. For zp._n from 1 to 20. the fluid
properties are computed from the fast running simplified straight-line
approximation to the state equations. When the value is 21 or 22. the fluid
properties are computed from the rigorous equation-of-state subroutines, lt
is similar to K,t,_Ypz(x) and KA.TW&L(K) as described in _'rzRzA.L
PROPERTIES section. For value of I to 20, the following coefficients must
be specified in NAMELIST/DATA/.

COK(IMATB) C 1K(IMATB) C2K(IMATB)
CORO(IMATB) C 1RO(IMATB) C2RO(IMATB)

COD(I MATB) C 1D(IMATB) C2D(IMATB)
COH(IMATB) C 1H(IMATB) C2H(IMATB) C3H(IMATB)
COP(IMATB) C 1P(IMATB) C2P(IMATB)

COMU(IMATB) C 1MU(IMATB) C2MU(IMATB)

A.4.12.1 Iteration Parameters

zTznTn Iteration number betweem momentum and energy equation. (1)

zps_n s Convergence criterion. (1.0e-5)

A.4.12.2 Resistance Coefficients

The pressure drop along the tube ts expressed in the the following forms:

DPDX- -FORCTBtRL*]tBS (WT-) oULeFTB/DNT B

where FTBu&TISL*RB t *BTBL+CTBL

when Ru < RRYTRN, and
FTB-ATBT * RR * * BTBT . CTBT

when RR >m RIYTRN, and

itBuRL_UL*DMTB/VZS, and

hz, is the local density.
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v_ is local velocity, and
vzs is the local viscosity.

rOnCTn Force coefficient.

RIY_itN The transition Reynolds number.

_Tnz Correlation coefficients when the Rey_lolds number above.

n,_B_ RE, is in the laminar regime.

crn_ i.e.. when RE < REYI'RN.

_Tn_ Correlation coefficients when the Reynolds number above.

nTn_ RE. is in the turbulent regime.

c_,n_ t.e., when RE >ffi RxY_.

A.4.12.3 BoundaryCondition Type

Inlet and outlet of condenser tubes must have a velocity boundary condition type and a
temperature or heat flux boundary condition type.

N 1 Inlet surface
2 Outlet surface

XFLOTn(X) Type of veloclty boundary condition. (The default for inlet plane is I and
outlet is -5}

-5 Contlnuatlve mass flow outlet.
-2 Contlnuatlve velocity outlet.
- 1 Contlnuatlve momentum outlet.

1 Constant velocity boundary with velocity set from vxx,o_n(_).
2 Constant mass flow. rv.ow ffinT.n_n (H) • VIT-O_n (_) • J_mUJL

IOO+NF Uniform transient velocity boundary with normal velocity set from the
product of the NF_h transient function and v_z, oTn (N).

200+NF Transient mass flow boundary with normal velocity set uniformly from
VELO_n {N) / (nLm_n (H) *Amz_).

KI,RR'Zn (H) Type of pressure boundary condition. Pressure boundary conditions are
applied to the cells adjacent and interior to the boundary surface specified.
(The default for inlet plane is 0 and outlet plane is 1)

0 No pressure boundary condition is applied.
1 Uniform constant pressure boundary with pressure set from _nzsTn(x).

IO0+NF Uniform transient pressure boundary with pressure set from the product of
the NFth transient function and pnmsTn (H).

ZTZH_n (_) Type of temperature or heat flux boundary condition. (The default for inlet is
1 and outlet is 400)

1 Specified constant temperature boundary with temperature set from
't,UHl,'JL'n(N)

I O0+NF Uniform transient temperature boundary with temperature set from the
product of the NFth transient function and _m(P'JL'n(N).

400 Adiabatic or zero diffusive heat flux boundary.
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A.4.12.4 Printing Option

zoP_ ( z ) Printing option for tube-slde variables.
0 No printing for zop_ (Z).
1 Value for zo_T (z) is printed.

Where I is the index from 1 to 16 for the following variables:
1 uY.qrD Velocity, lm/sl.

Note. The boundary velocities at l-minus side
(uZ,sTsJi) and l-plus side (uT.nTap) are also
printed.

2 TLIt Fluid temperature,[deg. CI.

Note. The boundary temperatures at l-mlnus side
(_La_mE) and l-plus side (TLa_'BP) are also
printed.

3 llT.q_It Enthalpy,[J/kg].
Note. The boundary enthalples at l-mlnus side

(XT.a_BX) and I-plus side (UT.BTnP) are also
printed.

4 ROT-_I_ Denslty,[kg/m**3]
Note. The boundary densities at l-mlnus side (nT.B_BM)

and l-plus side (l_IAtq_Bl_)are also printed.
5 x,'_n Pressure,[Pal.
6 _Ta-POT-D_S Pressure change from last time step.[Pal.
7 lmvTs Viscosity, [Pa-sl.
8 O_ra Heat Flux,[W/m**2].
9 vrI, DTB Volume of tube cell.lm**3].

10 ZSKTS Cell index.
1 1 UOI,D_'D Velocity at previous step, lm/s].
12 '_OX,D'I'S Temperature at previous step.[deg. C].
13 IIOX,DTa Enthalpy at previous step,[J/kg].
14 ROT.D_a Density at previous step,[kg/m**3].
15 POI, D_a Pressure at previous step.[Pal.
16 mcTuas Tube side heat transfer coefficient, lW/m**2/C].

A.4.13 Tube Channel Location Records

The tube channel location records contain the following variables in FORMAT (A4,814)

NAM NUM IB IE JB JE KB KENFD

NAX _Oal lt indicates the condenser tube channel.

MUM Tube channel number.

ZIb, zll These six variables are the beginning and ending I-, J-, and K-indices of tube
as ,. ,ym channel tmx.
KB, KII

_'D The flow direction in the condenser tube.
-1 The flow direction is from +x to -x.

1 The flow direction is from -x to +x.
-2 The i]ow direction is from +y to -y.
2 The flow direction ts from -y to +y.

-3 The flow direction is from +z to -z.
3 The flow direction is from -z to +z.
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A.5 Control Parameters at a Glance

The table below ts Included to clarify the role of some of the control parameters. The
values Indicated, while not guaranteed, are ones that have been found to work in many
applications. The user Is encouraged to optimize these parameters according to
application. A single asterisk Indicates that the parameter is used. A double asterisk
indicates that the parameter is not used. A value enclosed in brackets '[]' indicates that the
default value is different and that thls value must be explicitly specified in the input.

IMPLICITTIME ADVANCEMENT Solver

+--Time Step Loop Default
I NTXAX 99999
I TZXAX 3.6E+7
I ZDTZME 1
I TSTART 0.0
I DT(1) 0. I
I D_(2) 0.1
I L&S_D_ 99999
I nv_zxz [lO.OI
I _Tucou -1
I
I +--Outer IteraUon Loop
I I z_{].) [I]
I I z¢(a) [11
I I L&S_Z_ 99999
I I
I I +--Pressure Iteration Loop SOR DMIM GG
I I I oxz=&v 0.8
I I I Zcx&xp 99 * ** *
I I I ox==& 1.5 * ** **
I I I Zps_. 1.0E-4 * ** *
I I I =ps= 1.0E-6 * ** *
I I +--End of Pressure lteraUon Loop
I I
I I +--Mass fraction Iteration Loop SOR DMIM
I I I z_'x&xx 99 * **
I I I ox==&x 1.0 * **
I I I =_Sl 1.0E-4 * **
I I I li=e= 1.0E-6 * **
I I +--Pressure
I I
I I +--Energy Iteration Loop SOR DMIM
I I I ox=Gx= 0.8
I I I zTu&x= 99 * **
I I I R=L&X= 0.95 * **
I I I npsS 1.0E-5 * **
I I I--Energy
I I
I I +--Turbulent Energy Loop SOR DMIM
I I I OXaG&K 0.7
I I I z'ex&xx, c 29 * **
I I I m=LAXX 0.80 * **
I I I =ps_ 1.0E-5 * **
I I I--Turbulent Kinetic Energy
I I
I I +--Turbulence Dissipation Loop SOR DMIM
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I I I OUSG_D 0.7
I I I Z'L'M&XX 29 * *"
I I I nXX,XXX 0.80 * **
I I I mPSt; 1.0E-5 * **
I I l--Turbulent Dissipation
I I zps3 5.0e-5
I +--End of Outer Iteratlon Loop
I
+--End of Time Step Loop

A.6 Steady-State Definition

Steady-state is reached when the following condiUons are met:

I. z)z, < 1.0 where
vL=maxlmum cell resi(!ue/vconv.
vco_rv=nP s l*(mrlnt_x+BPs2), and

OVWNAXis computed in SUBROUTINE GDCONV.
..

