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GAM_HEAT- A Computer Code To Compute
Heat Transfer In Complex Enclosures

INTRODUCTION

The GAM_HEAT code was developed for heat transfer analyses associated with
postulated Double Ended Guilliotine Break Loss Of Coolant Accidents (DEGB
LOCA) resulting in a drained reactor vessel. In these analyses the gamma
radiation resulting from fission product decay constitutes the primary source of
energy as a function of time. This energy is deposited into the various reactor
components and is re-radiated as thermal energy. The code accounts for all
radiant heat exchanges within and leaving the reactor enclosure. The SRS
reactors constitute complex radiant exchahge enclosures since there are many
assemblies of various types within the primary enclosure and most of the
assemblies themselves constitute enclosures. GkM_HEAT accounts for this
complexity by processing externally generated view factors and connectivity
matrices as discussed below, and also accounts for convective, conductive, and
advective heat exchanges. The code is structured such that it is applicable for
many situations involving heat exchange between surfaces within a radiatively
passive medium.

SUMMARY

The GAM_HEAT code has been exercised extensively for computing transient
temperatures in SRS reactors with specific charges and control components
(safety and control rods and septifoils). Results from these comp,_tations have
been used to establish the need for and to evaluate hardware modifications
designed to help mitigate results of postulated accident scenarios, and to assist in
the specification of safe reactor operating power limits. The code utilizes
temperature dependence on material properties, and the efficiency of the code has
been significantlyenhancedby theuse ofan iterativeequationsolver.Verification
ofthe code todate consistsofcomparisonswith paralleleffortsat Los Alamos
NationalLaboratory(Pasamehmetoglu,1991),comparisonswith similareffortsat
Westinghouse Science and Technology Center in Pittsburgh,Pa., and
benchmarked usingproblems with known analyticalor iteratedsolutions.All
comparisonsand testsyieldresultsthatindicatetheGAM_HEAT codeperforms
as intended.

DISCUSSION

Revision History - Since the issuance of Rev 0 of this document the GAM_I-IEAT
code has been extensively modified and extended to accommodate particular
features of the SRS reactor components, and to account for temperature
dependence on heat convection, emissivity, and heat capacity. The modifications
necessary to account for temperature dependence for improved accuracy were
made by incorporatingfunctionsforparticularvariablesintospecialsubroutines.
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This makes the code lessgeneral forother applications,however generalityisof
less concern than code efficiencynow that the temperature dependence has
caused a significantincreasein the computationaleffortcompared to the original
version. Before temperature dependence was augmented itwas necessary to
invert the chi matrix associatedwith radiant heat emissions only once for the
entiretransient.Ifthisradiantheat transfersolutiontechniqueiscontinued,the
chi matrix must be invertedat each time step. This ismildlyinefficientforsmall

problems but grossly inefficientfor large problems which are necessary for
further study. The code was thereforemodified to use an iterativesolution
techniqueas discussedbelow formuch improved efficiency.

Modeling Features - GAM_HEAT is a heat exchange code that accommodates
radiative, convective, conductive, and advective heat transfer. The model requires
as input radiation and conduction connectivity matrices. These matrices are
vectorized, as described later, where only-the non-zero entries are specified in a
row-ordered format. For large systems this format results in very efficient
mathematical manipulations with minimum storage and CPU requirements. As
a consequence of this code structure the geometry and dimensionality of any
problem is expressed in the vectorized connectivity matrices which are generated
external to the computational model. The output of the code consists of
temperature maxima and temperature solution vectors. These data may be post-
processed independently as required. The current version of the code features the
ability to compute transients of a specified time duration or to terminate the
transient calculation immediately after all peak temperatures are reached. The
code also may be executed for multiple power levels with the capability of
generating statistical data useful for estimating uncertainties in the analyses.
An Eulerian integration of the heat balance equations is performed as a
cumulative summation within each time step. Other features and options will be
introduced in discussions of the input parameters in later sections of this report.

