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SUMMARY

HYDRA-11 1is a hydrothermal computer code capable of three-dimensional
analysis of coupled conduction, convection, and thermal radiation problems.
This code is especially appropriate for simulating the steady-state performance
of spent fuel storage systems. The code has been evaluated for this applica-
tion for the U.S. Department of Energy's Commercial Spent Fuel Management
Program.

HYDRA-II provides a finite-difference solution in cartesian coordinates to
the equations governing the conservation of mass, momentum, and energy. A
cylindrical coordinate system may also be used to enclose the cartesian coor-
dinate system, This exterior coordinate system is useful for modeling cylin-
drical cask bodies,

The difference equations for conservation of momentum incorporate direc-
tional porosities and permeabilities that are available to model solid struc-
tures whose dimensions may be smaller than the computational mesh. The
equation for conservation of energy permits modeling of orthotropic physical
properties and film resistances. Several automated methods are available to
model radiation transfer within enclosures and from fuel rod to fuel rod.

The documentation of HYDRA-II is presented in three separate volumes.
Volume I - Equations and Numerics describes the basic differential equations,

illustrates how the difference equations are formulated, and gives the solution
procedures employed. This volume, Volume II - User's Manual, contains code

flow charts, discusses the code structure, provides detailed instructions for
preparing an input file, and illustrates the operation of the code by means of
a sampte problem, The final volume, Volume III - Verification/Validation

Assessments, provides a comparison between the analytical solution and the
numerical simulation for problems with a known solution. This volume also
documents comparisons between the results of simulations of single- and multi-

assembly storage systems and actual experimental data.
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1.0 INTRODUCTION

Implementation of spent fuel dry storage systems is required in the late
1980s because several at-reactor storage basins will attain maximum capacity
(DOE 1986)., The Nuclear Waste Policy Act of 1982 {NWPA) assigns the U.S.
Department of Energy (DOE) the responsibility for assisting utilities with
their spent fuel storage problems. One of the provisions of the NWPA is that
DOE shall provide generic research and development of alternative spent fuel
storage systems to assist utilities in their licensing activities.

One of the important requirements for storage systems is that they dissi-
pate heat while maintaining the temperature of the stored materials below
established limits. The thermal performance of a storage system can be
assessed by a comprehensive testing program. Such testing programs are typ-
ically time-consuming and expensive. Analysis tools {(e.g., computer codes),
while not intended to entirely supplant testing methods, can perform a valuable
service. Appropriately qualified computer codes can provide predictions of
thermal performance as a function of system design and operating conditions,
Moreover, when tests are to be performed, computer codes can help select test
conditions, spent fuel decay heat generation rates, and instrumentation place-

ments, as well as aid in interpreting test data.

HYDRA-II, developed by the Pacific Northwest Laboratory (PNL), is a com-
puter code for heat transfer and fluid flow analysis. An enhanced version of
HYDRA-I {McCann 1980), it is a member of the HYDRA family of general purpose
codes collectively capable of transient three-dimensional analysis of coupled
conduction, convection, and radiation problems., This current version is espe-
cially appropriate for simulating the steady-state performance of spent fuel
storage systems of current interest, A specialized version was deemed appro-
priate for two reasons: 1) it provides a reasonable level of generality for
most potential users without the unwelcome burden of excess complexity and

cost, and 2) it permits public availability of the code in a timely fashion,

The documentation of HYDRA-II is presented in three separate volumes.
Volume [ - Equations and Numerics describes the basic differential equations,

illustrates how the difference equations are formulated, and gives the solution
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procedures employed. This volume, Volume II - User's Manual, contains code

flow charts, discusses the code structure, provides detailed instructions for
preparing an input file, and illustrates the operation of the code by means of
a model problem. The final volume, Volume III - Verification/Validation

Assessments, provides a comparison between the analytical solution and the
numerical simulation for problems with a known solution, This volume also
documents comparisons between the results of simulations of single- and multi-
assembly storage systems and actual experimental data.

A detailed overview of the HYDRA-II code is presented in Chapter 2,0, The
code structure and solution sequence are described and illustrated with flow
charts. General gquidance on conventions to be followed in preparing the input
file is also provided. Chapters 3.0 through 28.0 present specific descriptions
of the code's individual subroutines. Each of these chapters contains the
FORTRAN PARAMETERS and information needed to prepare the input file relevant to
a specific subroutine. Chapter 29.0 contains a sample problem illustrating
many characteristics of a typical spent fuel cask. The complete input file is
included in Appendix A, and selected output is described in Appendix B. Code
setup and operation, as well as output interpretation, are explained and
illustrated using the sample problem.
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2,0 CODE OVERVIEW

HYDRA-II provides a finite-difference solution in cartesian coordinates to
the equations governing the conservation of mass, momentum, and energy. A
cylindrical coordinate system may also be used to enclose the cartesian coor-
dinate system. This exterior coordinate system is useful for modeling cylin-
drical cask bodies. When both coordinate systems are invoked, the code will
automatically align the two systems and enforce conservation of energy at their
interface.

The difference equations for conservation of momentum are enhanced by the
incorporation of directional porosities and permeabilities that aid in modeling
solid structures whose dimensions may be smaller than the computational mesh,
The specification of inflow and outflow boundary conditions has been eliminated
as appropriate for sealed storage systems. The equation for conservation of
energy permits modeling of orthotropic physical properties and film resis-
tances. Several automated procedures are available to model radiation transfer
within enclosures and from fuel rod to fuel rod., An implicit solution algorithm
is used for both the momentum and energy equations to ease time-step Timita-
tions and stability requirements.

HYDRA-II has been designed to provide a user-oriented input interface,
which eliminates the need for internal code changes., Any application for which
the code is an appropriate choice can be completely described through the con-
struction of an input file. The user may optionally request a formatted echo
of the input file to confirm that the intended parameters are actually those
used by the code. A selectable commentary monitoring the progress of the code
toward a steady-state solution is available, as is a summary of energy
balances. Finally, a tape may be written at the conclusion of a run if the
user wishes to restart the solution from its most recent point.

2.1 CODE STRUCTURE AND SOLUTION SEQUENCE

HYDRA-II is intended for steady-state applications, The method used by
the code to approach steady state is simijar to a transient simulation that
ultimately converges to the steady-state condition. Starting from specified
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initial conditions, the solution will evolve through time using automatically
selected time-steps for both the energy and the momentum equations. Because
only a steady-state solution is desired, the time-dependent terms for the
energy, momentum, and continuity equations have been modified to accelerate
convergence, Therefore, before it reaches steady state, the evolving solution
will not correspond exactly to an actual transient solution, and the numerical

values of the time-steps do not represent real time,

The overall structure of HYDRA-II is shown in Figure 2.1. If the run is
to be restarted based on the results of a previous run, then the code will read
a restart file, This file contains the thermal and momentum time-steps, tem-
peratures, mass fluxes, densities, and pressures, If no restart file is
present, the code will prescribe initial values for the above variables and
proceed to initialize all subroutines in accordance with instructions read from
the input file. The initial temperature field(s) may be printed, if desired,
at this time.

Next, the outer loop for solution of the enerqy and momentum equations
begins. The flow chart shown in Figure 2.2 illustrates the computational
sequence. The appropriate subroutines are called in the correct order to
determine a solution for either the energy equation(s} or the momentum equa-
tions or both, If a solution to both energy and momentum equations is desired,
then the sequence is to solve for new-time temperatures using old-time mass
fluxes and then solve the momentum equations using updated (temperature-
dependent) density and viscosity, The solution is advanced by incrementing
time by a thermal and momentum time-step. The magnitude of the two time-steps
need not be the same because only the steady-state solution is desired. After
the prescribed number of time-steps is reached, the code will exit this outer

1oo0p.

The final phase of the run consists of printing user-selected energy
balances and field variables. A restart file is also written if desired,

A more detailed explanation of the energy and momentum solution sequences
is now given, Ffigure 2.3 shows the flow chart for solution of the energy equa-
tion{s). If thermal radiation is present on the cartesian coordinate system,
then, according to input file instructions, the selected subroutines embodying
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follow as being read by subroutine HYDRO and related to monitoring selected
mass fluxes in the x-direction. The text is very helpful in searching for a
desired section of input with the aid of a line editor.

The code runs internally using a metric system of units, The input file
must be prepared using the same units. Table 2.1 lists the system of consis-
tent units that is to be used.

A1l echoing of the input file to the output file is done Without conver-
sion. Computed temperatures, however, are converted to degrees centigrade when
printing is requested.

2.3 SUBROUTINE DESCRIPTIONS

Each chapter in the remainder of this volume deals with a single sub-
routine, The function of the subroutine is discussed, and general guidance is
given for preparing an input file. PARAMETER statement information is pro-
vided. Next, the general input format is given with a description of the indi-
vidual variables whose values are to appear on the file. Finally, an input
file example of an actual application is shown, to lend concreteness to the

description for general input.

TABLE 2.1. Input Data Units

Quantity Units
Length centimeter (cm)
Mass gram {g}

Time second (s)

Force dyne {dyn)

Power watt (W)
Temperature degree Kelvin (°K)
Density g/cm3

Pressure dyn/crrl2

Mass flux g/cmz-s

Viscosity Poise (dyn-s/cmz)
Specific heat W-5/g9-°K

Thermal conductivity W/cm=-°K
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3.0 PROGRAM MAIN

Program MAIN functions primarily as an executive that calls appropriate
subroutines as they are needed according to the requirements of the applica-
tion. Program MAIN also reads and writes restart tapes (if required) and con-
trols many of the printing options.

3.1 PARAMETER STATEMENT INFORMATION

Program MAIN requires the specification of parameters IP, JP, KP, ISP,
JSP, KBP, and KTP. These parameters define the overall computational mesh and
are described in Chapter 4.0, Subroutine GRID. Two additional parameters are
required for specification of printing options:

e NPLALP - Most three-dimensional arrays may be printed in their
entirety (the default condition). It may be
desirable, at times, that only selected k-planes be
printed, to reduce the amount of output. NPLAlP-1 is
the maximum number of k-planes that can be selected
for any printing option. If no options are desired
(other than the default), then NPLALP should be set to
1.

e NPLAZP - This parameter designates the maximum number of print-
ing options., The default printing condition does not
constitute an option. If no options are desired, then
NPLAZP should be set to 1.

3.2 INPUT FORMAT

3.2.1 Descriptive Text for the Application

A user may optionally insert text to be printed on the output file that
describes the application.
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General Input Format

NECHO
LINES
TEXT

TEXT

General Input Description

NECHO - Echoing switch for this section of input. If input is
to be echoed, then NECHO = 1; otherwise, O.

LINES - The number of lines of text that follow and that are
to be read from the input file,

TEXT - Text that the user wishes to have printed on the out-
put file. Each line of text may be up to 48
characters long,

Input File Example

[ T Y
YU W - QWO U W) —

17

1/main
15

so they chop and change, and each fresh move
is inly a fresh mistake,
robert service

input for castor-v/21 6/6/85

source is cvlby, input file is cinvlbvb
1/2 symmetry, vertical, he, 28.00kw, case 6
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Echoed Input File Example

11

2

3

4

5

6

7

8

9

10 50 they chop and change, and sach fresh mova
H Is inly a fresh mistake,
12 robert service
13

t4 input for castor=-v/21 6/6/85
15 source fs cviSv, Input flle Is clnvi5vh
:g 1/2 symmetry, vertical, he,28,09kw, case &

NECHO is set to 1 on line 1, LINES on line 2 indicates that 15 lines of
text are to follow. Note that a line of text may consist entirely of spaces.