2. Ans (Z)UMJLX/(VUI,KLX*OXuG&V))<uL_S3 where
vo_x is the maximum change of u-veloclty component
vuzjuLx is KLz(vcomr,maxlmum u-veloclty component).

3. J_ns (I)V_L_X/ (V]:LMXX*OJfnQAV))<ml,S3 where
DVWLXis the _mxlmum change of v-veloclty component
v, uL_x is KAx(vcomr,maxlmum v-veloclty component).

4. _,ns (nWKLX/ (VRI,nX*ONIGJLV))<uPS3 where
vma_ is the maximum change of w-veloclty component
VXZ,KAX is JL_X(VCOmr,maxlrnum w-veloclty component).

5. Arts (vw/ (I)nI,_JLw*oMRGXu))<n_S3 where
vw is the maximum change in enthalpy over two consecutive steps, and
nnr.,T_ ts m_X(DHCO_V,maximum current enthalpy variation).

A.7 Error Messages

The follo_vlng table gives a listing of the error messages processed by SUBROUTINE
ERRCHK. lt is intended that this secUon will be ever expanding thus making the running
of this code easier. In many cases, relevant information is printed out in the line(s) before
the error message block. When appropriate, the error messages below refer to the
variables in this information line. Variables are identified by their type (R for real, l for
integer, and A for literal) and their relaUve position (I through 12) in the line. For
example. AI,R2,13.14,15,16,17.18,19 would be used to refer to variables printed in the
following llne:

a,T,X 1.0 3 4 2 8 1 9 6

IER SUBROUTINE ERROR DESCRIPTION

l,,q' i,ir ip55.11nli.ilimll_'IpIll_qlplmITpqRJl',l_gllYllRili'511Ngpilq'qlPUll_iirlillqiwiSq_'llrl$1_qllmllqql'P_ll_H_i_IIlq'_PlSrl'qllq_liql_It'llq'=,i_lUqi_lq_i_qil'l_q_i"_lli_si_lq'_q_i_mml_Hq_il_lqr_'_li"_li_li_i_H_iyi_q_iM_i_j_i_iqq_iiri_j_M_j_ii_q_q_ii_5_qp_ii_q_qiH_irs_i_m_j_i_ii_i_[_)_'l_'_lil_n_l_ll_Illllll_l__li'"_q[_IIili_'ll_il_m _lill_i_IllJll_r_lq_[Hllllillii_qlj_illil[l_qj_iiql_irqllilt'lillilqlil'iIliq_jl_l
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1 nzs_Jtn In reading the restart file, a block from COMMON/SPACE/was
found to have a length different from that specified on the restart
file.

2 H?CT_D Invalid heat transfer correlation index. Check the index. The
correct index should be from I to I0.

3 xTc_n Invalid heat transfer correlation number was used. The correct
number must be in the range of 71-90.

4 n_nzx An invalid input parameter has been encountered while initializing
cell or surface element values. There are numerous conditions
which may cause such an error. Some of them are listed below.
One of the following necessary conditions has not been satisfied:

1 <= IB <= IMAX, 1 <ffi lE <= IMAX,
1 <= JB <= JMAX. 1 <= JE <= JMAX,
I <---KB <---KMAX, I <-- KE <.- KMAX,
1 <= N <ffiNSURF,
0 <ffi NCOM <ffiNCOMP,
IB <ffi lE, JB <= JE, KB <= KE,

0.0 < volume porosity (AL) <ffi 1.0, or
0.0 <= surface permeability (ALX, ALY, ALZ} <= 1.0.

The offending line is either printed above the error message box or is indicated with
the following string printed at the right of the line: '<--**ERROR**'. In both cases the
input line is ignored.

5 x_cozr Invalid heat transfer correlation index, rh,was used. The corret
index is from I to 10.

6 uTcozr Invalid heat transfer correlation number, lc,was used. The
corrclatlon numbers greater than 50 are not available.

7 _'nszvz The number of cells in tube side has exceeded the value NMCELL as
specified in NAMELIST/TUBS/. If the input value is correct check
the BOUNDARY SURFACE IDENTIFICATION RECORDS for possible
errors.

8 _nszvz Errors have been found in the order of the TUBE-CHANNEL
LOCATION RECORD. These must be resolved before execution can
continue.

9 TlSSZDZ An invalid TUBE-CHANNEL LOCATION RECORD has been found.
Either an index is out of range, or NFD does not equal to 1, 2, 3, -1,
-2, or-3.

10 w_COND Invalid heat transfer correlation number was used.

1 1 Doxm s One of the indices of the above BOUNDARY SURFACE
SPECIFICATION CARD is outside of one of the following ranges:

IffiI,IMAX J=I,JMAX KffiI,KMAX Nfl,NSURF,

or one or more of the beginning indices is greater than the
corresponding ending index.

I.e., IB > IE or JB > JE or KB > KE.

12 noxms While processing the card printed above the error box a surface
element was found to be specified as being contained in two
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surfaces. The cell and surface identifiers are (I1.12,13) and 14 and
15 on the second line.

13 Boxzs On BOUNDARY SURFACE IDENTIFICATION CARDS. surfaces must
be specified so that surface numbers are in increasing sequential
order with ali irregular surfaces preceding regular surfaces.

14 Z]gRCBX Only fifteen calls to z_Rcu are allowed before termination. This
number can be increased by changing the value of NC_LT.S in
SUBROUTINE ERRCHK.

15 rz_.T.x One of the indices I. J, or K is outside of its expected range 1-1MAX,
I-JMAX, or 1-KMAX respectively. This error usually occurs when
the BOUNDARY SURFACE IDENTIFICATION CARDS have left a hole
in the boundary. Recheck the BOUNDARY SURFACE
IDENTIFICATION CARDS for an undefined or incorrectly defined
surface and see the appendix section entitled FINDING HOLES IN
THE BOUNDARY.

16 GZOX3D z,m_Rtrr caused termination. Error is caused from error No. 15.17.
or 18 in Subroutine rxT.z_.

17 rxx, T.x The total number of cells counted in rZT.Z,Hhas exceeded the upper
bound of IMAX*JMAX*KMAX. Recheck the BOUNDARY SURFACE
IDENTIFICATION CARDS.

18 rzx, x,x Excessive wrap around in the THETA direction. Recheck the
BOUNDARY SURFACE IDENTIFICATION CARDS. Also assure that ali
surface normals are pointing into the calculational area.

19 _'_,_Y.x Time has run out while attempting to number the cells in FzY.z_.
This probably has been caused by an input error in the BOUNDARY
SURFACE IDENTIFICATION CARDS.

20 _oxss The number of surface elements has exceeded the value of NL1 as
specified in NAMELIST/DATA/. If the input value is correct check
the BOUNDARY SURFACE IDENTIFICATION RECORDS for possible
errors.

21 aoxls The number of cells has exceeded the value of NMI as specified in
NAMELIST/DATA/. If the input value is correct check the
BOUNDARY SURFACE IDENTIFICATION RECORDS for possible
errors.

22 rzz, T.x The number of cells has exceeded the value of NM1 as specified in
NAMELIST/DATA/. If the input value is correct check the
BOUNDARY SURFACE IDENTIFICATION RECORDS for possible
errors.

23 _r_Y.oc Changes in NM1. NLI, IMAX. JMAX, and KMAX are not allowed
when restarting (ZrRZS=2 or ZrRZS=3).

24 sspx When using the Simplified Properties Option you must input
nonzero values for FOH. C lH, CORO. and COK. Be aware that the
Simplified Properties Option computes properties as a linear
function of temperature only and as such must be used with
extreme caution!

25 x_z'zAz, The duct wall model is not available in this version. Use
x_m(p (N)ffi400 and Thermal Structure to model the equivalent
thermal effects.

26 zwz_v. A nonpositive value of TmvPo has been found in Z_TAT.. Set Tzxp0
to some positive value in NAMELIST/DATA/.
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27 Z_rORC An invalid input card has been encountered in SUBROUTINE
INFORC while reading the FORCE STRUCTURE SPECIFICATION
RECORDS. The first field must contain either 'XFOR', TFOR', or
'ZFOR'. The indices IB and IE, JB and JE, and KB and KE must be
in the ranges 1 through IMAX, 1 through jMAX_ and 1 through
KMAX respectively. The invalid card printed above the message ts
ignored and execution continues.