The code is written in FORTRAN77 with some extensions that are all compatible
with DIGITAL VAX systems and also compatible with the CRAY and IBM 6000
computers at SRL. The source code is extensively annotated. Appendix A
contains several benchmark problems used to validate the code. Appendix B
contains a sample input and output. The input is in ASCII format to provide a
readable visual check of the input for any given problem. Appendix C contains
the source code for the program which is stored under configuration control in
SRLUSER7:[LOCA.COOPER.CMS DIR.GAM LIB]

Heat Balance Equations - The heatbalanceequationssolvedby thisprogram are
given as:

Component Surfaces

dT. J

mici = Fi + ejAjHj - ejAjf2j -
j=l j=1 Eq(01)
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hiA i (T i - Ta ) - k i ,_,(T_ - Tj) / L__,j
j=l

Air Components

N

maCa dTad_._[_= ]=,_ 6ajhjA j (Tj - Ta )- UaCa (Ta -4_) Eq(02)

where m-- mass, lb-mass
c--- Heat Capacity, Btu/(lb-mass °R)
T--- Temperature, °R
t --- Time, hr .....
F --- Gamma Deposition, Btu/hr
e --- Emissivity, Dimensionless
H--- Incident Surface Radiation, Btu/b_r-ft 2
A--- Surface Area, ft 2

--- Emissive Power, 6 T 4, Btu/ht.ft 2
--- Stephan-Boltzman Constant, Btu_r-ft2-°R 4

h --- Convective Heat Transfer Coeff, Btu/hr-ft2-°F
k--- Heat Conduction Coeff, Btu/hr-ft-°F

L--- Conduction Length, ft

5 --- Boolean Matrix for Convective Heat Transfer,
u--- Air Mass Transport, lbfar
¢--- Incoming Air Reference Temperature, °R

The left side of Equation 1 is the mass heat storage term for the component
associated with surface i. The first term on the right is the gamma energy
deposition rate within the metal component associated with surface i, the second
is the incident radiant energy absorption rate, and the third is the emissive power
for surface i. The fourth term is the convective energy exchange rate and the last
term is the conductive energy exchange rate. The left side of Equation 2 is the
mass heat storage term for air component a. The first term on the right is the
convective heat exchange rate and is seen to be the same as the fourth term in

Equation 1 except for the Boolean matrix _aj" The Boolean value _aj is equal
to 1 when surface j is convectively coupled to air component a and is zero
otherwise. This is only symbolic representation however, the code performs the
summation differently for reasons of computational efficiency. The last term in
Equation 2 is the computation of heat exchange rate by mass transport. These
equations are solved in a fully explicit manner by equating dT to (Tn+l- Tn) and
solving for Tn.l where n denotes the nth time step. For the problems considered to
date it has been observed that a time step of 0.25 seconds is about optimum to
prevent numerical instability. It has also been verified that results are
independent of time step size when the time step value is varied below 0.25
seconds.
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Gamma Energy Deposition-Energydepositionintothevariouscomponents ofthe
enclosureareinputquantitiescomputedexternaltothiscode.In thisapplication
the energyispresumed tobe in theform ofgamma photonsresultingfrom the
decayofradioactivefissionproductsbuiltin duringreactoroperations.Therefore
theF term refersto gamma energythatisdepositedin the metal components.
These data are suppliedby usingmethods describedin (Baumann, 1991).Since
the gamma energy is depositedin the metal components there existssome
possibilityforconfusionbecausethecomponentshave more than one surface,and
itisthesurfacesthatradiateand convectenergy. These energyexchangesare
properlyaccountedforby tho assignmentsofprimary and secondarysurfacesfor
the individualcomponents,and temperatureupdates are not performedbefore
bothsurfacesare considered.

A specialprogram subroutinewas written-tocompute thegamma loadingtothe
variouscomponents as a functionof time afterthe terminationof reactor
operations.Ifthe energydepositionisby any means otherthan gamma heating
thissubroutinemust be replaced.Thisroutine,in additiontotheinitialgamma
loading,requiresthe input of a pre-incidentpower leveland a totalgamma
peakingfactor(theproductofradialand axialpeaking)to compute maximum
temperaturesfora 2D inputmodel. Ifa 3D model isinput,the peakingfactor
shouldbe setto unity. The algorithmforsettingthe gamma loadingin each
componentateach timestepis:

Setr = Iog(tn) foreachtimestepn,

K

F= ZAk _'k
k=0 fortheK termsintheapproximation,and

Frn = FP_VDrn foreach component m Eq(03)

where the A k are the polynomial coefficientsto the deposition
approximation,P isthetotalpeakingfactor,W isthepowerinwatts,and D isthe
inputdepositionfraction.