3.2.2 Run Control Information

The next section of input is used to provide some of the information
needed for general code operation. This information includes the number of
time-steps to be allowed, reading or writing restart tapes, and the selection

of certain subroutines to be called.

General Input Format

NRUN, NSTEP, NSINFO

NREAD, NWRITE, NDUMP

STEADY, NOBODY, NOTEMP, NOVEL
NEWTA

NDTIME, DTIMEN DTIMAX, DTIMIN
RADCON, RADPON, RADRON
REBAON, NREB, NREBN

General Input Description

e NRUN - This constant indicates the run number for identifica-
tion only.
e NSTEP - The number of time-steps for this run.
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NSINFO

NREAD

NWRITE

NDUMP

STEADY

NOBODY

NOTEMP

NOVEL

NEWTA

NOTIME

This constant controls the printing frequency of diag-
nostic information and monitored variables, For exam-
ple, if NSINFO = 20, then information will be printed

for time-steps 1, 21, 41, etc., Information is always

printed for the first and last time-steps of a run,

If a restart tape is to be read at the start of a run,
then NREAD = 1; otherwise, O,

If a restart tape is to be written at the end of a
run, then NWRITE = 1; otherwise, 0.

If NWRITE = 1, then a restart tape is written every
NDUMP time-steps. This feature is useful for a long
run where a crash may occur before the conclusion of

the run.

Used to distinguish between a transient and a steady-
state simulation. Because HYDRA-II is intended only
for steady-state simulation, STEADY should always have
the value of 1.0,

[f the simulation does not include a cask body, then
NOBODY = 1; otherwise, 0.

If NOTEMP = 1, then the temperature field(s) will not

be updated during this run; otherwise, O,

If NOVEL = 1, then the flow field will not be updated

during the run; otherwise, 0.

If new ambient temperatures are desired, then NEWTA =
1; otherwise, 0, New ambient temperatures are read
from subroutines THERM and TSIDE.

If a new initial time-step is desired for the solution
of the energy equation, the NDTIME = l; otherwise, 0.
This new time-step is applied to the first time-step
of the run, and must be given if the run is not

restarted from a tape.
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DTIMEN

DTIMAX

DTIMIN

RADCON

RADPON

RADRON

REBAON,
NREB, NREBN

The value of the initial thermal time-step at the
start of a run. Subsequent thermal time-steps are
computed automatically within the code. The thermal
time-steps may be different from the time-steps used
in the solution of the momentum equations for a

steady-state application.

The maximum value of the thermal time-step, A value
of 1.0 or less is recommended for the steady-state

mode of operation.
The minimum value of the thermal time-step.

If the radiation model embodied in subroutine RADC is
to be invoked for the application, then RADCON = 1,0;
otherwise, 0.0,

If the radiation model embodied in subroutine RADP is
to be invoked for the application, then RADPON = 1,D;
otherwise, 0.0.

If the radiation model embodied in subroutine RADR is
to be invoked for the application, then RADRON = 1.0;
otherwise, 0.0.

Subroutine REBA provides a numerical method for
accelerating the thermal solution toward a steady
state. If this subroutine is to be called, then
REBAON = 1.0; otherwise, 0.0, The subroutine will he
called at the beginning of a time-step, NS, when the
relationship MOD(NS,NREB) .EQ. NREBN is satisfied.
Subroutine REBA should be called only if both subrou-
tines THERM and TSIDE are being used.
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Input File Example

18 10,4,1
19 1,1,100
20 1.0,0,0,0
21 0
22 0,0,1,1,0,0,01
23 1.0,1,0,0.0
24 1,0,100,1
Echoed Input File Example
18 run number 10
19
20 main nrun=10 nstep= 4 nslnfo= 1
21 maln nread=1 nwrite=1 ndump= 100
22 main steady=1,0 nobodys0 notemp=0 novel=0
23 main newta=0
24 maln ndtime=0 dtimen=0,100e+00 dfImax=0,100e+0t dtimin=0,1000-01
25 maln radcon=1,0 radpon=!,0 radron=0,0
26 maln rebacn=1,0 nreb=100 nraebn= 1

There is a one-to-one correspondence between each line of input and its

respective echo.

For example, the sequence of integers 10,4,1, on line 18 of

the input file corresponds to line 20 of the echoed input file where NRUN = 10,

NSTEP = 4, and NSINFO = 1,

3.2.3 Print Plane Options

The amount of information that could be sent to the output file can be

almost overwhelming for most large-scale simulations.

The print plane options

allow the user to print selected k-planes of most three-dimensional arrays.

The default option is that the entire array is printed,

General Input Format

NECHO
NPLA2
NPLAL, XPLANE, KPLANE, ... KPLANE

-

NPLAl, KPLANE, KPLANE, ... KPLANE

General Input Description

e NECHO - Echoing switch for this section of input.

to be echoed, then NECHO = 1; otherwise, 0.
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® NPLAZ - The number of sets of k-planes available {the number
of lines to follow).

e NPLAL - The number of k-planes to be specified for this set of
k-planes.
e KPLANE - The k-plane to be printed in a given set. When more

than one KPLANE is specified for a given set, the k-
ptanes are printed in the order listed.

Input File Example

25 1/main/print plane sets
26 2

27 1,18

28 2,25,2

Echoed Input File

28 main print plane sets are 2 maximum allowed Is 4 with 5 planes per set
29 option 1: 18
30 optlon 2; 25 2

The input file shows that the echoing switch, NECHO, is on and that two
k-plane sets are to be defined. Line 27 indicates that one k-plane, namely k =
18, will be printed for the first set. The second set shown on line 28 indi-
cates that two k-planes are to be printed, namely k = 25 and k = 2, in that

order.

The echoed jnput file shows on line 28 that two print plane sets are
available, and that a total of four could have been defined. Also, each set

could specify up to five planes,

3.2,4 Specification of Qutput

Most of the arrays that hold variables of interest (e.g., temperature,
pressure, mass fluxes) may be printed at the discretion of the user. The
arrays can be quite large and, even if the user wishes to print some variable,
not all of the arrays may be needed. This section of the input file allows the
user to specify what arrays to print and which print plane options are to be

selected.
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General Input Format

NECHO

PRINT, NOPTION/PTI

PRINT, NOPTIDN/PTSI

PRINT/PQBND

PRINT, NOPTION/PQI
PRINT, NOPTION/PQRAD

PRINT, NOPTION/PTS1
PRINT, NOPTION/PT

PRINT, NOPTION/PTS
PRINT, NOPTION/PMX
PRINT, NOPTION/PMY
PRINT, NOPTION/PMZ

PRINT, NOPTION/PDPF

PRINT, NOPTION/PPF

General Input

Description

& NECHD

® PRINT

e NOPTION

Echoing switch for this section of input., If input is
to be echoed, then NECHO = 1; otherwise, O.

[f the array or information is to be printed, then
PRINT = 1,0; otherwise, 0.0,

This integer specifies the number of the print plane
option selected (0 indicates the default option of

printing the entire array).

The following definitions are used to indicate variables or information to

be printed. A slash precedes each character string in the input file; there-

fore, the character string is not used in the code,

e PTI, PTSI

e PQBND

e PQI

Temperatures in the inside and side of the cask,
respectively, These temperatures are those that exist
prior to the first time-step of a run.

Provides a summary of useful heat transfer informa-
tion. Net heat transfer rates to, from, and within
various regions of the cask are displayed. This

information is not contained in an array; therefore,

no print plane option is needed.

Heat fluxes within the cask cavity.
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29
30
3l
32
33
34
35
36
37
38
39
40
4]
42

PQRAD - Radiation heat transfer to each cell within the cask
cavity. This is a summary of radiation source
strength computed by subroutines RADC, RADP, and/or

PTS1 - Heat flow into each cell of the side of the cask from

RADR,
the inside.
PT, PTS -
respectively.
PMX, PMY, -
PMZ respectively.
PDPF -
step.
PPF - The pressure field.

Input File Example

i/main/print arrays or info
0.0,0/pti
0.0,0/ptsi

3.9

Temperature in the inside and side of the cask,

Mass fluxes in the x-, y-, and z-directions,

The change in the pressure field for the last time-



Echoed Input File Example

32 maln print arrays or Info
33 oti=0,0 nptl= {

34 ptsi=0,03 nptsi= 0
35 pgbnd=1,0

36 pql=1,0 npgi= 1

37 pqrad=0.0 npgrad= 0
38 pts1=0,0 nptsl= O
39 pt=1,0 npt=0

40 pts=1,0 npts= 0

41 pmx=1,0 npmx= 2

42 pmy=0,0 npmy= 0

43 pmz=1,0 npmz= 0

44 pdpf=0.0 npdpf= 0
45 ppf=0,0 nppf= O

Line 29 on the input file shows that NECHO has been set to 1; therefore,
the echoed input file is printed as shown. Line 30 on the input file shows
that PRINT is set to 0.0 for PTI, so initial temperatures inside the cask are
not to be printed. Line 32 on the input file shows that PRINT is set to 1.0
for PQBND; hence, a summary of heat transfer information will be printed, Line
38 shows that PRINT is set to 1.0 ard that print plane option 2 is desired for
PMX (mass fluxes in the x-direction). This specification results in printing
of k-planes 25 and 2 in this order.

3.10



























































































































in the z-direction. The user who can and wishes to use the RADR model can
specify ignoring the radiative part of the transverse heat transfer in the fuel
assembly model by setting either rod emissivity EROD or gap emissivity EGAP to
zero in PROP Input Block 6.

5.1.5 Conduction Through Films

Films or gaps whose thicknesses are small compared with computational
cells can have a significant effect on heat transfer., The effect as modeled in
HYDRA-II can be seen for the case of no flow in Equation {5.3). HYDRA-II
allows input of sets of polynomial coefficients for a number of materials in
PROP Input Block 3. Subsequent input in PROP Input Block 5 allows construction
of polynomial coefficients for series layer type guantities A/SL, as described
for the series conduction model. Coefficients of the A/S8L type can also be
used to construct film resistances singly or in series for the interfaces
between grid cells.

A special feature allows construction of a film resistance for a narrow
gap across which radiation occurs, RESFX, RESFY, and RESFZ are essentially
reciprocals of heat transfer coefficients for the interface film between cell
(I,J,K)} and cell (I+1,J,K), (1,d+1,K), or (I,J,K+1), respectively., Radiation
and conduction across a gas-filled gap are essentially parallel processes.
Hence, the total heat transfer rate across a gap of width &L and area A will be

Q=3 A(T - T,)) +A (5.8)

a
Ly
£

1 2

where ¢ is the Stefan-Boltzman constant, €1 and €y are emittances of the two
surfaces facing the narrow gap, A' is the thermal conductivity, and T1 and T2
are absolute temperatures on the two sides. If the absolute temperature dif-

ference in Equation {5.8) is not excessive, one can approximate Equation (5.8)

by

(5.9)



where Tp is some temperature between Ty and Tp. Noting that Q/A should be {1~
Tz)*(kléL) for an equivalent A/8L, we can express Equation (5.9) in terms of an
effective A/&L:

A 4o 3
E_+_E_-1
1 2

In constructing polynomial coefficients for the A/S8L type quantities, HYDRA-II
permits the coefficient of the cubic term, C3{MT), to be constructed either
directly from a gap radiation model as 40/(1/31 + /e,y - 1) with e; and €, as
input emittances, or from the specified substance input variable set MAT as
C3(MT) = CCON3(MAT)/SL. The constructed polynomial coefficient set can thus
optionally model conduction and radiation as parallel processes across the gap
in the effective A/8L, and the implied film or layer resistance can be placed
in series with other layer resistances either within or between cells. Film
resistance sets can be used in setting boundary conditions for cask ends.