28 ZMLOOP Set TSXZWffiOor 2.

29 FOnCBS An invalid correlation was specified for a force structure. Execution
continues after setting zroncl=-1.0e+20.

30 roncls A Negative velocity was returned from the subroutine to to
determine the velocity through a valve. Execution terminates.

31 rORCZS An invalid valve position was specified in the variable ZVM,VR.
Execution continued after setting zWu_vz--O and rORCn=-1.0E+20.

32 ZHZ_T. ZST_ has been found to be 0 while attempting to restart from a
previous run. lt has been reset by the code to 1. Verify that this is
an acceptable fix. Execution continues.

33 Ts_nxl, BODPhas a value of zero in the thermal structure prototype input.

34 xHx'r_,I, NLXand NMXmust not be specified in NAMELIST /GEOM/when
restarting from a previous run with zsTx_z>O. Remove NY.Xand
mfx from NAMELIST/GEOM/ and rerun.

35 ous'pu_' The value 11 is an Invalid value of xs_n or b'_HPR, specifically, the
w field is not defined. The value is ignored and processing
continues.

36 Ts&nm/L The value of XGuOHis Invalid. Set 3:Gzox to 0 or -1 and rerun.

37 TS_nR_ A negative material value has been found in the thermal structure
input.

38 w_T. The liquid water property function w_Y.Ts_ has been encountered a
negative pressure when attempting to compute the saturation
temperature.

39 w_, The liquid water property function wM,_s_ has been computed a
negative saturation temperature.

43 TSCbH On of the following Input rules for thermal structures has been
violated: TYPz namellsts can only appear first, after FLUXD namelist
and after NA'euR'r_L namelists. The geometrical characteristics,
xxY_., must be one of the following values: I, 2, 3, 1I, 12, 13, I01,
102, 103. FLU'rV namellsts can only appear after _¥_I and
_InxM, namelists. Each thermal structure must have at least one
material region.

44 xNps_'_t When computing areas and volumes of the partitions of the thermal
structure material regions an inner radius was found to be less than
-1.0E+4*OU_R, where ou_n was te outer radius as specified on the
TYp_ card. Check the thermal structure input for ouch, Dn_XR,
and m_._. If no errors are found here check the entire thermal
structure prototype input. The negative radius is reset to zero and
execution continues. See error number 45 for a list of the variables
printed above the error block.

45 XNPS'rR When computing areas and volumes of the partitions of the thermal
structure material regions an inner radius was found to be larger
than the outer radius. Check the thermal structure input. The
inner radius is reset to the outer radius end execution continues.
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The parameters printed above the error block are: N - structure
number, znzG - region number, ZPAR -partition number, OU'rR(N)
- outer radius, vn - region size, ROUT- outside radius, RZN - inner
radius.

46 TSCAN An invalid THERMAL STRUCTURE LOCATION card has been found.
Either an index is out of range, or the Loc value is invalid (must be
either , out ° or 'zN, ). or the sum value does not match the
number of any THERMAL STRUCTURE PROTOTYPE.

47 TSCAN A THERMAL STRUCTURE PROTOTYPE has been encountered
which has fluid cells interacting at both outside and and inside
surfaces, however, the number of cells ilnteracting with the outside
surface does not equal the number of cells interacting with the
inside surface. II, 12, 13, and 14 are the structure number, surface
interaction code, number of cells interacting with surface I, and
number of cells interacting with surface 2.

48 TSCAN THERMAL STRUCTURE PROTOTYPE RE,CORDS are inconsistent
with the THERMAL STRUC'ql/RE LOCATION RECORDS. Either the •
TSP records specify only cells interacting with the outside surface
and the TSL records specify some cells interacting with the inside
surface, or the TSP records specify only cells interacting with the
inside surface and the TSL records specify some ,_.ells interacting
with the outside surface. The values pri]Ited above the error
message are the same as those identified in error 47.

49 INPSTR The THERMAL STRUCTURE LOCATION RECORD printed above the
error message box indicates a cell within the ranges of the indices
which is not a valid calculational cell. The specific I, J, and K
indices are printed out as 19, II0, and II I. This cell is ignored and
execution continues. The results which follow are likely incorrect.

50 PnZNnC An invalid value of NCOLm_ has been encountered. NCOLUM must
have a value of 8, 9, I0, or 1I. Execution continues without
printing this table.

51 rILLM The BOUNDARY SURFACE IDENTIFICATION CARDS have defined a
single sided interior boundary surface between cells II and 12.
Check to see that all surfaces you have defined bound calculational
cells. A_so be sure that any interior surface has calculational cells on
both sides of it. Reread the BOUNDARY SURFACE IDENTIFICATION
CARD input section and check your input. Execution continues
however subsequent results are questionable.

52 TSAREA An invalid value of xxYz has been found in the thermal structure
prototype input.

53 TSCAN Currently only ICO thermal structure prototypes are allowed. If
more is needed, ,:hanges must be made in COMMON/REBALS/in
subroutine AT-LCreand INPSTR. Execution terminates.

54 ?SCAN Errors have been found in the order of the thermal structure
prototype input. These must be resolved before execution can
continue.

55 zsvx Invalid material number is specified in _'_.

56 zsvx The temperature range for indicated material number has been set
to 50.0 - 90.0 degrees. This can be specified by the user in variables
TABLOT and TABHIT.

57 ZPROP S Invalid material number is used.
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58 xNx_xz, Irregular surfaces must have no flow or pressure boundary condition
applied across them. That is, xrT,ow(N)=1, vzv.oc(N)=O.0. _ID
KP_ZS(N)=O for ali irregular surfaces N. When specifying transient
boundary conditions, the transient function number. NF. must be
nonzero. That is, XFT.OW(N) _lO0, K'_ZXl,(N) = 100.
KTin(P (N) ffi300, and l_Pnzs (N) =I00 are all invalid boundary
condition types. Valid types, assuming properly defined transient
functions, would be, for example, XFT'OW(N)=IOI and
KTltU_ (N) = 102.

59 GZOM3D DX(Z). DY(_T). and DS(X) must be nonzero for I-I through zwJ,x.
Jffil through JMJ_x, and Kffil through lr_]tx.

60 OIOM3D The length of the normal vectors defined by XNmUCT.(N),
_nqo_L(N), and :_o_T. (N) must be within one percent of 1.0.

61 zNronc A previously defined force structure location has been overwritten.
In the preceding lines, A1 shows the cell face on which the force
structure was being defined, 12 is the force structure number, and
13, 14, and 15 give the cell indices. The last force structure defined
at a cell face will be the one which is used.

62 ZNX_&T. Incorrect values have been specified for zsz_ and/or zsz_'xo.
See NAMELIST/DATA/ for a description.

63 XNX_T- New thermal s_ucture input will be read. Ali previous thermal
structure information from previous runs will be ignored.

64 ZNX_T. New force structure information will be read. Ali previous force
structure information from previous runs will be ignored.

A.8 Storage Allocation

In order to ease the task of creating load modules (binary files) to tiL the size of the
problem being considered, a quasi-dynamic storage allocation scheme has been
implemented. Space for most of the geometry dependent variables is allocated in the
variable S of COMMON/SPACE/. The address of each variable is computed at the beginning
of each run. These addresses are then passed into called subroutines where the variables
are named and variably dimensioned.

The following table shows a list of the variables with space allocated in variable S of
COMMON/SPACE/. The dimension of each variable is indicated as is the index of variable

IS which contains the S offset address of the variables. If any changes are made in this area.
one must assure that consistency is maintained.

VARIABLE VARIABLE INDEX VARIABLE INDEX VARIABLE INDEX
DIMENSION NAME NAME NAME

PRZMA.RY HZP 1 XXX 2 M,YP 3
GuOHRTRY MLTM 4 MKP 5 MKM 6

Nx1 xJl_ 7
&Lx 13 _,LY 14 _tLZ 15
J_r., 16
VFLUZD 1 1 1 _.FLUX 1 12 AFLUY 113
,qFLUZ 114

NLX MB 42 xsunr 43 _,It_& 44
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PRZXARY HOLD I0 RL 17 UL 18
FLUID VL 19 WL 20 EXDOT 115
NXFT FLOWX 171 FLOWY 172 FLOWZ 173

HL 22 TL 23 RLOLD 24
ULOLD 28 QSOUR 29 V_OLD 30
WLOLD 31 POLD 35 • 41
ERE 177 EKEOLD 178 SOLD(HLT. 108
DIFF,DIFFH 116 TnT,TnT)

NLFT VnLnN 46 HLn 48 nLn 45
QnN 47 TLn 49
FLOWn 176 ZZZn 179

.--........--.......--..............--........ .... .--...........--..