Radiant Heat Exchange -ItisnotedinEquationithattheincidentradiationterm
containsa productHjAjwhich isdefinedas theinstantaneoustotalradiantenergy
arrivingat surfaceifrom allothersurfacesin the complexenclosure.The value
ofHiisthereforeinfluencedby allsurfacesj withinthe enclosurehavingoptical

couplingto surfacei,includingitselfifthe surfacei isconcave.The degreeof
influencesurfacej has upon iisproportionaltothe degreeofopticalcoupling
which isexpressedas a view factor.View factorsand theirdeterminationare
discussedinTaylor(1991).A derivationoftheH iisdevelopedinSparrow(1978)as
follows:



Figure 1

Radiant Energy at Any Surface

In the above Figure, H is the instantaneous total radiant energy in an enclosure
impinging on any surface within the eri_osure. Two radiative components
emanate from the surface. The emissive power is represented by the a aT 4 term
and the reflected energy is represented by the pH term. A surface radiosity is now
defined as B which is the sum of the emissive power and reflected energy. The
mathematical relationship between the B and H vectors is given below.

Bi =ei_ Ti4 +PiHi =ei_ Ta +(1-e i )H i Eq(04)

N

H i = _, BjFi_ j
j=l Eq(05)

N

B i =eio' T4 +(1-ei),'_BjFj_ i
j=l Eq(06)

In Equation 6 the gray-body assumption is invoked which specifies that the
fraction of incident radiant energy that is reflected plus the fraction that is re-
emitted must sum to 1.0, or

p = (1 - e) Eq(07)

Equation 5 states that the total energy H i is the sum of energies from all surfaces.
For a given surface the radiant energy is the product of radiosity and the
associated view factors as discussed above. The view factors are determined as a
function of geometrical relationships and are input to the computations. It is
thus noted in Equation 6 that B is now the solution vector for the set of surface
equations. Equation 6 is recast as in Equation 8 below and the chi coefficient
matrix is determined by equation 9.
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j=l Eq(08)

8_j -(1- e_ ) F___,j

Zij -- Ei Eq(09)

_i =cT_ Eq(10)

The B vector is now determined using an iterative equation solver based on
successive over-relaxation (SOR). There is no method available to optimally
determine the over-relaxation parameter o_, however, it known that the upper
limit is about 1.25. This value is an input parameter for GAM_HEAT
computations and a value of 1.15 has consistently been used with good results.
This equation solver is also structured to utilize vectorized matrices with only
non-zero components to eliminate the need for storing matrices. The emissivities
that appear in the equation set are temperature dependent, therefore the process
described above must be performed each time step as the temperatures are
updated. This equation solver efficiency is shown to be about a factor of two
greater than direct solvers for an 11 X 11 chi matrix, and more than a factor of 10
for a 54 X 54 matrix. For larger matrices the efficiency is expected to be even
greater. The success of this algorithm is primarily due to the small time steps
used (about 0.25 soc) such that the radiosity B vector is always near the correct
solution and a minimum of iterations are required for convergence. The
algorithm actually employed is structured as follows:

SOR Algorithm

Solve the linear system Ax = b with aa ¢ 0 for each i = 1,2, ..., n

Set the co parameter

Stepl Set k = 1

Step2 For eachi = 1, 2, ...,n

i-I n

Xk xk-1 k k-1i = (1-o3) • +( bi-,_, aijxj- Z aijxj )
j=l j=i+l Eq(ll)
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Step 3 Test for convergence

If converged, go to Step 4

If not, increment k and go to Step 2

Step 4 Iterations are complete

IntheabovealgorithmtheB vectorisrepresentedby theX vectorofEquation11.
The B vectorisinitializedusinginputtemperaturesand materialproperties.
AftertheB vectorisknown, theH vectoristhendeterminedfrom Equation4 and
theradiativecomponentsofEquationIarethenavailable.

Convective Heat Exchange
...

Each surface can be convectively coupled to only'one air component. However, a
given air component may be convectively coupled to many surfaces. The
convective coupling for each surface is therefore specified in the N by 5 control
matrix of the basic control data as described below.