The resistance to heat flow of the phantom cell between the flat parts of
the rectangular grid boundary and the cylindrical grid interface can be accu-
rately represented using the film resistance model. The volumetric resistivity
for heat flow into these cells from the adjacent rectangular grid computational
cell should be set to a low value. The fiim resistance, however, should be set
to a value equal to the resistivity of the material there muitiplied by the
distance from the outside edge of the adjacent grid computational cell to the
cylindrical grid interface. One can set up the x/8L polynomial coefficient
values in PRDP Input Block 5 for which (A/GL)'1 will give the desired
resistivity multiplied by heat flow distance.

5.1.6 Cask End Convection and Radiation

Cask end boundary conditions are imposed using the resistance RESZ entries
for K = 1 and K = KP, the film resistance RESFZ entries for K = 1 and K = KP-1,
and the phantom cell temperature entries for K = 1 and K = KP, The physical
phenomena modeled for cask ends are radiation and convection, and equivalent
film resistance for these processes in parallel being added to whatever other
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film resistance the user specifies to be present., Convection and radiation
from the ends are modeled as parallel processes with additive heat transfer
coefficients., The reciprocal of the sum of the heat transfer coefficients for
these processes is added to the film resistance RESFZ(1,J,1} or RESFZ{I,J,KP-1)
as directed by entries in PROP Input Block 7. Options for the end conditions
are set in PROP Input Block 2., Some entries needed for the radiation model can
be set in PROP Input Block 5 as A/S6L type film information.

The heat transfer coefficient for radiation is calculated as CB(MT)*TB3,

where Tp s a boundary temperature and C3(MT) is a polynomial coefficient
stored for the intermediate material properties set MT. In the specified set
MT of intermediate material properties, the value of C3{MT) should have been
appropriately set either as some CCON3(MAT)/SL, or from a gap radiation model
in which C3(MT) = 4a¢/(1/E1 + 1/E2 - 1). This radiation model option for
setting C3{MT) is available in setting the A/8L type polynomial coefficients in
PROP Input Block 5. The boundary temperature Tp for radiation is a weighted
average of the temperature in the edge computational cell and the phantom cell:

Tg = TWF(MT)*T(1,J,KBEG)+{1.-TWF(MT))*T{I,J,KBEG+1) (5.11)

Here, KBEG is an entry in PROP Input Block 7 and should be set to 1 for setting
bottom boundary conditions and KP-1 for top. TWF(MT) should have been set with
the other series layer information in PROP Input Block 5.

The heat transfer coefficient for convection from cask ends can be set
according to either natural or forced convection models. The modelis available
are based on parameterized dimensionless correlations, but are specialized to
air at atmospheric pressure as the medium and use linear approximations for the
temperature dependence of its thermal conductivity and viscosity. The models

are summarized below.
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Forced Convection

Dimensionless Correlation

n
%L = C (E%%) (5.12)

Coded Expression

o
it

n
0.688x10"% + 0.635x107% 1.1 & 0.35296 VL (5.13)
B/ T v 5
TB 0.608x10 + 0,4x10 TB

User-Selected Parameters

C,n,L,V

Assumptions

p = (pgTg)/T

Linear approximations shown for p and k.

Natural Convection

Dimensionless Correlation

32 C_e\|n

k-
B
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Coded Expression

h = (0.688x107" + 0.634x107° T,) £ *
87.9638 (L/T.)> aT "
19638 (L/Tg (5.15)
(0.608x10'4 + 0.4x107° TB)2
User-Selected Parameters
c,n,L
Assumptions
8__1'(_3_0) :l._
o \aT Jp TB
p = (o T I/T
Cu oL\ 2
(0T )% g £ = 87,9638 (gm_ﬁ) cm/sec?
00 [3 3
.Cm
Linear approximat<i;: shown for u and K,

Definitions in the above forced and natural convection expressions are

h = convective heat transfer coefficient

k = thermal conductivity of gas medium in the boundary layer
p = gas medium density

v = Torced convection flow velocity

p = yisce. ¢ of the gas medium

-7

= ITambient materia]l



L
g

length parameter representative of convecting surface

acceleration of gravity.

The boundary layer temperature Tg is calculated in the code as the average of
the end layer (K = 2 for bottom, K = KP-1 for top)} temperature in the Cartesian
grid region and the respective ambient temperatures.

5.2 PARAMETER STATEMENT INFORMATION

The following array-dimensioning parameters have the same significance and
should have the same value as in subroutine GRID {Chapter 4.0):

IP,JP,KP,ISP,JSP

Additional parameters appearing in subroutine PROP are:

& NMATP - An array-dimensioning parameter greater than or equal to
the number of substance conductivity polynomial coefficient
sets read in PROP Input Block 3.

e MTP - An array-dimensioning parameter greater than or equal
to the largest value of MT for the intermediate
variable sets (in arrays C0, Cl, C3, TWF, CFUEL,
CCLAD, etc.) for heat transfer models constructed from
directives in PROP Input Blocks 4, 5, and 6,

e NSPECP - Dimension of the array SPECS used in PROP Input Blocks
4, 5, and 6 to read in end-to-end all the intermediate
heat transfer model specifications in each of the
blocks. The SPECS array is overwritten by each of
those input blocks in turn, but it must be long enough
to accommodate the longest of the three blocks.

® NREGP,NPAIRP - Two parameters used in setting lTength of the INDEX
array {to INDEXP = 7*NREGP+2*NPAIRP) containing direc-
tives for assigning resistivity and film resistance
values to cell locations (in PROP Input Block 7).
NREGP is the maximum allowed number of region (range)
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specifications for resistance assignment. NPAIRP is
the sum over all the region specifications of the
number of (ID,MT) pairs, where ID is an identifier of
the resistance parameter affected and the model used,
and MT is an identifier of the intermediate heat
transfer variable set to use for that model. Each
region directive set may request implementation of one
or several changes in the resistance arrays for that
region by including one or several {(ID,MT) pairs.

5.3 INPUT FORMAT

5.3.1 Overview

The input to Subroutine PROP can be broken into seven blocks:
thermal resistance print specifications

. rectangular grid cask end convection specifications

materials conductivity polynomial coefficient sets

parallel, isotropic, and orthotropic conduction models
. series conduction models

fuel assembly conduction-radiation models

b I = B ¥ R L7 I ot
.

. assignment of resistance to cell locations,
Detailed input will be described for these blocks.

5,3,2 Thermal Resistance Print Specifications. PROP Input Block 1

General Input Format

NECHO
NSX,NSFX,NSY,NSFY,NSZ ,NSFZ, INFO

General Input Definition

e NECHO - Echoing switch for this section of input. If input is
to be echoed, then NECHO = 1; otherwise, 0.

® NSX,NSFX,NSY,NSFY,NSZ,NSFZ - The number of the time-step at which to
print the RESX, RESFX, RESY, RESFY, RESZ, and RESFZ
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arrays, respectively. A negative entry suppresses
printing of that array.

e INFO

Integer flag variable that, if equal to 1, requests
printing of each resistivity or film resistivity array
at its designated {by NSX, NSFX, etc.) time-step. No
printing occurs if INFQ = O,

Input File Example

90 1/prop
91 -1,-1,-1,-1,-1,-1,0

Echoed Input File Example

180 prop nsxs ~| nsfx= -1 nsfy= =1 nsz= =1 nsfz= =1 info= 0

The echoing of input is requested by setting NECHO = 1; the remainder of
the input line serves for comment. The printout of the RESL and RESFL (with L
= X, ¥, or z) has been doubly suppressed, with INFO = O and NSX, NSFX, NSY,
etc., set to -1. The user is advised to obtainp these resistance array
printouts (INFQ = 1, NSX = 1, etc.) at least once in an early execution, to
verify correctness of thermal model geometry and input.

5.3.3 Cartesian Cask End Convection Specifications

General Ipput Format

TOPH,TOPL , TOPY, TOPC , TOPN
BOTH,BOTL,BOTV,BOTC,B0TN

General Input Oefinition

e TOPH -~ Floating point flag variable that, if equal to 1.0,
indicates a top end convective model is forthcoming.
(Note: The line should contain five entries, even if
TOPH = 0.0,)

e TOPL Length L to use in the forced convection [Equation
(5.12)] or the natural convection [Equation {5.14)]

heat transfer correlations for the cask top.
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s TOPY - Velocity to use in forced convection heat transfer
correlation for top cask end. Setting TOPV = 0.0 with
TOPH = 1.0 invokes the natural rather than forced

convection model.

e TOPC - (Lonstant € to use for the top cask end heat transfer
correlation in either forced convection [Equation
(5.12), TOPY > 0.0] or natural convection [Equation
{5,14), TOPY = 0,07,

& TOPN - Exponent n to use for the top cask end heat transfer
correlation in either forced convection [Equation
{5.12), TOPY > 0.0] or natural convection [Equation
(6,14}, TOPVY = 0,01,

e BOTH,ROTL,BOTV,BOTC,BOTN - Values of convection flag, L, ¥, C, and n,
respectively, for the cask bottom, analogous to TOPH,
TOPL, TOPV, TOPC, and TOPN, respectively, for the cask
top.

The complete specification of cask end thermal conditions will require
entries elsewhere in PROP, such as radiation parameters or surface film

resistances in Input Block 5 and resistance assignments in Input Block /.

Input File Example

92 1.0,220.0,0.0,0.14,0,333
93 1.0,220.0,0.0,0.27,0.25
Fchoed Input File Example
182
183 prop toph=1,0 top1=0,220e+03 topv=0,000e+00 topc=0,140e+00  topn=0,333e+00
184 prop both=1,0 bot1=0,220e+03 botv=0,000e+00 botc=0,270e+00 botn=0,250e+00

This input specifies that convection models are to be used on both the top
and the bottom surfaces, because both TOPH and BOTH are set to 1.0. The Tength
parameter in the convection correlation is set to 220 cm, on the order of the
cask diameter. Setting velocity parameters TOPV and BOTV to zero specifies
that the convection is natural, not forced. The coefficient € and the power n

in the natural convection correlation, Equation (5.15), are specified as
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(TOPC = 0,14, TOPN = 0.333) for the top and (BOTC = 0,27, BOTN = 0.25) for the
bottom. Values for C and n should be taken from the heat transfer literature.

5.3.4 Material Conductivity Polynomial Coefficient Sets.

PROP Input Block 3

General Input Format

NECHO

NMAT

TEXT
CCONO(1),CCONL(1)CCON3{1)
TEXT
CCONO(2),CCON1(2),CCON3(2)

.« ®

TEXT
CCONO(NMAT) ,CCON1(NMAT) ,CCON3{NMAT)

General Input Definition

e NECHO - Echoing switch for this section of input,
to be echoed, then NECHO = 1; otherwise, O.