SECONDARY UHATL 25 VSATL 26 WHATL 27
FLUID DUOL 32 DVOL 33 DWOL 34

NMFT AUOL 38 AV0L 39 AWOL 40

AC1 67 XC2 68 AC3 69

AC4 70 ACS 71 AC6 72
ACO 73 aC0 74 SPHEAT 120

TERTIARY RMU 8 DL 21 BHOLD 98
i

FLUID DUOLD 99 nVOLD 100 nWOLD 101
NMFT DRDP 102 DRDH 103 DHDP 164

SCBL 104 SPHL 105 CK 50

NMCT XXS 109 XMSOLD II0
THL 78 THLOLD 79

RTH 152 RTHOLD 153

NLCT ZMSB 81 THLB 150 RTBB 151
................ ....... .........--.......--.............

TURBULENCE MODEL
NMI TKOLD 12 TR 36 TURVIS 37

TURCON 76 TD 80
TDOLD 137 BKOLD 138 BDOLD 139
BCKL 106 SPKL 107

NLI TKB 51 TDn 136

SKEW UI_VIND MODEL

NMI B08KE 155
--...............................--.........

FORCE

NFORCR ZCORR 60 CLENTH 61 REYLEN 62

IFORCE 9 FORCZF 63
NTSEP ZTSCn 52 BYDRAI 53 HYDRA2 54

RODFR 55 NROW 117 RODDM 118
NPAR STANZA 56 STVOL 7
NREG MATERL 58 BEAT 59 SIZE 64
NSUR fCEL 65 HSTREL 66 SCTUnE 119

NTTS TTS 77
TSTW 83 Tcs 84 QFX 85
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m_Gs 86 H_ss 87 Nnow 117
nODDX 118 DZFFU 122 Ps&T 123
HFG12 124 ZMDO_ 79

son MBnB 11 HSWIBP 82

YSHP zA 127 xPZnM 128 MPZNV 129
_& 130 HWH&_ 131 A 132

nsP 133 ZZAF 134 zJAr 135
PcQ xA 88 xv 89 JA 90

_WXA_ 91 n 92 JA 93

AP 94 P 95 Qn 96

agn 97 A 125 L 126

XZ#K DUXXY1 75
XZLZ#K ZDUXZ 140

ZLXAX ZDUX2 141

XZ_K ZDUX3 142

NLI ZDUX4 143

X&Xl RDUXZ 144

XAX2 RDUX2 145

NHCBLL OL_n 180 PTB 181 TL_B 182

H_Tn .183 ROLTB 184 RXUTn 185

QTB 186 VrLD_B 187 nOLD_B 188

UOLDTB 189 POLD_n 190 HOLDTB 191

DPTB 192 z_xTn 193 TOLDTB 194
N_onzs LFDTn 195

A.9 Calling Sequence

The _llowtng table indicates the code structure by showing the c_ling sequence of the

subrouUnes. C_ to the prope_tes rout_es and _nction are not indicated. Also multiple

c_ls may not be indicated.

MAZNI--RUNXD

I--MAMBLS

I--CLI&R

I--ZRRCHK I--OUTPUT I--GLOBaL I--RUNZD

I I I--ZJKG=_
I I I--SOXnll I--Z#XGBT

I I I--TSQ I--Z_G=T
I I I--InnMSS

I I--=nnxns

I l--OUT2 I--OUTZU

I I I--OUTJU
I I I--OUTKU

I I I--CHOP
I I I--PnXNRC I--- BRRMIS

I I--OUTR1
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I I--OUT1 I--OUFZB
I I I--CHOP
I I I--PRZNRC I--BRRXlS

I I--ZJKOB?
l .l--OU?IZ I--OUFZZ

I I I--CHOP
I I I--PRZNR¢ I--IRRMZS

I I--nR_OHE

I I--RSURFO

J I--ZBURFO I--ZJKGRT

I I--PSTRUC

I I--OUTTnl I--OUTPTn
I

I--GI_HIX
I--STOSUN
I--TSC&N

I--TBSCAN

I--&HAZN I--THZHGZ

I--TKZHOB

I--OnOM3D I--N&XlLS

I I--noxls I--_RnCHK

I I I--Z_XSIT

I I I--Z+XOIT
I I I--FZLLK I--SHOKZ
I I I--ZmKOIT

I I I--ZJKSZT
I I I--IRRaHK

I I I--TLnFT
I I--TLBF_

I I--In_CHZ
I l--XxnnAY

I I--Z&RR&Y

I I--R_RR&Y

I

I--ZHZT&L I--RRST&R I--PLT&Pl
I I I--LOCF

I I I--IRROHK

I I--N&XnLS

I l--mnncHx

I I--IRRKBS

I I--ZSUH I--IRRCHK
I I--FZ?Z_ I--XC/SOU

I I--ZXFOR¢ I--IRRCHK
!

I I--TnZNPn

t l--ZCTUnn

I I--UPD&TB

I 0--ZNPSTn I--|nnCH_

I I I--TSARI&

l I--ZOTIKP
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I I--INZTPn I--ZJXGXT
I I--nX_ZN I--Inncux
I I I--SZ?Bx

I I I--SZTnL
I I I--nZDZF

I I
I I--GSOV&RI--ZJKOBT
I I--ZNZTFL I--BaPRBB I--GITF
I I I--ROTINP I--TXZNGB

I I I I--P2OPF I--THUMZD
I I I I--TNZNGE

I I I--_ZTFLO
I I I--nCTINP I--ZJKGRT
I I I--BCTIM0 I--TMZNQB

I I I I--ZJKGIT
I I I I'-TMZNGI

I I I--GITRHC
I I I--BCX&SS I--ZJKGIT

I I I--GITRHM
I I I--BaCONT
I I I--BcTIM? I--ZJKGRT

I I I--BCFLOW
I I I--BCFLOT
I I I--UPD&TI

I I
I I - -GZ&J& I - -ORDV I - -MD I - -MDZ
I I I I I - -MDM

I I I I I - -NDP

I I I I I- -MDU

I I I I - -sRO

I I I
I I I--CDRV I--NROC
I I I - -NSFC

I I I --NNFC
I I I --NNSC
I I I--NNTC

I I--ZNZTUR I--TURV12

I
I--HSTRUC I--TXZNOB

I I--ZJKOITI
I I--HTCOIF I--TMZNGB

I I I--IRRNIS

I I I--HTCOND I--TXZNOB

I I I I--I_MIS
I I I I--TXZNGI

I I I--TXZNal
I I

I I--HTCTUBI--TXZNOB

I I I--IR_NI8
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I I I--TXZNGB
I I--TKZNal

i
I--TSTRUC I--TNZNGB
I I--Z_KalT

I I--_XZmal
I

I--GSTRUC I--TMINGB
I I--ZJKQIT

I I--TNZNGI
I
I--GDCONV I--ZOKQBT

I I--8STDT
I--PL?&PS I--RUNZD
I--BUHRI2

I--OU?PU?

I--BI?DT I--RnRXlS
I--TZXBTP I--?XZ_GB

I I--UPD&TZ
I I--UPD&TB

I I--BCPRIS I--GITF
I I--BCTRN0
I I--GZ_HC

I I--BcX&sS
I I--aIT_HX

I I--XOLOOP I--TXZNGB
I I I--BCTLOT I--GITF

I I I--GITVZS

I I I--ZMONZ I--TNZNGB

I I I I--ZJKG/T
I I I I--ZNOMZ

I I I I--ZXOXX I--WLFNCV

I I I I--FORClBI--IRRXES
I I I I I--VSTAnO
I I I I I--IRRCHX

I I I I--TNINGI
I I I

I I I--¥XOXZ I--TXZNGB
I I I I--ZmXOI_

I I I I--ZNONZ
I 6 I I--SNOMX I--WLFNCV

I I I I--FOnClSI--IRRXZS

I i e I I--VS_Xno
I I I I I--IRRCHE

I I I I--TXZNGI
I I I--ZXOXZ I--TXZNOB

I I I I--ZOXGXT

I I I I--ZMOXZ
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I--ZMOMX I--WLFNCV