Convective heat exchange is facilitated by a special routine that is a combination
of modified literature correlations and correlations developed at SRS for the
special reactor components in use. Of particular concern is the safety rods which
are inside an aluminum thimble with holes accounting for about 33% of the
thimble surface area. The radiative heat transfer for the thimble and rod is
accommodated by special considerations provided by input without detracting
from the generality of the code. However, the convective heat transfer could not be
facilitated by input without very special considerations. For this reason the
parameters and algorithms used to compute convective transfer are contained in
a special subroutine with no functional connection to input data except for the gap
enhancement factor and indices used to direct the computations for the various
components. The gap enhancement factor is used to vary the conductivity of air
between the thimble and safety rod as a means of simulating special conditions.

Natural Convective Cooling Correlations - The following discussion describes the
computation of heat transfer coefficients as used in the GAM_HEAT code for
convective heat transfer between vertical reactor components and the air that
would be inside the reactor tank after a large break LOCA• A more detailed
description may be obtained from (Steimke, 1991) which is the source of the
algorithms presented here. In this source the correlations developed are based on
temperature differences between surfaces and ambient up to 500 °C. Therefore
these algorithms are assumed applicable for temperatures over the range
expected in gamma heating scenarios.

Temperature dependent heat transfer coefficients, hi, are evaluated as follows:

h_ = k(Nu L / L) Eq(12)
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where k isthe thermal conductivityofair,NUL isthe Nusseltnumber forthe
component ofinterest,and L isthelengthofthatcomponent.

For largediameterassembliessuch as containedintheSIRSreactors,theNusselt
number iscorrelatedas follows.

Nu_ =0.12 Ra_ Eq(13)

Ra L = L 3g ITw - T,I Pr /(_)2T_,)

where Tw representssurfacetemperatureand Toorepresentsairtemperature.

This Nusselt number correlationappliesto the turbulentregime which is
appropriateformost ofthelengthofthesafetyrodand thimblecombination.The
air conductivity,Prandtl number, and kinematicviscosity,k, Pr and v, are
evaluatedat the film temperature. All propertiesare evaluatedunder the
assumptionofdry air.

"rf =(Tw +I".)/2

k = 3.486 E- 3 + 4.021 E- 5 Tt - 6.289 E- 9 T 2

Pr =0.7178 +2.314E-4 Tt -9.979E-7Tf 2 + 8. 778 E-10 T_

_a=-2.345E-5 + 2.718E-7 Tf + 1.3271E-9T 2 -2.881E-13 T 3 Eq(14)
mm

The unitsintheaboveequationsare°K,pcu/hr-ft-°K,dimensionless,and ft2/sec,
respectively.

Heat transferfrom theoutsideofthethimbleand theportionofthesafetyrodnot
coveredby thethimblesolidsurfaceiscomputed from thefollowingequations:

_=(2_ L)/(0.12 Ra_ D)

A fitto literaturedata and SRL data gave rI equalto 2.5{3.Tf is computed
separatelyforthethimbleand safetyrod.
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The safetyrod is assumed to be centeredin the thimble,making no thermal
contact.Heat transferisby conductionthroughtheairlayerbetweenthem. ltis
tobe notedagainthatthisisa specialcaseofheattransferfrom surfacessinceall
othersurfacesin the reactorare coupledto aircomponents whereas thisisa
surfaceto surfacecoupling.This isfacilitatedby placinga minus signon the
couplingindicesas discussedin the input description.The heat transfer
coefficientinthiscaseis:

h = k /AR Eq(16)

The thermalconductivityk ofairisevaluatedattheaverageofthesafetyrodand
thimbletemperaturesand AR isthegap width. The surfaceareatowhichthisis
appliedistheaverageofthesafetyrodand thimbleinnersurfaceareas.

Conductive Heat Exchange -Componeni§associatedwitheach surfacemay be
conductivelycoupledtoany number ofothercomponents.The connectivitymatrix
forthiscouplingis alsospecifiedand storedin vectorizedformatas described
above. Conductiveheat transferiscomputed as specifiedin the lastterm of
EquationI.