If input is

e NMAT - Number of sets of substance effective conductivity

polynomial coefficients forthcoming.

e TEXT

the next polynomial coefficient set.

Up to 40 characters of labeling information ({5A8) for

® CCONO{MAT),CCON1{MAT},CCON3(MAT) - The MATth set of polynomial
coefficients for representing an effective substance

thermal conductivity A(MAT) as

A(MAT) = CCONO(MAT)+CCONL (MAT)*T+CCON3(MAT)*T3,

These substance property sets are stored temporarily and are avaitable to
construct intermediate property sets {CO{MT), C1(MT), C3{MT)) for repeated use
in setting resistance variables on the mesh according to the heat transfer
models, The CO(MT), Cl1(MT), C3(MT) sets are saved and used for updating

resistance variables as temperature changes.

Input File Example

94 1/prop/ccon0,cconl,ccon3
95 9
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96 low conductivity

97 0.1e-20,0.0,0.0

98 high conductivity

99 0.1e+20,0.0,0.0

100 helium {backfill gas)
101 0.52e-3,0,32e-5,0,0
102 sst

103 0.09215,0.1465%e-~-3,0.0
104 boron steel {radionox)
105 0.079,0.21e-3,0.0

106 nodular cast iron

107 0.5162,-0.3205e-3,0.0
108 epoxy {not used)

109 0.1%e-2,0.0,0.0

110 nitrogen (not used)
111 0.075e-3,0.6167e-6,0.0
112 air {not used)

113 0.6880e-4,0.6340e-6,0.0

Echoed Input File Example

186 prop mmatx 9 maximum current dimension for mmat is 20

tay prop ceond ,cconl ,ccon3 material fthermal conductivity, W/cm-k
184 kimat)z cconfi(mat)+ cconl(mati®t+ cconSimat)®t¥t+es
189

(0, 10000~20)+10,0000e+00) *++{0,00008+00) *+*+£1 low conductlvity

|
190 2 {0, 1000e+20 )+ (0, 0000 8+00 1 4+ (0, DDD0e+ID) Reu ¥ + high conductivity
191 3O0LE200e-05)+(0, 32008=05) 1+ (0 ,0000a+00 1 H tH 41 helium (backfil! gas)
192 4 (0.9275a~0134(0,1465e«03) *1+(0,0000a+00) *1¥+#+ a5t
193 5 {0,79000~013+(0,21000-03) %++10,0000e+001 *t*+*+  horon steel {(radionox)
194 6 {0.5162e+101+(-,3205e-03) *++ (0, 0000e+00) *+¥ 1%t aoduiar cast iron
195 T (0,15000=023+{0,0000e+00) *++ (0, 00000+00) 1+t %+ apoxy inot used)
136 8 (0,75000-04 14 (0,6167a-06)*1+{0,0000e+00) *+*+¥+  nitrogen lnat used}
197 9 10.6RE0e=04 14(0,6340a-06 1 Y 1+ (0, 0000a+ 00 #HRERe alr tnot usad)

The input requests echoing of the nine material conductivity polynomial
coefficient sets forthcoming, First descriptive text, then the 1ist of three
coefficients, appears for each of the nine sets. Note that some input sets may

not be subsequently referenced.

The echoed input specifies the number of such sets NMAT, and also gives
the current number, NMATP, of such sets that can be accommodated., The coeffi-
cient sets are printed out in a form that suggests their use, followed by the
labeling text for that set.
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5.3.5 Parallel, Isotropic, and Orthotropic Conduction Models. PROP Input
Block 4

General Input Format

NECHO

NTMAX

SPECS(1),I=1,NSPECP

The entire dimensioned SPECS array is read. The user should construct it with
MTMAX sets of entries, the sets being read end-to-end, It is recommended that
each set of entries occupy one or more lines of input as needed, but that no
lines contain entries for more than one of the sets. The form for a set for

simple isotropic or orthotropic conduction or parallel conduction is
MT, MATS,MAT,, WIDTH;, MAT,, WIDTH,, ... MATyats, NIDTHMATS’} MTMAX such sets

Unused Tocations of the NSPECP locations in SPECS should be set to zero. The
entries in SPECS are in floating point form, but MT, MATS, MATl, ee MATMATS
are integer-type information after conversion,

General Input Definition

e NECHO - Echoing switch for this section of input., If input is
to be echoed, then NECHO = 1; otherwise, O.

o MTMAX

The number of specification sets forthcoming for the
construction of thermal parameter property sets
(CO(MT) ,C1(MT),C3({MT)) of the simple or parallel
conduction types.

o MT - Index of a thermal parameter set for setting

resistivity or film resistivity arrays.

e MATS The number of pairs of substance property index MAT
and thickness WIDTH for use in setting the MTth

intermediate parameters set.

. MATI,HIDTHI,MATz,HIDTH2 - The substance property set indices MAT and
the corresponding laminar layer thickness per cell
6W = WIOTH for slabs offering parallel conduction
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paths. See Equation (5.5). For simple substance
conduction (as opposed to parallel laminar composite
conduction), MATS will be 1 and HIDTH1 should be set
to 1.0,

The reading of the data in PROP Input Block 4 will direct construction of MTMAX
thermal parameter set coefficients {CO(MT),CI(MT),C3(MT), with those for which
MATS was 1 and WIDTH was 1.0 being polynomial coefficients for simple material
conduction, and the others being for z;A;8W, for parallel laminar composites.
The simple substance sets with MATS = 1 and WIDTH = 1.0 are intended for use
with 1D = 1,2,3, or 4 in PROP Input Block 7. Those with MATS > 1 or

WIDTH # 1,0 are intended for use with ID = 11,12,13,14,15 or 16 in PROP Input
Block 7.

Input File Example

114 1/prop/specs def. 01 isotropic and 11 parallel

115 27

116 1.0,1.0,1.0,1.0,

117 2.0,1.0,2.0,1.0,

118 3.0,1.0,3.0,1.0,

119 4.0,1,0,4.0,1.0,

120 5.0,1.0,5.0,1.0,

12t 6.0,2.0,3.0,1.0,

122 5.0,1.0,

123 7,0,1.0,5.0,0.7816,
124 8.0,2.0,3.0,0.5,

125 5.0,0,5,

126 9.0,1.0,3.0,2.0,

127 10.0,1.0,3.0,0.5,
128 11.0,1.0,5.0,2.0,
129 12.0,1.0,5.0,0.5,
130 13.0,2.0,3.0,0.6444,
131 4.0,0.3556,
132 14,0,1.0,3.0,1.552,
133 15.0,2.D,3.0,1.289,
134 4.0,0.7112,
135 16.0,2.0,3.0,0.3222,
136 4.0,0.1778,
137 17.0,1.0,3.0,3.104,
138 18.0,1.0,3.0,3.190,
139 19.0,1.0,3.0,1.431,
140 20.0,2.0,3.0,0.7221,
141 4.0,0.2779,
142 21.0,2.0,3.0,0.8222,
143 4,0,1.778,
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144 22,0,1.0,3,0
145 23,0,1,0,3.0
146 24,0,2.0,3,0
147 4,0
148 25.0,2.0,3.0
149 4,0
150 26.0,1.0,6.0
151 27.0,1.0,4.0
152 24*0.0

Echoed Input File Example

198

199 maximum number of material types [s currently 45
200 maximum array dimenslon of specs |s currently 150
201

202 *tcomposite definltion 01 isotropic and 11 parallel®##
203 prop mtmax= 27

204 prop spacs mt mats mat width
205 1 1 1 0,1000e+01
206 2 1 2 0,1000e+01
207 3 1 3 0,1000e+01
208 4 1 4 0,1000e+01
209 5 | 5 0,1000e+01
210 6 2 3  0.1000e+01
211} 5 0,1000e+01
212 7 1 5 0,7816et00
213 8 2 3 0.,5000e+00
214 5 0,5000e+00
215 9 ! 3 0.2000et+04
216 10 1 3 0,5000e+00
217 1t 1 5 0.2000e+01
218 12 1 5 $,5000e+00
219 13 2 3  0.64440+00
220 4  0,3556e+H00
221 14 ! 3 0,1552e+01
222 15 2 3 0.1289e+01
223 4 0,7112e+00
224 t6 2 3 0,3222e+00
225 4 0,1778e+00
226 17 1 3 0.3104e+01
227 18 1 3 0.3190e+01
228 19 1 3 0,1431e+01
229 20 b4 3 0.,7221e+00
230 4 0.2779e+00
231 2t z 3 0,8222e+00
232 4  0,1778e+01
233 22 1 3 0.1355e+01
234 23 1 3 0.1276e+01
235 24 2 3 0,4669e+01
236 4  0,1143e+01
237 25 2 3 0,7366e+0]
238 4  Q,7366e+00
239 26 1 &  0.1000e+01
240 27 1 4 0,8000e+01
241

242 computed coefflicients from specs array
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243 mt cQ cl c3

244 t 0.1000e-20 0,00000+00 0.00008+00
245 2 0.10000+20 0,00000+00 0,0000e+00
246 3 0.5200e=03 0,3200e=05 0,00008+00
247 4 0,9215¢-01 0,1465e=03 0,0000e+00
248 5 0,7900e-01 0,2100e~03 0,00000+00
249 6 0,7952e=01 0.2132e-03 0,00008+00
250 7 0.6175e=01 0.1641e-03 0,.0000eHI0
251 8 0.3976e-01 0,1066e=03 0,00008+00
252 3 0,1040e-02 0,64008-05 0,00008+00
253 10 0.2600e-03 0,1600e-05 0,0000e+00
254 11 0,1580e+00 0,4200e-03 0,0000e+00
255 12 0,3990e=01 0,1050e-03 0,00008+00
256 13 0,3310e-01 0.5416e-04 0,00008+00
257 14 0.8070e-03 0,49660~0% 0.0000e+00
258 15 0.6621e=01 0,1083e-03 0,0000e+00
259 16 0,165%e-01 0,2708e-04 0,00008+00
260 17 0.1614e-02 0,99332-05 0,0000e+00
261 18 0.165%9e-02 0,1021e-04 0,00008+00
262 19 0.7441e-03 0,4579e-05 (,0000e+00
263 20 0.2998e-01 0,4302e-04 0,0000e+00
264 21 0.16432H00 0.2631e-03 0,0000e+00
265 22 0,70460-03 0,4336e-05 0,0000e+00
266 2% 0,663%e=0% 0,4083e=05 0,0000e+00
267 24 0,1078e+00 0,1824e=03 0,00008+00
268 25 0.71Me-01 0.13150-03 0,00008+00
269 26 0,5162a8+00 -0,3205e=03 0,0000e+00
270 27 0,7372e+00 0,1172e-02 0,0000e+00
271

The initial line of the input data for this block asks for echoing of
input (NECHO = 1) and contains a user comment as a reminder that the thermal
parameter sets constructed here will be used either with the isotropic or
orthotropic simple conduction Ol group (ID = 01,02,03, or 04), in which the
constructed polynomial coefficients are for an effective conductivity A{MT), or
with the parallel laminar conduction 11 group {ID = 11,12,13,14,15, or 16), in
which the polynomial coefficients are for a sum L;h;6W;. Explanations of the

ID values used in PROP Input Block 7 will be discussed later and are summarized
in Table 5.2.