I--FORCESI--ERRMES

] I--VSTARO

I I--ERRCHK

I--TMINGE

--,PEQN I--TMINGB

I--IJKGET

I--TMINGE

--SOLVER --TMINGB

--soLvITI--TMINGB

I--TMINGE

--DMIM

--CGRAD --TMINGB

--GNZERO

--GETKA

--LOADA

--CGSOLV

--TMINGE

--TMINGE

--MOMENI I--TMINGB

I--TMINGE

--GETFLO

--BCFLOW

--TMINGE

--BCTURB

--TKLOOP --TMINGB

--TKSORC --TMINGB

--IJKGET

--VELCEN

--TKGRAD J--VELCEN

--TMINGE

--ENCON0 _--IJKGET

--TKENER I--TMINGB

I--IJKGET

I--DIFFXl

I--TMINGE

--SOLVER

--TMINGE

--TDLOOP I--TMINGB

J--ENCON0 I--IJKGET

I--TDENER I--TMINGB
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i i i- -IJKGET

I I I- -DZFFXl

i [ I- -TMINGE

[ i- -SOLVER

i j- -TMINGE

I

I --TURVI2 |- -TMINGB

W [- -TMINGE

I

[ - -MALOOP - -TMZNGB

J --MACON0 I--IJKGET

I --MADIFF I--ZJKGET

I --I|ASSCO I--ZJKGET

I - -SOLVER

I - -TMINGE

I
l --ENLOOP - -TMINGB

[ --GETEKE i--IJKGET

I - -BCTEMT I--GETF

[ - -HSTRUC I--TMINGB

I I- -IJKGET

[ [--IITCOEF J--TMINGB

J J J --ERRMES

J J J--HTCONDJ -TMINGB

J J J J -ERRMES

I I l l-TMZNGE

I I l- -TMINGE

I I

l l- -IITCTUB l--TMINGB

l l l- -ERRMES

l l l- -TMINGE

l I- -TMZNGE

i

l --ESORCE l--TMZNGB

l l- -GETF

I l- -QSTRUC

l I- -IJKGET

I l- -TMINGE

l - -GETCON

l - - ENCON0

! --ENCON2 I--ENCX2 l- ENCFY

i l l- -ENCOR3

l" -IJKGET

J - -ERRMES

l - -ENERGI l--TMINGB

l I- -ZJKGET

l l --ECONDX

l l - -TMINGE

l - -GETHL
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I I I--SOLYBR
I I I--?XZNGI
I I
I I--'JL'aSZDB I--THZNQn
I I I--Z_ZQZ_
I I I--- _DI_J_
I I I--TDX&2
I I I--BC_UBZ
I I I--TXZHOR
I I
I I--_OTIXP I--_XZNOB
I I I--PROPF
I I I--_xzNol
I I--GZ_VEL
I I--BCCONT
I I--Bc_zxP I--Z_KoI_
I I--nCFLOW
I I--acx&s I--ZJKo_
I I--_S_RUc
I I--_xz_on
I--W&?s?P
I--)LT&)Z
[--WKTTZX
l--OUTPUT
I--R_STKR
|--THZNGB

A.10 Overlay Structure

This section gives one possible overlay structure. If this is found to be insufficient one
can use the preceding section to help redesign an alternative scheme. When using a virtual

memory operating system, user defined overlays are probably undesirable.

INSERT MAIN,ERRCHK, LOCF

INSERT 14VAR,R4VAR, 14ARY,R4ARY, SPACE

INSERT MACHIN,REBALS,CCORR, CHEATC,ADDCON

OVERLAY ONE

INSERT CLEAR,TSCAN.TBSCAN

OVERLAY ONE

INSERT AMAIN,TLEFT, RARRAY.RESTAR, PLTAPE

INSERT BCFLOT, BCFLOW, BCPRES,BCTEMP.BCTEMT, BCTEM0.BCTUBE

INSERT GETF, GDCONV,WATTIM,WATSTP
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INSERT HSTRUC,QSTRUC,TSTRUC,HTCOND.HTCTUB

OVERLAY TWO

INSERT GEOM3D, FILLM,MARRAY,IARRAY,SHOME

OVERIAY THREE

INSERT BOXES

OVERLAY TWO

INSERT INITAL.FrT[T, ICSSCU

INSERT |CTEMP.BARIN.RSET3,RSET2,REDEF. ICTUBE

OVERLAY THREE

INSERT INFORC

OVERLAY THREE

INSERT INPSTR.TBINPR

OVERLAY TWO

INSERT INITZ 1

OVERLAY TWO

INSERT TIMSTP, FORCES

INSERT TKI_OP.TSHEAR,TKSORC,TKENER SOLVEN,BCTURB

OVERLAY THREE

INSERT MOLOOP,XMOMI,YMOMI,ZMOMI,PEQN,GETDL.TDMA, WLFNCV

INSERT SOLVIT, MOMENI,ENLOOP.ESORCE.ENEI_£_ !

OVERLAY THREE

INSERT MALOOP,TBSIDE

OVERLAY THREE

INSERT OUTPUT, RSURFO,I SURFO, PSTRUC

OVERLAY THREE

INSERT INTURB

ENTRY MAIN

NAME(}
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A.11 Machine Dependent Routines

Two machine dependent functions are used in this package.

1. LOCF

This function returns the absolute address of the variable which is passed as the
argument, lt is used both in determining the length of blocks to be written to the restart
file and in performing initialization. This function is used extensively in the code and thus
its functional equivalent must be supplied when implemented on other systems. An
assembly language listing of LOCF for the IBM roaching is given below.

* Return location of a variable as 32 big integer.
*

IfLOCF(X)
e

LOCF CSECT
SAVE {14,12),,LOCF
L 0,0(1) Load the address.

SLL 0, I Remove the sign bit.
SRL O, I

MVI 12(I 3),X'FF' Signal return.
SR 15,15 Return code.
BR 14 Return.
END

2. TLEFT

This function returns the CPU time left in the current run in units of 0.01 seconds.

This time starts at the time specified on the JOB card and ends at zero when the Job is
terminated by the system, lt is used for timing and to determine when to terminate and
write a restart file. For interactive systems the following function may be substituted. This
will eliminate meaningful timing measures and the MAXrlME restart capabilities; however
it will not effect the codes results.

FUNCTION TLEFT (TIME}
DATA T / I00000.0/
T=T-2.0
TLEFT=T
RETURN
END

A.1!. Finding Holes in the BoundaLy_ -

The BOUNDARY SURFACE SUMMARY is intended to aid the user in finding holes in
the boundary surfaces, lt is obtained by setting IBSD_ in NAMELIST/GEOM/. The
boundary surface summary consists of two parts. First is a table of binary strings and their
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corresponding printed character. Following this table are amex planes with each
calculatlonal cell being repres,ested by one of the characters from the first table. The binary
string associated with each character indicates the location of the surface elements in the
following way. Each bit in the binary string corresponds to a face of the calculational cell.
The first bit corresponds to the face in the l minus (l-) direction. This Is the surface
between cell (I.J,K) and cell (l-l.j,K). The second bit corresponds to the face in the I+
dlrecUon, the third in the J-, the fourth in the J+. the fifth in the K-, and the sixth in the
K+ direction. A surface e|ement is defined at a cell face if the bit corresponding to that face
has a value of 1.

For example, suppose "F" is printed at the IocaUon for cell (I,J,K). "F" corresponds to
the binary string "011000". This indicates that a surface element has been defined in the
l+ and J-directions, that is. between cells (I,J,K) and (l+l,J.K) and between cells (I,j,K)
and (l,J- I,K).

In order for this scheme to be effective _i_ table should contain 62 different printable
characters. A blank corresponds to string "000000" and string "I 1111 I" should never
occur. While we have a laser printer with both upper and lower case at ANL, the printers
usually used are impact printers with only about 58 different characters. Therefore. the
current implementation uses the character "?" to correspond to all of the following binary
strings: "IIIII0", "IIII01". "III011", "II0111". "I01111". "011111", and "111111".
This does introduce some ambiguity however the impact is probably not serious. For those
users who wish to eliminate these duplications, changes must be made in SUBROUTINE
SHOME.
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Appendix B: List of COMMIX-PPC Subroutines

Calling
Subroutine Subroutine Description

MAIN - Writes the title and computes addresses of variables
according to the key variables read from input.

AMAIN MAIN Main calling program. See overall flow chart. Fig. 1.

BARIN INITAL Reads the boundary and internal cell initialization cards.

BCCONT INITFL Updates boundary values on continuative exits.
TIMSTP

BC_ INITFL Updates boundary velocities on surfaces with transient
MOLOOP flow boundary condition.

BCH.OW INITFL Updates boundary velocities during iterations.
TIMSTP
MOLOOP

BCMAS TIM STP Sets continued mass and volume fraction boundary values.