Air Compartment Energy Exchange -When intoningtwo-dimensionalproblems
such as the infinitelatticeconfigurationincludedas the sample problemin this
report,thereisno mechanism availabletoproperlyaccountforconvectiveairflow
(and consequentlyenergy exchange)between variousair regimes withinthe
reactor.GAM_HEAT doesprovideforthisexchangemechanism by theinputofa
matrixofcoefficientsthatspecifytheexchangerate,inpounds perhour,between
compartments. Althoughthisisrecognizedas an over-simplificationofreality,it
is expected to facilitatethe study of phenomena that would otherwisebe
impracticaluntilsuch time thatmore rigorousanalysesbecome available.The
energybeingtransferredisgivenby thefollowingalgorithm:

N

Ej = _ai,jrnica(Ti- Tj) for i _ j,and
i=l Eq(17)

N N

ai,jmi= _ aj,imj foralli
j=l j=l Eq(18)

where E isenergy,Btu/hour,and the a'sare mass transfercoefficientsin mass
fractionper hour.

Uncertainty Analyses_ - Provisionsare made in the GAM_HEAT code to
automaticallyperform uncertaintyanalyseswhen uncertaintyparametersare
inputforprescribedvariables.The prescribedvariablesare:

01) Convectioncoefficientsas programmed in a specialsubroutine
02) Boundary temperatureconditionsforallreactorcomponents
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03) Gamma deposition axial peaking to compute max temperatures
04) Total deposited gamma power as specified in ANSI/ANS-5.1 1979
05) Temperature dependent aluminum emissivity
06) Temperature dependent stainless steel emissivity
07) Safety thimble convective coefficients
08) Safety rod convection coefficients
09) Temperature dependent heat capacity of aluminum
10) Temperature dependent heat capacity of stainless steel

The rationale and development of these uncertainties are discussed in (Cooper et
al., 1991)

Values for these variables are input in terms of one sigma standard deviation or
as a fraction representing a one sigma percentage of the code calculated value.
Uncertainty values may be input for any or ell_the variables listed. The objective of
these analyses is to evaluate the overall temperature uncertainty based on critical
components when all uncertainties are considered. For any given power level
this is implemented in the code by first establishing a base or nominal case by
performing the temperature transient computation with no uncertainty applied.
The transient computation is then performed over a specified range of probit
values Pij which is defined as:

PU= (vj - ) / Eq(19)

where Vii is the deviation from the best estimate value bi for each variable in turn,
and oi is the input or computed standard deviation of the variable i. The
subscript j represents the number of probit values specified for each variable i.
The Vii are specified such that the P _,are equal for all j, and the range extends to
_+the maximum value of Pij. During each transient the current uncertainty
variable will be augmented by adding the product Pijoi to the variable best
estimate. Since a complete transient computation must be performed for each
variable with uncertainty specified, and for each probit value specified, there will
be (i xj + 1) transients computed for each reactor power specified, accounting for
the nominal case.

After all uncertainty transients are computed yielding maximum temperatures
for a given power level, the GAM_HEAT program then computes a combined
uncertainty value in terms of temperature maxima by applying a root mean
squared summation derived from linear error propagation analysis:

=t /T, J-Tofor all Ti_;j > T O Eq(20)
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where Ti,±j implies that results from + values of Pij are to be used in the
summation, and To is the maximum temperature from the nominal transient.
This analysis assumes that the temperature maxima as a function of uncertainty
are linear with respect to probit values for any given variable with uncertainties
applied. For cases where the temperature response to uncertainties is
significantly nonlinear, it may be necessary to use statistical sampling methods
on these responses to determine the overall uncertainty. However, in
investigations to date the responses to ± one standard deviation on the
uncertainties has been sufficiently linear so that statistical sampling was not
required.

Temperature Dependent Heat Capacity -Thermal propertiesofthevarious
component materialsare calculatedforeach time stepbased on temperatures
computed at the previoustime step.Temperature transientcalculationsforthe
componentscurrentlyintheSRS reactorsinvolveonlythreecomponentmaterials
for which thermal property functionsare required to apply temperature
dependence. These materialsare aluminum, cadmium, and stainlesssteel.
Propertyfunctionsas specifiedin (Kielpinski,1991) are presentedin Table I.
These functionsareprogrammed as a specialroutinein theGAM_HEAT code.