The data specifies MIMAX = 27 sets of parallel and isotropic conduction
mode! specifications. The SPECS entries are all floating point, with conver-
sion to integers occurring in deconvoluting the end-to-end thermal parameter

specification sets. The sets MT = 1 through MT = 5 in the example shown are
1.0. By contrast, sets MT = 6 and MT = 8

are both parallel composites with two materials present. The set MT = 6 (Tines

simple substance sets with WIDTH

121 and 122) could be applied to cells having one slab of thickness 1 ¢cm of
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material MAT = 3, and a second slab of thickness 1 cm of material MAT = 5, The
set MT = 8 has the same two materials (MAT = 3 and MAT = 5), but would be
applied to cells with 0.5-cm-thick slabs of each material offering parallel
paths. The set MT = 7 (line 123) is of the parallel type, as indicated by
WIDTH = 0,7816 rather than 1.0, but it has only one material present. The user
is neglecting the contribution to total effective conductivity from other
members (lower conductivity} of the set of parallel slabs. Referring to the
data for PROP Input Block 3, we see that MT = & describes a composite of helium
(MAT = 3) and boron steel (MAT = 5). Such composites are very useful when grid

Tines cannot be conveniently assigned for all material interfaces.

Note that the input data for this block ends with 24 zero values to fill
out the SPECS array, which was dimensioned for this simulation to NSPECP = 150.

The echoed output is preceded by a reminder that the largest number, MT,
of a thermal parameter set allowed by dimensioning is MTP and the Tength of the
SPECS array used in PROP Input Blocks 4, 5, and 6.

The echoed input presents the MTMAX thermal parameter specification sets
of this type, using MATS Tlines per set. The multiple-material sets thus stand
out. The constructed thermal properties polynomial coefficients CO{MT)},
C1{MT), C3(MT) are presented. For MT sets for which MATS = 1 and WIDTH = 1.0,
these sets will be the same as for the specified set MAT of substance con-
ductivity polynomial coefficients read in PROP Input Block 3. These thermal
parameter sets will be retained, however, after the substance coefficients are
overwritten. Additiona) thermal parameter specification sets for other heat
transfer models will be added in PROP Input Blocks 5 and 6,

5.3.6 Series Conduction Models. PROP Input Block 5

General Input Format

NECHO
MTMAX
SPECS{I[),I=1,NSPECP

The entire dimensioned SPECS array is read, The user should construct it with
MTMAX sets of entries, the sets being read end-to-end. It is recommended that
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each set occupy one or more lines of input as needed, but that no lines contain
entries for more than one of the sets. The input form for a lTaminar series
conduction set is

MT ,MAT ,WIDTH,E1,E2 , TWF({MT)

General Input Definitions

e NECHO - Echoing switch for this section of input. If input is
to be echoed, then NECHO = 1; otherwise, D.

e MTMAX - The number of specification sets forthcoming for the
construction of thermal parameter sets (CO(MT),
C1{MT},C3(MT),TWF(MT}) of the laminar series
conduction type.

e MT - Index of a thermal parameter set for setting
resistivity or fiilm resistivity arrays. Note:
specifying an index already used for other thermal
parameter sets of the same or other heat model type
will cause overwriting,

e MAT,WIDTH - The substance property set index MAT and the
corresponding series path thickness &L = WIDTH per
cell or fiim, for the construction of the thermal
parameter set polynomial coefficients for the quantity
(A/8L)yr = M(MAT)/WIDTH.

e E1,E? - Emittances of the two surfaces facing each other
across a planar gap, if a radiation model is to be
used in setting C3(MT) to 4o/{1/E1 + 1/E2-1). If
either El or E2 is zero, C3{MT) is instead set as
C3{MT) = CCON3(MAT)/WIDTH.

e TWF(MT) - If thermal parameter set MT is used for a film
resistance, TWF{MT) is the relative weighting of the
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CI(MT}, and TWF(MT).

Tower-index cell temperature in computing an interface

film temperature for the polynomial for A/6L.

example, for RESFX(I,J,K):

T = TWE(MT)*T(1,J,K) + [1.-TWF(MT)]*T(I+1,J,K)

RESFX(1,J,K)

For

1./(COMT) + CLNT)*Ty + C3(MT)*Tg3)

The reading of the data in PROP Input Block 5 will direct the construction
of MTMAX more thermal parameter sets, each set comprising CO(MT), C1(MT),

not for series lamina within cells.

model are for A/8L for single substance films.

153
154
155
156
157
158
159
160
161
162
163
164
165
166

272
273
214
275
276
277
278
279
280
281
282
283
284
285
286
287

Input File Example

Y/prop/specs def. 21 series

11
32,0,3,0,1.0,0.0,0.0,0.5,
33.0,3,0,0,5,0,0,0.0,0.5,
34.0,4.0,4.572,0.0,0.0,0.0,
35.0,3.0,4.669,0.0,0,0,0.0,
36,0,4,0,2.946,0.0,0,0,0.0,
37.0,3.0,7.366,0.0,0.0,0.0,
38.0,3.0,0.3,0.2,0.2,0.5,
39.0,1.0,1,0,0.2,1.0,0,5,
40,0,3.0,0.35,0.83,0.45,0.0
41.0,3.0,0,35,0.83,0,45,1.0
42.0,1.0,1,0,0.8,1.0,0.,5,
84*0,0
Echoed Input File

prop mtmax= 11

prap specs

w ow

mt
32
33
34
35
36
37
38
39
40
41
42

ma
3
3
4
3
4
3
3
1
3
3
1

A %compos|te

t width
0.1000e+01
0.5000e4+00
0,4572e+01
0,4669e4+01
0.2946e+01
0.7366e+01t
0.3000e+00
0, 1000+
0.35000+00
0.3500e+00
0, 1000e+01

computed coefficlents fromspecs array
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al
0.0000e+00
0.0000e+00
0,0000e+00
0.0000e+00
0.0000e+00
0.0000et+00
0.2000e+00
4,2000e+00
0.8300e+00
0.8300e+00
0,8000e+00

TWF{MT} is used for films between computational cells but
The polynomial coefficients for the series

21 sariesti®

a2
0,.0000e+00
0.0000e+00
0.0000e+00
0,.0000e+00
0.0000e+00
0.0000e+00
0.2000s8+00
0,1000e+01
0.4500e+00
0.4500e+00
0,1000e+01

Twi
0.5000e+00
0.5000e+00
0,0000e+00
0.0000e+00
0,0000a+00
0.00006+00
0.5000e+00
0,5000e+00
0,0000e+00
0,1000et+0}
0.5000e+00



288 mt c) cl c3

289 32 0,5200e-03 0,3200e-05 0,0000e+00
290 33 0.1040e-02 0,5400e-05 0.0000e+00
251 34 0,20166-01 0,3204e-04 0,0000e+00
292 35 0,1114e-03 0.6854e~06 0,0000e+00
293 36 0,53128e-01 0,45730-04 0,0000e+00
294 37 0.7059e—~04 0,4344e-06 0,0000e+00
295 38 0,1733e-02 0,1067e-04 0.2520e-11
296 39 0.10006-20 0.,00008+00 0.4536e-1%
297 40 0,14B6e-02 0.9143e-05 0,9345e-11
298 41 0,1486e-02 0.9143e-05 0,93458-11
299 42 0,.1000e-20 0,0000e+30 0,18740-10

After the entry NECHO = 1 requesting echoing of input, the first line of
this input has a user comment as a reminder that the thermal parameter sets
constructed here will be used in the series conduction group 21 (ID = 21,22, or
23) or other groups having the series conduction character, lTike the film
resistance group 41 (ID = 41,42, or 43) or the cask end group 51 {ID = 51 or
52). See PROP Input Block 7 and Table 5.2 for explanations of ID.

The data in this example specifies construction of MTMAX = 11 intermediate
property sets of the series conduction type, with indices MT = 32 through 42,
Note that the Tast index MT used for the isotropic and paraliel conduction
thermal parameter sets was at MT = 27, so a few blank locations are being Teft
for future expansion. Line 156 has for MT = 33 the specifications MAT = 3 (for
helium, as seen in PROP Input Block 3}, WIDTH = 0.5 (for a 0;5—cm path in the
conduction direction), E1 = E2 = 0.0 (for bypassing a gap radiation model), and
TWF(33) = 0.5 (for equal weighting of temperatures on either side in calculat-
ing the film temperature for the A/8L polynomial). Line 162 has for MT = 39 a
specification MAT = 1 {(for a fictitious extremely low-conductivity material, as
seen from PROP Input Block 3), WIDTH = 1.0 (for a 1.0~cm path in the conductiocn
direction), emittances of 0.2 and 1.0 for the surfaces facing the gap, and
TWF(39) = 0,5 {for equal forward and backward temperature weighting). One
might expect MT = 39 to be a satisfactory set for a cask end radiation
treatment for use with a convection model.

The 11 specification sets require 66 entries, leaving 84 of the 150
locations in SPECS to be filled with zeros in the last line of this input
block,

The input variables of these specification sets and the resulting computed
polynomial coefficients are echoed in the output in the form shown,
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5.3.7 Fuel Assembly Conduction-Radiation Models. PROP Input Block 6

General Input Format

NECHO

MTMAX

SPECS(I),I=1,NSPECP

The entire dimensioned array SPECS is read. SPECS comprises MTMAX sets of
entries making up the fuel assembly thermal parameter sets construction
directives and having the form (after conversion from floating point to integer

form as needed}:

MT,MTA,FUELOD,CLADOD,PITCH,CFUEL ,CCLAD,EROD,EGAP

General Input Definition

¢ NECHO - Integer flag variable that, if positive, directs
echoing of forthcoming input in the output.

e MTMAX - Number of specification sets forthcoming for
construction of thermal parameter sets
{CO(MT),C1(MT),C3{MT), X1(MT),X2(MT),
Z1(MT),Z2(MT),Z3{MT)} of the fuel assembly type.

e M7 - Index of the thermal property set being constructed,

e MTA - Index of a previously set thermal parameter set of the
simple conduction type for calculating conductivity of
the gas between the square array of cylinders,

[CO{MT) gets set to CO{MTA), CI{MT) to C1{MTA)]l.

e FUELOD - Outside diameter of the fuel pellets.
e (LADGD - Outside diameter of the fuel cladding.
e PITCH - Distance between corresponding points on adjacent fuel

rods in the array.
e (CFUEL - Thermal conductivity of the fuel.

e CCLAD - Thermal conductivity of the cladding.
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¢ EROD ~ Emittance of the fuel rods.

e EGAP

Emittance of the gap between fuel rods when treating a
single rectangular array of pins as a radiation

enclosure {set to a value near 0,95),

Input File Example

167 1/prop/specs def., 31 fuel assembly

168 1

169 45,0,3.0,0,9484,1,072,1,430,0.0209,0,1150,0.8,0,95,
170 141*0.0

Echoed Input File Example

30

301 *4tcomposite datimitlion 31 fuel assambly®u#

302 prog mtmax= |

3035 prop Spacs mt mta fuelod claded pitch cfusl cclad ar o egap

304 45 3 0,%484a+00 0, 1072eH])  0,1430e+d] 0,20900=01 0,11508400 0,80008+00 Q,3500a+00

0%

306 computea coefticlents from specs array

g7 mt cd cl 3 x1 2 zl 22 3

08 45  0,52008-03 0,3200e=05 G.8052e-=11 0,11530e+01 01701401  0,3455e+00 0,95918-01 Q,558&a+00

309

Following the request (NECHO = 1) for echoing of input, a user comment
indicates that the resulting parameter set will go with ID = 31 in the assign-
ment of resistance parameters to cells in PROP Input Block 7. The input
example directs construction of a single thermal parameter set for a rectanqgu-
lar array fuel assembly heat transfer model. Index MT = 45 again allows a few
spaces from the last previously used MT value, MT = 42, Thermal parameter sets
for similar heat transfer models are grouped only for convenience. The data on
line 169 directs use of the thermal parameter index MTA = 3 (assigned in Input
Block 4 from the helium data in Input Block 3) for conductivity of the gas.
Fuel core and cladding outside diameters are set at 0.9484 and 1.072 cm,
respectively. The pitch of the square array is 1.430 ¢cm. Thermal conductivity
of the fuel and clad are set to 0,0209 and 0,.1150 watts/cm®K), respectively.
The emittances of rod and gap are set to 0.8 and 0,95, respectively.