BCMASS INITFL Sets continued mass and volume fraction boundary values
TIM STP per KMASS.

BCPRES INITFL Sets specified pressure values at cells adjacent to
TIMSTP surface having pressure boundary conditions.

BCTEMP INITFL Updates boundary values of heat flux, temperature,
TIM STP density, and enthalpy.

BCTEMT INITFL Updates boundary values of temperature, pressure, and
ENLOOP density for constant and transient heat flux boundary

conditions.

BCTEMO INITFL Computes boundary values of pressure, heat flux, and
TIMSTP density for constant or transient temperature boundary

conditions.

BCTUBE TIM STP Updates boundary values of pressure, heat flux, and
density for constant or transient temperature boundary
conditions on tube side.

BCTURB TIMSTP Updates boundary values of turbulence kinetic energy.

BOXES GEOM3D Reads surface specification cards input for the box

geometry option.
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Calling
Subroutine Subroutine Description

CGRAD SOLVER Solves matrix equation by preconditioned conjugate
gradient method.

CHOP OUT2 Resets the beginning and end row and column markers
OUT1 to print out only rows and columns containing cell or
OUT I I boundary values.

CLEAR MAIN Zeros out the values of all variables between the two

arguments passed.

DIFFXI TDENER Computes diffusion between two adjacent cells for k and
TKENER E equations.

DMIM SOLVER Solves the matrix equation with the direct matrix
inversion method.

ECONDX ENERGI Computes conduction between two adjacent cells.

ENCFY ENCX2 Computes y direction weighting factors for flow-
modulated skew-upwlnd difference scheme.

ENCON_ TKLOOP Computes upwind convective terms.
TDLOOP
ENLOOP

ENCON2 ENLOOP Computes convective flux for flow-modulated skew-
wind difference scheme.

ENCOR3 ENCX2 Computes comer weighting factors for flow-modulated
skew-upwlnd difference scheme.

ENCX2 ENCON2 Computes coefficients due to positive x direction for
flow-modulated skew-upwind difference scheme.

ENERGI ENLOOP Computes coefficients of the energy equation.

ENLOOP TIMSTP Calls required subroutines in sequence for solution of

energy equation.

ERRCHK Several Processes error conditions and prints error messages.

ERRMES Several Similar to ERRCHK

ESORCE ENLOOP Computes the source term for energy equation.

FILLM BOXES Initializes the cell and adjacent cell pointers.

FITIT INITAL Computes the coefficients of cubic spline fit for input
transient functions.
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Calling
Subroutine Subroutine Description

FORCES XMOMI Computes user-lmposed drag forces.
YMOMI
ZMOMI

GDCONV AMAIN Computes DCONV. the convergence criteria based on
maximum velocity in the region.

GEOM3D AMAIN Determines essential geometric information.

GEOVAR INITAL Computes cell volumes and surface areas, which remain
constant throughout a calculation.

i GETCON ENLOOP Computes effective thermal conductivity.

GETEKE ENLOOP Computes flow kinetic energy.

GETF several Determines the value of transient function NF at the
current time.

GETFLO MOLOOP Computes mass flow.
INITFL

GETHL ENLOOP Computes enthalpy.

GETMEM MAIN Allocates memory dynamically.

GETRHC INITFL Computes boundary density and enthalpy.
TIMSTP

GETRHM INITFL Evaluates mixture density and enthalpy, and product of
TIMSTP density and volume fraction at boundary.

GETVEL TIMSTP Adjusts velocity after density change.

GETVIS MOLOOP Computes effective viscosity for all cells.

GLOBAL OUTPUT Prints global balances.

HSTRUC AMAIN Computes heat transfer coefficients for thermal-
ENLOOP structure elements.

HTCOEF HSTRUC Computes heat transfer coefficient.
BCTEM_

HTCOND HTCOEF Computes heat transfer coefficient for condenser model.

HTCTUB HSATRUC Computes tube-side heat transfer coefficient.
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Calling
Subroutine Subroutine Description
i i i i

ICTEMP INITAL Initializes default boundary temperature and boundary
velocity (or mass flow).

ICTUBE INITAL Initializes tube-side flow conditions.

INFORC INITAL Reads input related to force structure and prints corre-
sponding input summary.

INITAL AMAIN Calls required subroutines in sequence to initialize
internal-cell and boundary values of ali variables.

INITFL INITAL Initializes ali fluid variables.

INITPR INITAL Sets default static pressure.

IN ITUR INITAL Initializes turbulence model.

INPSTR INITAL Reads thermal structure input data, computes required
geometrical and physical information, and prints
thermal-structure input summary.

ISURFO OUTPUT Prints surface array IVAR for surface number NSUR.

MACONO MALOOP Computes the convective terms for component mass
continuity equation.

MADIFF MALOOP Computes the diffusion terms for component mass
continuity equation.

MALOOP TIMSTP Calls required subroutines in sequence to solve
component mass continuity equation.

MASSCO MAI_OP Computes transient and source terms for component
mass continuity equation.

MOLOOP TIMSTP Calls required subroutines in sequence to solve mass-
momentum equations.

MOMENI MOLOOP Calculates new-tlme velocity using new-tlme values of
pressure.

NAMELS GEO3D Reads NAMELIST information.
INITAL
ADRIVE

OUT1 OUTPUT Writes a plane of values for ceil-centered variables.
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Calling
Subroutine Subroutine Description
, i iii i Ill I I II i i i

OUT I I OUTPUT Writes a plane of integer values for cell-centered
variables.

OUT2 OUTPUT Writes a plane of values for face--centered variables.

OUTFIE OUT 1 Sets up two arrays, VAL and MARK, of the size NRMAX
and NCMAX for cell-centered variables.

OUTFII OUTll Sets up two arrays, VAt, and MARK, of the size NRMAX
and NCMAX for cell-centered variables.

OUTIU OUT2 Similar to OUTFIE for face-centered variables.
OUTJU
OUTKU

OUTPTB OUTTB! Prints tube-side flow information.

OUTPUT AMAIN Prints array information.
ERRCHK

OUTTBI OUTPUT Sets up tube-side variable storage information.

PEQN MOLOOP Computes coefficients of pressure equations.

PLTAPE AMAIN Writes plotting information.
RESTAR

PRINRC OUT1 Writes out the incoming array.
OUT2

PRINRI OUTll Writes out the incoming integer array.

PROPF ROTEMP Computes properties.

PSTRUC OUTPUT Prints temperature fields and heat transfer information
relating to thermal structures.

QSTRUC AMAIN Solves heat conduction equations and computes effective
ESORCE heat source from thermal structures to the coolant.

REDEF BARIN Redefines porosities and permeabiliUes that are R
dependent for cylindrical geometry.

RESTAR INITAL Writes or reads a restart dataset.
AMAIN

ROTEMP TIMSTP Determines the state of each cell by updating the
INITFL properties.
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Calling
Subroutine Subroutine Description
i ii i i.i ii i i i i i iii

RSURFO OUTPUT Prints a specified surface array.

RUNID MAIN Returns time and version information.
GLOBAL
PLTAPE

SETDT AMAIN Sets a nonzero time-step size (0.001).
GDCONV

SETRL BARIN Performs boundary value initializaUon.

SETRM BARIN Performs interior-cell value initialization.

SHOME FILLM Prints graphical representation of the boundary surface
identification cards.

SOLVER MALOOP Calls one of the three matrix solvers to solve the

MOLOOP discretlzed pressure equation and the scalar transport
TKLOOP equations.
TDLOOP
ENLOOP

SOLVIT SOLVER _olves the matrix equation by the SOR method.

STOSUM ADRIVE Computes the lengths of variables and prints storage
summaries.

SUMRE 1 GLOBAL Reads and stores a set of input.

SUMRE2 AMAIN Writes the control variable summary.

TBINPR INITAL Reads the tube-side input to set up the storage for tube-
side variables.

TBSCAN MAIN Scans tube-side input to determine amount of storage
needed to run a condenser problem.

TBSIDE TIMSTP Solves one-dimensional Navler-Stoke's equation for tube-
side flow.

TDENER TDLOOP Computes coefficients of the £ (dissipation of turbulence
kinetic energy) equation.

TDLOOP TIMSTP Computes the dissipation of turbulence kinetic energy

for the two-equation models.

TDMA TBSIDE Tri-diagonal matrix algorithm.
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Calling
Subroutine Subroutine Description

TIMSTP AMAIN Calls required subroutines in sequence to bring variable
values from time t to time t + At.