Table I

Heat Capacity Functions of Temperatm_

General form, cpfA+B*T+C*T 2
CpinBtu /Ibm-°R,T in°K

Material A B C iStdDev Range,°K
m

Cd (solid)4.5235E-02 3.0821E-05-1.786ZE-08 0.00112 300- 594
A1 1.9688E-01 3.1042E-05 7.6250E-08 0.01150 300- 920

304 SS 1.0396E-01 1.7512E-05 5.2190E-08 0.02070 300- 1250
Cd Cliq) 0.0617 0.0 0.0 0.0 594- 1038

The safety rods currently in the K-Area reactor are expected to be replaced in the
near future to allow operations at increased power levels. The new rods will be
composed of stainless steel and boron carbide (B4C) pellets enclosed in a sheath
havingthe same diameteras rodscurrentlyin use. Heat capacityofB4C as a
functionof temperature is givenin a slightlydifferentform than the other
materials.The form ofthisfunctionasderivedfrom (Brandes)isgivenas:

Cp(B4C) = 0.7495 + 1.759E-4 * T - 3.49ZE+4 * T" 2 Eq(21)

where Cp is in units of Btu / (lb - °R). The range of this polynomial is from about
300 °K to 1100 °K.
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Checks are performed in the GAM_HEAT program to provide warnings when
computed temperatures are outside the ranges specified.

ECS Flow Throttling - Under current operating conditions coolant flow for the
septifoils and control rods is upward with discharge through slots and holes near
the top of the reactor. Under drained or partially drained tank conditions this
discharge is depended upon to provide coolant to the universal sleeve housings
(USH's) of the fuel assemblies surrounding control rod positions. If ECS flow is
reduced beyond a certain value the flow to the septifoils will no longer exit the
holes and slots. Under this condition there will be no wetting of the surrounding
USH's of the fuel assemblies. This condition is simulated by running the
transient calculation for a user specified time at which the bounding conditions of
the USH's (and septifoils if considered appropriate) are turned off and they are
allowed to heat up. This causes higher temperatures than would have prevailed
otherwise. As the GAM_HEAT program currently exists the specified time for
turning off the boundary conditions must be less than the time for the reactor
components to have reached a peak.

Input Features - GAM_HEAT is designed to work with largesystems of
equations,thereforemost ofthe inputdata are expectedto be generatedby
peripheralprograms writtenforspecifiedpurposes,althoughforsmallsystems
thedatamay be preparedmanually. Allinputdataaregeneratedand placedina
datafiletobe inputat run time.The GAM_HEAT codeinternallygeneratesdata
thataretemperaturedependentsuch as emissivities,convectioncoefficients,and
heatcapacities.Inaddition,thegamma energydepositionrateisalsoupdatedas
a functionof time afterreactoroperationis terminated. The emissivityand
gamma depositionupdates are computed using polynomialexpressionswhose
coefficientsare part of the inputdata. The otherupdates are computed by
algorithmsthat are programmed intothe relevantsubroutinessincethereis
generallyno reasontomodifythesealgorithms.

Input requirements are discussed below.

Basic Control Data - The following data are written to a file in ASCII free-
form format. The first two lines may contain any alphanumeric data to
identify the output. The next lines are the basic input parameters, one entry
per line. Where blank lines are specified to be entered, these may contain
arbitraryalphanumericinformationalso,sincetheselinesare notprocessed
otherthan beingincludedin theoutputforcompleteness.

charvar .... Alphanumeric data,
blank line -- Blank line,

mxtim ..... Maximum run time,sec,
dt............Time stepincrement,sec,
prt..........Printinterval,sec,
tadd........Incidenttime delayaftershutdown,sec,
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The tadd parameter above is to account for fission
product decay to properly compute gamma energies as a
function of time when the incident is initiated at some
time (tadd, sec) after shutdown.

throtl Time after accident initiation that ECS throttling below a
threshold value is simulated by removing temperature
boundary conditions on USH's and septifoils, and allowing
heatup,

nmatl ...... Number of different surface materials,
nmair ...... Number of different air materials,
view ....... View factor summation criterion, % error, discussed below
recip Criterion for view factor reciprocity as discussed

below, percent error allowed,
itmx ....... Maximum iterations for radiosity vector convergence,
cnvrg ...... Criterion for radiosity s_lution convergence,
rlax ........ Relaxation parameter for solution convergence,
nmet ...... Number of metal surfaces,
nair ....... Number of air components,
gapen ..... Gap conductivity enhancement factor,
sigmx ..... Sigma range for uncertainty limit, + sigmx,
siginc ..... Sigma increment,

mtran ..... Flag to control transient duration
mtran = 0 Terminate after all surfaces and air

components reach peak temperatures.
mtran = 1 Run full transient (mxtim sec)