5.3.8 Assignment of Resistance to Cell Locations. PROP Input Block 7

General Input Format

NECHO
NREG,NPAIR
INDEX(I),I=1, INDEXP
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The entire array INDEX is read.

directives stored end-to-end in INDEX have the form:

IBEG, IEND,JBEG, JEND,KBEG ,KEND ,NPATR, 1D; ,MT} , 1D, MT 5, « o . IDNpa 1R -MThpATR

General Input Definitions

e NECHO -

® NREG,NPAIR -

Echoing switch for this section of input. If input is
to be echoed, then NECHO = 1; otherwise, 0.

Number of region resistance assignment directive sets
forthcoming in INDEX and the total number NPAIR of
(ID,MT) pairs included in all of them,

e [BEG,IEND,JBEG,JEND ,KBEG,KEND - The beginning and ending mesh indices

& NPAIR -

e ID,MT -

in the I, J, and K directions in turn for the current

region resistance specification set.

(Redefined for the current resistance assignment
directive set), Number of (ID,MT) pairs of resistance
assignment directives in the current region resistance
assignment directive set, Actions requested by

{ID,MT} pairs are implemented in turn.

A pair of directives for modifying the thermal resis-
tance arrays in the current region. ID specifies the
heat transfer model type, structure orientation, and
the action to be taken on one of RESX, RESY, RESZ,
RESFX, RESFY, or RESFZ. MT is the index of the inter-
mediate parameter set to use in this resistance param-
eter change, The changes specified by ID can be
either replacement or addition to the resistance array
variable for each I,J,K in the range set by IBEG < I <
IEND, JBEG < J < JEND, KBEG < K < KEND. 1ID values are
defined in Table 5.3,

Input File Example

171 1/prop/index
172 158,332

5.36

The NREG sets of region resistance assignment



173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

325
326
327
328
329
330
331

210
B
3z
313
314
315
1]
H K
E1k:]
39
320
321
322
pra]
524
325
326
327
528
323
530
33
332
333
334
335
536
357
338

1,1,2,47,2,30,1,1,1,
2,24,2,47,1,1,1,52,42,
2,24,2,47,30,30,3,51,39,1,1,2,1,
2,24,2,47,4,27,1,4,3,
5,5,2,47,5,26,1,4,5,
2,24,21,21,5,26,1,4,5,
2,24,28,28,5,26,1,4,5,
2,4,21,21,5,26,2,12,6,15,6,
2,4,28,28,5,26,2,12,6,15,6,
5,5,22,27,5,26,2,14,6,16.6,
2,2,20,20,5,26,1,42,32,
4,4,20,20,5,26,1,42,32,
2,2,28,28,5,26,1,42,32,
4,4,28,28,5,26,1,42,32,
5,5,22,22,5,26,1,41,32,
13,21,30,30,5,26,1,42,41,
13,21,34,34,5,26,1,42,40,
12,12,15,18,5,26,1,41,41,
12,12,31,34,5,26,1,41,41,
21,21,15,18,5,26,1,41,40,
21,21,31,34,5,26,1,41,40,
65%0

Echoed Input File Example

*eravaflabie composite datinltlons***

group

01 lsetropic

11 parailel

21 serias

M fuel assembly
41 flIm resistancae

5t exterior convectlon

and rastetion

14

1 rasx

2 rasy

% rasz

4 resx, reasy, rasz

1 resx,x-y plane

12 rosx,x-z planae

1} resy,x-y plane

|4 rasy, y=z plans

1% resz,x-z plane

16 rasz,y-z plane

21 resx

22 resy

23 resz

31 resx,resy,resz for rod array
4] restx
47 resfy

43 rastz

51 rasfz for top of cask

52 restz for bottom of cask

nreg= 158  npair= 332 maximum current dimensions tor nreg and npalr are 165
Indeax call locatlon
ibeg {end Jbeg jend %xbasg kend  npair 1d  mr fd mt id  mr
1 1 2 47 2 30 | 1 t
2 24 2 47 1 1 1 32 42
2 24 2 47 30 30 L} E1] M | 1 2 1
2 24 2 47 4 a 1 4 3

150

Id

mt

Id

mt



339 5 5 2 a7 3 26 1 4 g
340 2z 24 21 21 5 6 1 4 5
341 2 24 28 28 5 26 1 4 5
342 2 4 21 21 5 26 2 12 6 15 &
n43 Fs 4 28 28 5 25 2 12 & 15 &
344 5 5 2z 27 5 26 2 14 & 16 &
M5 z 2 20 20 5 26 1 42 32
Jas 4 4 20 20 5 26 1 42 32
347 2 2 28 28 5 26 1 42 32
48 4 4 28 28 4 26 1 42 52
349 5 S 2 22 3 26 1 41 32
L
437 13 21 30 30 3 26 1 az 4
438 13 34 34 5 28 1 42 49
459 12 12 15 18 S 26 1 41 41
430 12 12 31 34 5 26 1 41 41
491 21 21 15 18 52 1 41 40
492 21 21 3 34 5 26 1 41 40

433

After requesting echoing of input with NECHO = 1 on line 171 of the input
file, the input states on line 172 that 158 region resistance assignment sets
are forthcoming (NREG = 158) and that for these 158 regions there are 332
(ID,MT) pairs directing action on specific resistance arrays and telling which
intermediate parameter set MT to use., The default values of RESX, RESY, RESZ,
RESFX, RESFY, and RESFZ is 0.0, Action is required only if nonzero values are
required. The first such set {line 173) specifies that, on a region defined by
(1< I<1,2c<J<47, 2 <K< 30), one set (ID,MT) is to be imposed, namely
(ID = 1, MT = 1}, The value ID = 1 specifies that the array to be changed is
the RESX array. See Table 5.3 and the summary at the start of the echoed input
for ID value significances. The intermediate parameter set used, MT = 1, was
constructed as directed by PROP Input Block 4 (Tine 116 of the input data
example there), which, in turn, referenced the input material conductivity
parameter set MAT = 1, which was input in PROP Input Block 3 {lines 96 and 97
of the input file example). From the fact that the thermal parameter set used
was for Tow-conductivity material, we conclude that the user is setting the
layer 1 = 1 to be effectively infinitely resistive, thus giving an insulated
boundary condition or plane of symmetry there.

Line 174 of the input file example requests implementation of a cask
bottom model with ID = 52, requesting that thermal parameter set of MT = 42 be
used. Thermal parameter set MT = 42 was constructed from directives in PROP
Input Block 5, line 165 of the input example.
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Line 175 of the input file example requests implementation of two (ID,MT)
resistance assignment pairs on its range (2 < I <24, 2 < J < 47, 30 < K < 30),
namely (ID,MT} = (1,1) and {ID,MT) = (2,1}. Thus, both RESX and RESY are set
to large values on this range.

The echoed input summarizes this information.
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6.0 SUBROUTINE THERM

Subroutine THERM solves the energy equation on the rectangular grid.

6.1 THERM FUNCTIONS

THERM reads input specifying initial temperatures, heat sources, and
numerical procedure options during initiation or restart of a simulation, If
solution of the energy equation on the rectangular grid is requested, THERM is
called at each time-step to advance the temperature solution.

The actions performed by THERM in the solution sequence include the
following:

1. THERM sets the connector arrays for the energy equation, These are
the coefficients that relate temperature to heat flow rates, mass
fluxes, and heat sources.

2. THERM executes an algorithm that advances the temperatures on the
rectanguiar computational grid through a time-step.

3. 1If requested, THERM prints monitoring information, including the
location and amount of the largest temperature change in each time-
step and the temperature in cells designated for temperature

printout.

4, THERM makes tentative adjustments in the time-step by comparing the
maximum temperature change and a user-specified maximum target

temperature change.

The algorithm used in THERM for advancing the temperature through a time-
step is discussed in Volume I - Equations and Numerics (McCann 1987). To carry

on this and its other functions in solving the energy equation on the rectan-
gular grid, THERM is called at initialization or restart to read input to guide
the soluytion and to set or reset temperatures.

Actions performed by THERM in the initializaticn or restart operation
include:

1. THERM reads certain options for numerical procedures and printouts.
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2. THERM reads specifications for heat sources.

3. THERM reads specifications for initial temperatures on the rectan-
gular grid region and the rectangular-cylindrical grid interface,
including ambient temperatures at cask top and bottom.

4. THERM modifies or resets the temperature distribution according to
user input, as may be desired in a restart.

6.1.1 Numerical Procedures

If a sotution for both temperatures and flows is requested, calls from
MAIN to the flow-solving routines are interspersed with the calls to the energy
equation-solving routines {such as THERM and REBT for the rectangular grid,
TSIDE for the cylindrical grid, and TBND or REBA for their connection}. The
algorithm in REBT solves the energy equation on slab partitions of the rec-
tangular grid region, and its calling sequence is specified in input to THERM.
The use of REBA, a solver of the energy equations on both grids, is specified
in MAIN, The periodic use of REBT and REBA in the solution of the energy equa-
tions accelerates convergence, particularly as steady state is approached. See
the guidance for the use of REBT in Chapter 7.0 and for REBA in Chapter 14.0,

6.1.2 Heat Sources

The technique for specifying heat sources has been designed especially for
heat generating spent fuel assemblies. As a result, the input specifications
are relatively simple. Three items of information are required: the toal heat
generation rate of a fuel assembly; the locations of reduced heat generation
within a fuel assembly, such as instrumentation tubes; and the relative axial
activity of the fuel assembly. The longitudinal axis of each fuel assembly is

in the z-direction.

_The tota! heat being generated in a single column of cells, assumed to
extend in the z-direction from K = 2 to K = KP-1, can be expressed as

C _ W(I,2)DX(I)DY(J)
Q" (1,9) = ¢ T, WLJIOK(DI0Y(3) (6.1)
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where QC(I,J) is the total heat generation in a column [,J
Qg is the total heat generation in the fuel assembly (group power)
W(I,J) is a relative weighting factor for heat generation within the
fuel assembly (group}.