TKENER TKLOOP Calculates the coefficients of the turbulence kinetic

energy equation.

TKGRAD TKSORC Computes gradients used in the source terms in the
turbulence equations.

TKLOOP TIMSTP Computes turbulence kinetic energy k.

TKSORC TKLOOP Computes the source terms in the turbulence kinetic
energy (k) equation.

TSAREA INPSTR Computes the total heat transfer area between thermal
structures and fluids.

TSCAN MAIN Scans the thermal-structure input to determine the
amount of storage needed to run a problem.

TSQ GLOBAL Computes the total heat for each thermal structure.

TSTRUC AMAIN Solves the heat conduction equation and computes
TIMSTP thermal-structure temperature, TI'S.

TURV 12 INITFL Computes turbulent viscosity and thermal conductivity
TIMSTP for the k-e two-equation turbulence model.

UPDATB INITAL Restores previous time-step values to current time--step
TIMSTP values on the tube side.

UPDATE INITFL Restores the previous time-step values to the current
TIM STP time-step values.

VELCEN TKSORC Computes cell-centered velocity.
TKGRAD

VSTAR® FORCES Computes local critical velocity for superheated steam.

WLFNCV ZMOMX Modifies the wall shear stress to account for frictional

force.

XMOMI MOLOOP Computes coefficients of x-momentum equations.

YMOMI MOLOOP Computes coefficients of y-momentum equations.

ZMOMI MOLOOP Computes coefficients of z-momentum equations.
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Calling
Subroutine Subroutine Description

i i i i.,

ZMOMX XMOMI Computes the _x convective and viscous terms of the
YMOMI momentum equation.
ZMOMI

ZMOMZ XMOMI Computes the z-z convective and viscous terms of the
YMOMI momentum equation.
ZMOMI

ZSUM INITAL Prints the property summaries.

i li iiii
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Appendix C. Flow-Resistance Correlations

C.1 Introduction

This appendix, which contains a convenient collection of flow-resistance correlations
that are commonly needed by COMMIX users, is written with hope that it will save the user
from the need to search a vast literature. We also hope that this appendix will serve as a
starting reference for new users.

We caution here that the correlations presented are not necessarily the only and final
relations. We welcome feedback and comments from ali users _o that we can add other

correlations, update the existing relations, and improve the information presented here.

C.2 Crossflow Over Tubes

The pressure drop for flow over a bank of tubes can be estimated with the equation

t ,_0.14

2 f'G2 N[_w| 'AP = max (C. I)
P

where

AP = pressure drop. Pa.

Gmax = mass velocity at minimum flow area, kg/m2*sec,

p = density of fluid, kg/m 3.

N = total number of transverse flows in the main flow direction.

l_w = viscosity evaluated at wall temperature, kg/m.s,

_tb ffi viscosity evaluated at bulk temperature, kg/m.s, and

f' = an empirical friction factor given by Jakob c. I as

f' = 0.25+ 0.118 l(GmaxDo)-O'16

LOS (C.2}

IS T -DoDol _b

for staggered tube arrangement (Fig. C. I), and

f'= 0.044 + _-ST_ DO _0.43+I.13Do/SL _l'b 1C.3}

Do ;

for in-line tube arrangements (Fig. C.2}.
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4-.-S L=--_ _ SL--_

F_g. C. 1. Nomenclature for a staggered tube arrangement

SL----_

t()
"1"

,,,"_ ,,,,--_), L() ',,..,,,,,..,,,..

Fig, C2. Nomenclature for in-llne tube arrangement
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In Eqs. C.2 and C.3.

DO = outside diameter of tube. m.
ST = transverse pitch, m. and
SL = longitudinal pitch, m.

C.3 Sudden Enlargement and Contraction

Pressure loss due to abrupt change in a flow area is generally expressed in terms of the
loss coefficient K.

1 2
Ap = K_pvt (C.4)

= K2 lpv],
(C.5)

where KI and K2 are the pressure loss coefficients, and v! and v2 refer to the velocity in
smaller and larger cross sec ions, respectively.

For abrupt expansion, the loss Coefficient K is given by the expression C.2-C.3

K
where AI and A2 are the small and large areas, as shown in Fig. C.3. If the abrupt expansion
is modeled as shown in Fig. C.4. the reference velocity used in COMMIX to evaluate
pressure drop corresponds to the velocity in the larger cross section. Therefore, we must
use Eq. C.5 with the loss coefficient K2, given by

K, = (AA--_-li. (C.7}

For abrupt contraction, as shown in Figs. C.5 and C.6, the values of the loss coefficient
are presented in Table C. 1, which is taken from Ref. C.4.

C.4 Venturi, Nozzle, and Orifice

C.4.1 Venturi

For flow through venturi, the pressure loss can be determined from

1 2
Ap t = K l _pv I (C.8)

1 2
= K2 _pv 2 , (C.9)

where KI and K2 are the loss coefficients of kinetic energy in the small and large cross
sections, respectively.

The loss coefficients for venturi, shown in Figs. C.7 and C.8, are given respectively by
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Fig. C.3. Sudden enlargement with reference velocity 111
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Fig. C.4. Sudden enlargement with reference velocity V2
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Fig. C.5. Sudden contraction with reference velocity VI
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Fig. C.6. Sudden contraction with reference velocity V2
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Table C.I. Loss coefficients for sudden contraction a

AI/A2 Cc KI K2

O. 1 0.624 0.363 36.375

0.2 0.632 0.339 8.475

0.3 0.643 0.308 3.422

0.4 0.659 0.268 1.675

0.5 0.681 0.219 0.876

0.6 0.712 0.164 0.456

0.7 0.755 O. 105 0.214

0.8 0.813 0.053 0.083

0.9 0.892 0.015 0.019

1.0 1.0 0 0

aSource: Ref. C.4

K I - I- _2 C@v-I (C.IO)

and

K2 = Al Cv - ,

where the velocity coefficient cv is a function of Reynolds number (pvl D I/I_), as listed in
Table C.2. The Reynolds number is based on the velocity and diameter of the small cross
section.

C.4.2 Nozzle and Orifice

For flow through a nozzle and orifice, shown in Figs. C.9 and C. I0, the pressure loss is
determined from

Ap = Klpv 2, (C.12)
Z

where

K = C"_k A, )' lC. 131
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Homentum Control
Volume

Fig. C.7. Venturi in a momentum control volume, where the loss

coefficient is defined by Eq. C. I0

Momentum Control Volume

I /

J _,....
Fig. C.8. Venturi in a momentum control volume, where the loss

coefficient is defined by Eq. C. 11



134

Table C.2. Velocity coe_ts cv for venturi a

LOgloRe Cv

3.2 0.9

3.5 0.925

4.0 0.950

4.5 0.966

5.0 0.977

5.5 0.985

6.0 0.989

6.5 0.992

aSource: Ref. C5

Nozzle Momentum "ControlVolume
i/

, , l,A2 v2 _ v
I !

Fig. C.9. Nozzle in a momentum control volume
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Fig. C. 10. Orifice in a momentum control volume

Here, the discharge coefficient C is a function of the area ratio and Reynolds number. The
Verein Deutsche Ingeniere NDI) has published curves for C for the German standard
nozzles and orifices. They are shown in Figs. C. 11 and C.12. Note that the Reynolds
numbers in both figures are based on the diameter and undisturbed velocity upstream of the
nozzle or orifice.

C.5 Submerged Body

The pressure loss due to a submerged object, shown in Fig. C. 13, is given by

Ap = CDA__(1 21 (C. 14)Ao _pv .

Here, Ap is the projected area of a submerged object in a plane normal to the flow
direction, Ao is the flow area, and CD, the drag coefficient, is a function of Reynolds number
based on the undisturbed velocity v,, and the object diameter D. Figure C. 14 gives the

variation of CD with Reynolds number for several common shapes.
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Fig. C.12. Discharge coefficient for VDI orifice
(Source: Ref C.4)
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Fig.. C.13. Submerged object in a momentum control volume
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Fig. C.I 4. Drag coefficient for several simple shapes
{Source: Ref. C.4}
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C.6 Straight Duct

For flow through a straight duct. Fig. C. 15, the pressure loss Is expressed as

_h(l 2)&p--- _pv f. (C. 151

Here, L ts the length of the control volume, dh ts the hydraulic diameter, and the friction
factor f Is a function of Reynolds numb _r.