',ncon ..... Flag to specify the heat energy deposition mode.
mcon= 0 Heating energy is transient
mcon = 1 Heating energy is constant

Enter two blank lines

The next input data specify output variables. If the entry is a positive integer
the output variable is a surface temperature whose index corresponds to the
entry. If the integer is preceded by a minus sign the output variable is the
temperature of an air component. For each entry a maximum temperature
will be output and, if uncertainties are specified, the uncertainty analyses
will be performed mad output.

nout ..... Number of entries for output
indx, varnam The index associated with the entry, (surface or air

index as input below), and a name to be associated
(arbitrary). One entry pair per line.

Enter two blank lines

The next entries are on a single line that specifies the number of power
levels, and the power levels in megawatts.
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npow, powi Num of power levels, and levels for i = 1,..., npow

Enter two blank lines

Next a group of parameters associated with gamma deposition are entered.

axpeak ..... Totalpeakingfactor,dimensionless
core_fen...... Activecorelength,feet
dep_l....... Gamma depositionfractionIstminuteaftershutdown
npoly...... Number ofcoefficientsinpolynomial,Eq(03)

Entertwo blanklines

gdep ..... Deposition polynomial coefficients, in ascending order

Entertwo blanklines

The next controldataare containedin an N by 5 controlmatrixwhere N is
the totalnumber ofmetal surfaces,includingboundary conditionsurfaces
associatedwith componentswhere the temperatureisheld constant.This
matrix establishesthe couplingbetween surfaceand air components
accordingto entriesin thethirdcolumn. These entriesgenerallyspecifyair
components,however,ifan entryispreceded by a minus sign the entry
specifiesanothersurfacewith conductiveaircouplinginsteadofconvective
coupling.

Thereisone lineforeachsurface.The data containedon eachlineis:

nc Surfacenumber,
matno ..... Materialnumber,
npath(1)--- Conductivitycoupling? 0 forno, Iforyes
npath(2)--- Convectivecouplingaircomponent index,
npath(3)--- Radiativecoupling? 0 forno, Iforyes
npath(4)-- Fixedtemperature? 0 forno, Iforyes
npath(5)--- Secondarysurfaceindex,or zeroforno secondary

surface,

Secondary surfaces referred to above are generally the inside surface of a
cylindrical component where the outside surface is considered primary.
These roles may be reversed so long as the numbering scheme is such that
all primary surfaces are input before secondary surfaces are listed.

Entertwo blanklines

The final control data specify the index of the air material properties to be
used for each air component. There will be one line for each air component.
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nc, namat -- Air component number,and associatedindextospecifytheair
materialas inputbelow.

Entertwo blanklines

Material Properties - Materialpropertiesmust now be specifiedforas many
different types of materials as are specified by the material indices in the above
control parameters. The number of different materials is not expected to be large,
therefore these data are input as ASCII data in the same file as the control
parameters.

Surface Materials -Due tothenumber ofdifferentparametersassociated
with each surfacethesedata areinputintwo groupsas follows.Therewill
be one linein each groupforeach materialspecified.The followingentries
areon a singleline. ---

FirstGro_o
mn Materialnumber,
metnam --- Surfacename foreditand ID information
cv Materialheatcapacity, Btu/0b-R)
tmelt.......Meltingtemperature, °R
cmelt.......Heat offusion, Btu/Ib
ipc...........Indexforcomputingheatcapacity, dimensionless
imiss.......Surfaceemissivityindex, dimensionless
xmiss......Boundary conditionemissivity, dimensionless
area ........ Surface area, ft2
xmass ..... Mass associated with this surface lb_mass

The xmiss entryabove willbe used forthe materialwith index(mn) ifa

surfaceisspecifiedas a boundarycondition.Otherwisean emissi_'.7willbe

computed ateach transienttimestepaccordingtocurrenttemperature.The

ipcparameter specifiesthe correctpath withinthe temperaturedependent

heatcapacity(cpc)subroutineaccordingtothe followingvalues:

ipc= I, Materialisassumed tobe allaluminum,

2, Materialisoldsafetyrodhomogenized,
3, MaterialisB4C safetyrodhomogenized
4, Materialisallstainlesssteel.