Different group powers and weighting factors may be specified for each fuel
assembly. The weighting factor is automatically halved for phantom cells on
the curved boundary,

The axial distribution of heat generation is determined from the relative
activity curve for a spent fuel assembly. The heat generation sources used in

the code are computed as

RA{K}DZ(K)
« RA(KIDZ(K)

QGEN(T,d,K) = 0°(1,0) 3 (6.2)

where QGEN(I,J,K) is the total heat generation in cell 1,J,K
RA(K) is the relative activity as a function of K.

The code assigns the same relative activity curve to all fuel assemblies. The
relative activity data specified on the input file need not be normalized; the
code does this automatically.

It can be seen from the preceding discussion that a completely arbitrary
distribution of heat sources cannot be specified in this version of the code.
The basic restriction is that heat generation sources be expressed in the form

Q(I,J,K) = FXY(1,J)*FZ{K) (6.3)

6.1.3 Setting or Resetting Temperatures

Subroutine THERM can set the initial temperature on the rectangular grid
and its interface with the cylindrical grid in a new simulation, or it can
alter or reset them in a restart.

To set or reset the temperature distribution with input, the user supplies
temperatures TS1{JS,K) on the cylindrical interface between rectangular and
cylindrical grid regions, where JS is the azimuthal sector index and K is the
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axial plane index. An array of temperatures, TCEN(K), on a user-specified
axial "center line" in the rectangular grid is also read. An array, TCAN{K),
of azimuthal average interface temperatures is calculated as

TCAN(K) = L TS1{JS,K})*DTHETA(JS)/Z DTHETA(JS) (6.4)
Js J3

These arrays can be used to reset temperatures in three regions as indicated in

Figure 6,1 according to options as follows:

1. NEWT = 1. Set an initial temperature distribution in the rectangular
grid computational region {but not the phantom cells) according to

T{1,J,K) = TCEN{K) + (TCAN(K} - TCEN{K)}*{FAC/FACMX)
where FAC = {REAL(I) - 1.5)2 + (REAL(J) - CENJ)2
and FACMX is the largest value of FAC in the rectangular grid com-
putational region,

2. NEWTC = 1. Reset temperatures in the rectangular grid phantom cells
at the cylindrical grid interface as

T(ICART(JS},JCART(JS),K) = TS1{JS,K)

for azimuthal indices JS in the range 2 < JS < JSP-1 and axial
indices K in the range 2 < K < KP-1.

3. NEWTA = 1, Reset cask end ambient temperatures in the rectangular

grid region as

T(1,J,1) = TCAN(1)

T(1,J,KP) = TCAN(KP)
The azimuthal average value TCAN{1) of TS1(JS,1) becomes the cask
bottom ambient temperature, and the average value TCAN{KP) of
TS1(JS,KP) becomes the cask top ambient temperature.

These temperatures will be altered in the subsequent calculations with two

exceptions:

1. The cask end ambient temperatures T{I,J,1) and T(I,J,KP) will be held
constant,
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L4

L4

THETA - Temporal weighting for the energy equation. THETA
should be chosen in the range 0.5 < THETA < 1.0. A
value 0.5 has been proven satisfactory for steady-
state applications.

SPHTF - The specified heat of fluid in joules/{gm°C).

DTEMAX - Target value of the maximum magnitude temperature

change per time-step on the rectangular grid. A new
tentative time~step DTIMEI is set as

DTIMEI

it

or

DTIME]L

1.1*DTIME

if ABS{DTMAX)<DTEMAX

DTEMAX*DTIME/ABS(DTMAX) if

ABS(DTMAX)>DTEMAX
where DTIME 1is the current time-step and DTMAX is the

largest temperature increase on the grid in the cur-

rent time-step.

& REBON, NREB, NREBN - Criteria for the use of slab rebalance in
Subroutine REBT during time-stepping. If STEADY = 1.0
and REBON = 1.0, then REBT is called for time-step NS
= NREBN, where MOD is the FORTRAN
moduio or remaindering function. Preferred values of
NREB and NREBN are simulation-dependent. See Chapter

332
333
334
335
336
337
338

when MOD{NS,NREB}

7.0, Subroutine REBT, for an expanded discussion.

MONT - Number of computaticnal cells for which temperature

monitoring is requested.

IMONT{M), JMONT{M), KMONT(M) - The {I,J,K) indices of the Mth cel}
for which temperature monitoring is requested.

Input File Example

1/therm
0.5,5.234,0.5
1,0,100,50
1/therm/monitor/t
i2

2,247

2,24,11
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339
340
341
342
343
344
345
346
347
348
349

Input File Example

2,24,15
2,24,16
2,24,18
2,24,22
2,41,7
2,41,11
2,41,15
2,41,16
2,41,18
2,41,22
0,0,0
Echoed
494

495

496

497

498

499

500

501

502

503

504

505

906

507

508

509

510

511

Echoed input is requested with NECHO = 1 on line 332 of the input.
SPHTF, and DTEMAX are set to 0.5, 5.234, and 0.5, respectively.

therm  theta=0,5 spht1=0,5234e+01 dtemax=0, 500e+00

tharm rabon=1,0 nreb=100 nrebpn= 50

therm monltor celis=12  maximum number currentiy allowsed is 12

m

e R R

I

BRI R BRI R R RS RO R R MR

J
24
24
24
24
24
24
41
41
41
41
41
41

k

7
11
15
16
18
22

7
1t
15
16
18
22

One of the

THETA,

requirements for use of a coarse mesh rebalance of the energy equation, REBON =

1.0,
etc.

is met.

The input specifies rebalancing at time-steps NS = 50, 150, 250,

Monitoring of the temperature in the list of 12 cells is requested.

349 has a zerop first entry, indicating the end of the list of cells for

monitoring.

MONT of cells requested for temperature printouts with the number currently

Line

The echoed output confirms these numbers, and also compares the numbers

allowed by dimensions.
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6.3.3 Heat Source Specifications

General Input Format

NECHO

QWTFAC,IBEG,IEND,JBEG,JEND - Repeated until IBEG

NECHO

GRPPOW,IBEG,IEND ,JBEG,JEND - Repeated until IBEG

NECHO
RELACT(K),K=2,KP-1
NECHO
PQGEN

0 is encountered

0 is encountered

General Input Description

® NECHO -

o (QWTFAC -

IBEG,TEND ,JBEG,JEND

s GRPPOW -

® RELACT(X) -

& PQGEN -

Echoing switch for this section of input. If input is
to be echoed, then NECHG = 1; otherwise, O.

The relative weighting factor per unit area for each
heat source in the range

JBEG < J < JEND

IBEG ¢« I < MIN{IEND,IMEND(J)}
The range is thus restricted to the computational and
phantom cells for the energy equation. QWTFAC is
automatically reduced by one half if the cell is a
phantom cell on the curved part of the Cartesian boun-
dary. The defaulit value of QWTFAC is zero.
- Range specifications of the form

JBEG < J < JEND

IBEG < I < MIN{IEND,IMEND{J))

Total power in watts for the heat source in the region
defined by the range specification on the same line
and in the K direction by 2 € K <« KP-1, The default
value of GRPPOW is zero.,

The relative activity at each K-plane. Normalization
is arbitrary.

Fleating point flag variable that, if equal to 1.0,
requests printout of the heat source array
QGEN{I,J,K). No printing occurs if PQGEN = 0,0,
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Input File Example

350 1l/therm/q weighting factor
351 1.0,2,4,2,9

352 1.0,2,4, 13 16
353 1 0,2,4,22 27
354 1,0,2,4,33,36
355 1.0,2,4,40,47
35 1.0,8,11,5,13
357 1.0,8,11, 15,18
358 1,0,8,11,31,34
359 1.,0,8,11,36,44
360 1.0,10, 13 ,22,27
361 1.0,17,24,22,27
362 1,0,13,21, 15 18
363 1.0,13,21,31,34
364 0,0,4*0

365 1/therm/gr oup power
366 552,5,2,4,2,9
367 552.5,2,4, 13 ,16
368 505.0,2 4 22 .27
369 552,5,2,4, 33 36
370 552.5,2,4,40,47
371 1783.0,8,1 1,5,13
372 993.0,8,11,15,18

373 993.0, 8 11 31,34

374 1783.0,8,11,36,44

37% 1105.0,10,13,22,27

376 1105.0,17,24,22,27

377 1783.0,13,21,15,18

378 1783.0,13,21,31,34

379 0.0,4*0

380 1/therm/relact

381 4*0,0,0.5,0,72,0.94,1.12,1,19,1.23,5*1.24,
382 1,23,1.21,1.16,1.03,0.83,0.61,0.44,0,26,6%0.0
383 l/therm/pqgen

384 0.0

Echoed Input File Example

512 therm q waighting call location

913 factor ibeg Tend jbeg Jend
514 0,1000a8+01 2 4 2 9
515 0.1000a+01 2 4 15 16
516 0,.100Get01 2 4 22 27
517 0, 1000e+01 2 4 33 36
518 0,t000e+01 2 4 40 41
519 0.1000e+01 8 11 5 13
520 0.1000e+01 8 11 15 18
521 0, 1000e+01 a 11 31 3
522 0,100Ge+01 a 11 36 44
523 0,1000e+01 10 13 22 27
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524 0,1000e+01 17 24 22 27

525 0,1000e+01 15 21 15 18
526 0,1000e+01 15 21 31 34
527

528 therm group coll location
529 powar ibeg iend jbeg jend
530 0.5525e+03 2 4 2 9
531 0,55250+03 2 4 13 16
532 0,5050e+03 2 4 22 27
533 0.5525e+03 2 4 33 36
534 0,5525e+03 2 4 40 47
535 0,1783e+04 g n 5 13
536 0,9930e+03 8 M 15 18
537 0,993Ce+03 8 11 31 34
538 0.1783e+04 8 11 36 44
539 ¢.1105e+04 to 13 22 27
540 0.1105e+04 17 24 22 27
541 0.1783e+04 13 21 15 18
542 0.1783e+04 13 21 31 34
543

544 therm K relact (k)

545 2 0,0000e+00

546 3 0,0000e+00

547 4  0,0000a+C0

548 5 0.,0000e+00

549 6 0,5000e+C0

550 7 0,7200e+00

551 8  0.9400e+00

552 9  0.1120e+01

553 10 0.1190e+01

554 i1 0,1230e+01

555 12 0,1240e+01

556 13 0,1240e+01

557 14 0,12408+01

558 15  0,1240e+01

559 16  0,1240e+01

560 17 0,123Cet+0t

561 18 0,12108+01

562 19 0.1160e+01

563 20 0,1030e+01

564 21 0,830Ce+0C

565 22  0.6100e8+00

566 23 0.4400e+00

567 24 0,26000+00

568 25  0,0000e+00

569 26  0,0000e+00

570 27  0,0000e+00

571 28 0,0000e+00

572 29 0,0000e+00

573 30 0,0000e+00

574

575 total generated power = 0,2808608+05, watts
576

517

578 therm  pqgen=0,0
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The Q weighting factor is equal to 1.0 for 13 regions in the rectangular
grid. These regions correspond to the fuel assembly regions in Figure 4.1. In
this example, group powers for the entire axial extent of the 13 fuel assem-
blies of Figure 4,1 are set to values varying from 505 watts to 1783 watts.