* Laminar Flow

For a circular duct. the fully developed friction factor is given by

64
f = ----. (C. 16)

Re

The fully developed friction factor for a family of rectangular ducts ranging from a
square to flow between two parallel plates is plotted in Fig. C. 16.

• Turbulent Flow

For turbulent flow in a straight duct, the friction factor given by Blasius C.7 ts

0.3164

f = ReO.25 , (C. 17)

where

Re = pvfh/_t. (C. 18)

The Blasius formula ts valid for Re < 2 x 105.

C.7 Pipe Fittings

The pressure loss due to pipe fittings Is commonly expressed by

Ap = K lpr= (C. 19)
2 "

The head loss coefficients K for typical fittings, published by Crane Company, C.s are listed
In Table C.3.

C.S Concluding Remarks

In Appendix C, we have presented a set of pressure loss correlations for the conven-
ience of COMMIX users. For geometries not Included here, Refs. C.9 and C. I0 may be
consulted.

If experimental data are available for any special geometry under consideration, lt Is
preferable to use the data rather than the correlations.
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Fig. C. 15 Straight duct in a momentum control volume
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Fig. C.16. Friction coefficients for fully developed laminar

flow in rectangular tubes (Source: Ref. C.6)
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Table C.3. Head loss coefficients K for various fittings

Fitting K
iiiii

Globe valve (fully open) I0.0

Angle valve (fully open) 5.0

Swing check valve (fully open) 2.5

Gate valve (fully open) 0.19

Close return bend 2.2

Standard tee 1.8

Standard elbow 0.9

Medium sweep elbow 0.75

Long sweep elbow 0.60
roll
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Appendix D. Sample Problem: Steady-State Performance of a Power
Plant Condenser in the Presence of Noncondensible Air

i i i

D.1 Purpose

The purpose of this appendix is to familiarize readers with the input/output structure
of the code.

D.2 Problem Description
n

The simple problem presented here is a I/2 shell of a typical nuclear power plant
condenser. Figure D. I shows the grid structures in the x, y, and z directions for the
present coarse model. The J = I0 plane is a symmetrical plane. Figures D.2-D.4 show the
grid layout at the I = 4, J = 7, and J = 9 planes, respectively. A steam/air mixture enters at
the condenser top, i.e., K = 2 plane, lt is explicitly assumed here that all the air leaked into
the condenser is lumped and accounted for through the condenser inlet boundary
condition. The steam from the feed pump turbine exhaust enters into the lower portion of
the condenser at cells (2, 9, 4) and (2, I0, 4). The noncondensible air, with some steam, is
extracted out of the condenser through the air extractor pipes.

All the condenser tubes are appropriately distributed over 38 tube channels as shown

in Fig. D.2. Each tube channel is modeled into 5 nodes along the x--direction (I = 2 to I =
6). The cooling water enters at cell J = 6 and exits at cell I = 2.

D.3 Input

D.3.1 Working Fluids

Shell side: steam and air

Tube side: sea water

D.3.2 Condenser Tubes

Number of tubes: 10.734

Tube material: Titanium

Outside diameter: 0.02540 m (1.0 in.)

Inside diameter: 0.02398 m (0.944 in.}

Tube arrangement: staggered with pitch = 0.03175 m (1.25 in.)
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Fig. D.I. Grid structure of the sample problem
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Fig. D.3. Grid layout at the J = 7 plane
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Fig. D.4. Grid layout o.I the d = 9 plo_e

D.3.3 Flow Boundary Conditions

Shell side

Inlet: Uniform steam and air m/xture flow with a/r mass fraction equal to
4.105 x 10-5 enters through the top: constant steam mass now

equal to 5.6 kg/s enters through the lower portlon of the condenser.

Outlet: Constant mass flow of steam/a/r m/xture, 0.0505 kg/s.

Walls: No slip.

Symmetric plane: Free slip.
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Tube side

Inlet: Constant velocity, 2.0028 m/s.

Outlet: Continuity mass flow.

D.3.4 Thermal Boundary Conditions

Shell side

Inlet: Constant temperature, 46.983°C at the top and 46.22°C at lower
portion of the condenser.

Outlet and Other Walls: Adiabatic.

Tube side

Inlet: Constant temperature, 29°C.

Outlet: Adiabatic.

D.3.S Pressure Boundary Condition

Shell side

Inlet: Constant pressure at top, 10,577 Pa.

Tube side

Constant pressure at inlet, 94,006 Pa.

D.3.6 Force Resistance Correlations

Shell side

Tube Bundle: Crossflow over staggered tubes by Jakob,C. 1 Eq. C.2.

Steam/Air to Air Extraction Pipe: Sharp edge orifice, Eq. C. 13.

Flow in Air Extraction Pipe: Flow inside straight duct, Eqs. C. 16 and C. 17.

Tube side

Flow inside straight duct, Eqs. C. 16 and C. 17.

D.3.7 Other Options

Shell Side

Constant turbulence diffusivity model.

DMIM (Direct matrix inversion method) solver.
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Appendix E. Sensitivity Study: Effect of Condenser Inlet Air
Mass Fraction and Exit Mass Flow Rate of Air
Extraction System on Steam Condensation Ratei i i i ii iii

As a steam/alr mixture passes a bank of condensing tubes in a power plant condenser,
noncondensible air tends to accumulate at the interface between metal surfaces and

condensate films. Because air is a poor conductor, its presence on a condenser tube surface
could significantly retard the overall steam condensing rate. To improve condenser

performance, an air extraction system or ejector is used to remove noncondensible air.
The amount of air to be removed depends on the air mass concentration and its distribution
in the shell side and the extraction flow rate through the ejectors. Thus, a sensitivity study

was performed to study the effects of inlet air mass fract_,on and mass flow at the exit
(ejector} on the steam condensing rate. The following cases were investigated in this
sensitivity study.

I. Varying inlet air mass fraction: All the conditions are identical to the sample problem
in Appendix D except that the inlet mass fraction is changed from 4. I I x 10-5 in the
Sample Problem to O, 2.05 x 10-5. 8.21 x 10 s. and 16.42 x lO-5.

2. Varying the exit mass flow rate: Ali the conditions are identical to Case 1 except that
the exit mass flow rate is increased by I00 percent.

Table E--I lists the conditions imposed in each case and the corresponding calculated
steam condensation rates. These results are also shown in Fig. E. I, where it is evident that
decreasing the inlet air mass fraction or increasing the exit mass flow rate increases the

steam condensation rate in the condenser. Figs. E.2-E.4 show the constant air mass
fraction llne for cases 1.3, 1.4, and 2.4 (defined in table E-I), respectively.

Note that whereas Figs. E.2 and E.3 show that the more air mass enters the condenser,
the more air will accumulate near the tube bank, resulting in decreasing the steam

condensation rate, Figs. E.3 and E.4 show that increasing the exit mass flow rate results in
reducing the air accumulating near the tube bank and increasing the steam condensation
rate.
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Table E--I. Effect of condenser inlet air mass fraction and exit mass flow rate
of an air extraction system on steam condensation rate

Inlet Air Mass Mass Flow Rate Calculated

Fraction at Extraction Pipe Steam Condensation
Case No. ( 10 -5) (kg/s) (kg/s)

1.1 0 0.0505 208.9
1.2 2.05 0.0505 178.1
1.3 a 4.11 0.0505 162.5
1.4 8.21 0.0505 138.6
1.5 16.42 0.0505 106.7
2.1 0 0. I0 I0 208.9
2.2 2.05 0.1010 188. I
2.3 4. 0. I010 176.6
2.4 8.21 0. I010 160.0
2.5 16.42 0. 1010 137.6

aSample Problem in Appendix D
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F_g. E.2. Constant air mass fractlon
lines (96) at I = 5 plane for
Case 1.3

r. I "/'C" ;t

%**_"" "*_V_f •S •

,. ".-.-.-: :.-

dr# ** ,,*Qm, *e,, % •

' ]//.;--":.._0"8;4 L Inlet air mass fraction = 4. I I x I0 "5
_.-. --_:..."_ =, .: ,. -----'_ I,---.- Exit mass flow rate = 0.0505 kg/sec

- % ._i /I . t

•.,,L,,-.. --_ ,- • Contour line increment = 2%

i ii
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Flg. E.4. Constant air mass fraction

lines (%) at I = 5 plane for
Case 2.4

• • i' s • •

• _.-:..-_s,,,

... -:...._.:...e • LT • •

"" : ," _ _" _ Inlet air mass fraction 8.21 x 10-5

":'-* ..... Exit mass flow rate = 0.0101 kg/sec
Contour llne increment = 2%
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