The relative activities at axial positions from K = 2 to K = KP-1 = 30 are set
in the RELACT(X) array. Normalization of the input for RELACT(K) is arbitrary.
In this example, non-negligible heat sources are from the axial positions K = 6
to X = 24,

The echoed input shows the Q weighting factors by region, the group powers
by region, and the relative activity by position in the Z-direction. The total
power shown is calculated for the entire cask (i.e., four quadrants), and not
just the modeled region. Because PQGEN was set to zero, the final QGEN (I,J,K)

heat source per cell was not printed.

6.3.4 Initial Temperatures on the Rectangular Grid

General Input Format

NECHO

NEWT, CENJ

TCEN(K), k=2, KP-1

NECHO

NEWTC, INFO
[TS1(JS,K),J$=2,dSP-1],K=1,KP

General Input Description

e NECHD - Echoing switch for this section of input, If input is
to be echoed, then NECHO = 1; otherwise, O.

e NEWT - An integer variable that, if equal to 1, requests
setting of temperatures on the rectangular grid based
on input temperatures TS1(JS,K)} on the cylindrical
interface and TCEN(K) on the cask centerline. If NEWT

= 0, then temperatures are not reset,

e CENJ - A floating point number for the J index along which
"cask center line" temperatures TCEN(K) are
specified. The floating point number for the I index
is at I = 1.5,
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® TCEN(K) The initial temperature {°K) for each K-plane along
the cask center line. No value for ambient {K = 1 or

K = KP) is included.

® NEWTC An ipteger variable that, if equal to 1, requests
setting a temperatures on the rectangular grid phantom
cells at the cylindrical grid interface from the TS1
data. If REWTC = 0, temperatures of the rectangular

grid interface phantom cells are not reset.

e INFO

An integer flag variable that, if equal to 1, requests
printing of the interface temperatures. If INFO
equals 0, then no printing occurs.

® TS1(JS,K) An input temperature array for the JS azimuthal sector

1

at the Kth plane of the rectangular-cylindrical grid

interface. Its uses are defined by flag variables:

NEWT = 1 - Set T(I,J,K) for computational cells of
the rectangular grid.

NEWTC = 1 - Set T(ICART(JS),JCART(JS},K) for K = 2
to KP-1, i.e., temperatures at rectangular
grid phantom cells at the grid interface.
NEWTA = 1 - Set cask end ambient temperatures T(I,J,1)

and T(1,J,KP) from TCAN(1) and TCAN(KP),
which are averages over JS of TS1(JS,1)

and TS1{JS,KP), respectively. NEWTA is

set in the input to MAIN.

If a run is started without using a restart tape, then all temperatures must be
defined. If a restart tape is used, then only those temperatures that need to
be changed are to be reset,

Input File Example

385 1/therm/tcen

386 0,24.5

387 380.0,385,0,395.0,410,0,430.0,470,.0,505.0,545,0,575.0,
388 610.0,640.0,660,0,5*673.0,655.0,635,0,600.0,570.0,

389 535.0,510,0,475.0,445.0,415,0,395.0,385.0,380.0

390 t/therm/tsl
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391 0,0
392 62*%297.0,1798*373.0,62%297.0

Echoed Input File Example

580 tTherm newt=0 cenj=24,5 K tcen(k})
581 2 0,380e+03
582 3 0,385e403
583 4 0,395e+03
584 5 0,310e+03
585 6 0,430et+03
586 7 0,470a+H)3
587 8 Q,505a+03
588 9 0,545%a+03
589 10 0.575e+03
590 11 0,610e+03
591 12 0,640e+03
592 13 0,660et)3
593 14 0,673e+03
594 15 0,673e+03
595 16 0,673a+03
596 17 0,573e+03
597 18 0,673a+03
598 19 0,655eH03
599 20 0,635a+03
600 21 0,500e+03
601 22 0,9570e+03
602 23 0,535aH)3
&03 24 0.,510a+03
604 25 0,475e+03
605 26 0.445a+03
&06 27 0,415e+03
607 28 0,.395%a+03
608 29 0,385e+03
609 30 0.380e+03
&10

611 therm newtc=0 info=0 ® * % initial interface temparatures, °K * * ¥

NECHO is set to 1 in input line 385. NEWT is set to zero on line 386,
indicating that the temperatures on the rectangular grid are not to be reset.
No reset will usually be the desired option on a restart. CENJ is set to 24.5
as the J value for the "cask center line". The pseudo-mesh location {I,d) =
(1.5, 24.5) can be seen in Fiqure 4.1 to be the appropriate cask center line.
The model for setting initial cask temperatures is approximate., The KEWTC and
INFO entries (line 391} are both zero, indicating that new temperatures are not
be set on the rectangular-cylindrical grid interface and that the grid inter-
face temperatures are not to be printed. Nevertheless, 1922 entries
(62+1798+62) are read for the TS1(JS,K) array for 2 < JS < JSP-1 and ! < K <
KP. For this simulation, JSP is &4 and KP is 31,
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6.3.5 Temperature Modification Specifications

General Input Format

NECHO
NDELTA
IBEG, IEND,JBEG,JEND
DELTA(K), K=2, KP-1

General Input Description

e NECHO ~ Integer flag variable that, if positive, requests

echoing of forthcoming input in the output.

e NDELTA - A flag
NDELTA

NDELTA

NDELTA

NDELTA

e IBEG,IEND,JBEG,JEND -

whose values indicate the following actions:

A

0 -

set

0o not add user-prescribed temperature
increments in the rectangular grid or
grid interface region.

Add temperature increment DELTA(K) to
temperature T(I,J,K) in the rectangular
grid. The range is

JBEG < J < JEND

IBEG<T<MIN{ IEND,IEEND(J)}

2 < K < KP-1

Add temperature increment OELTA{K) to
rectangular-cylindrical grid interface
cells according to
T(ICART(JS),JCART(JS),K}
JCART{JS},K) + DELTA(K)
and 2 < JS < JSP-1.
Perform the actions described for both
NDELTA = 1 and NOELTA = 2,

T{ICART(JS},
for 2 < K < KP-1

of mesh indices that describe an {I,J)

range according to
JBEG(3)<J<JEND
IBEG< I<MIN{ IEEND{J)} ,IEND

e DELTA{K) - Increment to be added to all temperatures at the Kth
plane for the (I,J} range.
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Input File Example

393 1/therm/delta
394 0

395 2,18,2,34

396 29*0.0

Echoed Input File Example

513 therm  ndelta=0

614 Therm Ibag= 2 lend=18  jbeg= 2  jend=34
615 3 deltaik)
616 2 0,0008+00
617 3 0.,000e+00
518 4 0,000e+t00
619 5 0.000e+00
620 6 0,000e+00
621 7 0,000e+00
622 8 0,000e+30
623 9 0.,0008+00
624 10 0,000e+00
625 1t 0,000e+00
626 12 0,000e+30
627 13 0,000e+00
628 14 0,000et00
629 15 0,000e+00
630 16  0,000e+00
631 17 0,000e+00
532 18 0,000e+00
633 19 0,000et+00
634 20 0,000et00
635 21 0,000e+00
636 22 0,000e+00
637 23 0,000e+00
638 24 0,000e+00
639 25 0,000e+00
640 26 0,000e+20
541 27 0,000e+00
642 28 0,000e+00
643 29  0,000e+00
644 30 0.000e+00

This input requests echoing (NECHO = 1} on line 393. Line 394 requests no
adjustments of temperatures in the rectangular grid region (NDELTA = 0}, The
IBEG, IENO, JBEG, JEND, and DELTA(K) are read, nevertheless., The echoed input

reflects these entries,
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7.0 SUBROUTINE REBT

Subroutine REBT provides an optional numerical procedure intended to
accelerate convergence of the solution of the energy equation toward steady
state on the rectangular grid.

7.1 REBT FUNCTIONS

REBT sotves the energy equation on a coarser mesh, specifically, on three
slab partitions of the rectangular grid region. REBT is made available because
the algorithm used in THERM reduces smalil long-range errors slowly as steady
state is approached. Long-range errors are departures from the exact solution
over distances much larger than the mesh spacing.

The prescription for caliing REBT is provided by the user in the input to
subroutine THERM, Additional minimal but rather important input for this con-
vergence acceleration scheme is read by subroutine REBT during an initiation or
restart. To use REBT judiciously, it is helpful to review some of the features
of the solution for the physical system and of the energy equation in sub-
routine THERM.,

HYDRA-II 1is set up to find steady-state conditions, using time-stepping to
generate the approach to steady state. The finite-difference formulation in
HYDRA-II discussed in Volume I {McCann 1987) presents the energy equation in a
form relating temperature change 8T(I,J,K) in the {I,J,K) cell during time-step
§t to the net energy flow into the (I,J,K) cell and energy sources there. Sub-
routine REBT, by contrast, solves a comparable energy equation on a coarser
mesh for some time increment, &t = XDTIME, adding the temperature change &T
found for a coarse region to the T(1,J,K) for all the (1,J,K) points within the
region. REBT actually uses three coarse meshes, each a set of slabs., In the
first coarse mesh, there is a slab for each I value. Each temperature incre-
ment 8T{I) found in this coarse mesh solution is added to all the T(I,J,K} for
that I value. A similar procedure is followed in a coarse mesh with a slab for

each J value and in a coarse mesh with a slab for each K value.

Because the user is seeking only a steady-state solution for the coupled
system of heat and mass flow, the time-step in REBT need not be the same as
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that being used in THERM. Nor does it matter that the energy and flow equa-
tions are not advanced in near-synchronous fashion, so long as the steady-state
solution is economically obtained. Although the algorithm in REBT allows arbi-
trarily large time-steps in the 1inearized energy equation, nonlinearities will
1imit the preferred time-step size. Nonlinearities arise because the radiation
rates, the material properties, and the flow rates are dependent on the tem-
perature. The choice of input to REBT {and the pattern of calling REBT set in
THERM) should be based primarily on these considerations. The procedure within
REBT is applicable only if a steady state is desired, as the user should indi-
cate by setting STEADY = 1.0 in the input to Program MAIN.

The use of the coarser mesh solution in REBT will usually introduce short-
range error {departures from the true solution over distances of a few cell
lengths) while reducing the long-wavelength error. The user should expect this
in evaluating the effectiveness of REBT.

It is recommended that the user follow this procedure to use REBT
effectively:

1. Perform one or more HYDRA-II runs in which the solution for the com-
posite system is allowed to proceed through enough time-steps that
the temperature change per time-step becomes small before applying
REBT. The velocities and material properties should have attained
some measure of realism, but convergence will probably not have been
reached, as indicated by heat balance information printed by QINFO.
Create a restart file at this point.

2. Set the time-step &t = XDTIME in REBT to some value in the approxi-
mate range 100 to 108. Select a trial number NMAX of times to
execute the three directions of slab solutions in REBT at each call,
say NMAX~15. Run a restart case through a time-step in which REBT is
called., The pattern of calls to REBT is set in THERM by input vari-
ables NREB and NREBN. INFO should be set to 1 or 2 in REBT for this
restart, to get printout of the maximum divergence error total for a
slab {labeled DIMAX, DJMAX, or DKMAX) following the 1-, J-, or K-slab
coarse solutions. Plot one or more of DIMAX, DJMAX, or DKMAX as a
function of iteration number in REBT. Choose a value of NMAX for
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