Comments forthefirstgroupabovealsoapplyforthesecondgroup.

Second Group

mn ...........Materialnumber,
metnam ....Materialname foreditand ID information
ttmat.......Initialtemperature, °R
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phi ........... Reference temperature, °R
convnam--- Convection uncertainty parameter name
conda ....... Cross-sectional area for conduction, f_2
condk ....... Conductivity coefficient, Btu/(hr-ft.OR)
condl........ Conductionlength ft
nu_indx ....NusseltindexforcomputingRa number, dimensionless

Entertwo blanklines

The convnam aboveisa charactervariableused in thecode tocompute an
uncertaintyindextopointtothecorrectuncertaintyvariableforthespecified
materialassociatedwith a givensurface.Thisname isnotarbitrary,itmust
correspondexactlytoone ofthe convectiveuncertaintynames as specified
below ifuncertaintiesare specified.Ifno uncertaintiesare specifiedthis
name willnotbe used and becomes arbitrary,but must be enteredtosatisfy
thefreeformatreadrequest.

Air Materials

mn .......... Material number,
airnam ..... Material name for edit and ID imco
cp Heat capacity, constant pressure, Btu/(lb-°R)
amass ..... Air mass per component, lb_mass
uair ........ Air mass flow rate, lb_mass/hr
ttair ........ Initial air temperature, °F
phair.......Incoming airtemperature, °F

Entertwo blanklines

Air Compartment Specs -The followinginputisusedforcomputingtheexchange
ofenergybetween partitionedairregionswithinthe main tank enclosure.The
inputisin the form ofa matrixwhose elementsare exchangecoefficientswith
units of Ib/hour. Exchange is allowed from any compartment to any other
compartment, The coefficientsmust be determinedexternaltothe GAM HEAT
program and itisincumbentupon theusertoensurea balancedsetofcoei_cients
such thatmass and energyisconserved.Thisrequirementischeckedinthecode
and ifan imbalanceisdetectedthe program willterminatewith an appropriate
message. The firstentryisthenumber ofcompartmentstobe input.Succeeding
lines,one lineforeach compartment,containallthe coefficientsfora particular
compartment which specifiesexchangewith allothercompartments.

ntnk .......Number oftank aircompartments

tcoef(ij)---Energy exchangecoefficientsfrom compartment ito
compartment jforj= 1,2,...,ntnk

Entertwo blanklines
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UncertaintyParameters -The firstuncertaintyparameterisa specificationofthe
number ofentriestobe made. Ifthe number iszerothen no furtherentriesare
necessary. Otherwise make one uncertaintyentryper lineuntilthe proper
number ofentriesare made. The errorparametersforemissivitiesareinputas
0.0followedby thename becausetheseparametersarecomputedfrompolynomial
coefficientssuppliedbelow.Uncertaintyestimateswillbe performedonlyforthe
inputentries.

nval....... Number ofuncertaintyparameterstobe input

error,devnam One sigmauncertaintyfollowedby thename ofthe
uncertaintyvariable.Thisname must be inquotesand
must be one ofthefollowingnames:

'convect' For generalconvectivesurfaces
'bnd_tmp' Inputinitialand boundaryconditiontemperatures
'peaking' Gamma peakingfactors,axialand radialcombined
'gam_dep' Initialgamma sourcefrom fissionproducts
'emis_al' Aluminum emissivity
'emis_ss' Stainlesssteelemissivity
'thim_h ' Safetythimbleconvectioncoefficient
'srod_h' Safetyrodconvectioncoefficient
'cp_thim' Thimbleheatcapacity
'cp_srod' Rod heatcapacity

Entertwo blanklines

EmissivityCoefficients-Emissivitiesas a ftmctionoftemperaturearecomputed
in the code by the use of input coefficientsassociatedwith polynomials
approximatingthe temperaturedependence.The rangeofthe polynomialsused
todateextendsfrom about0 °C to1000 °C. These coefficientsareincludedinthe
inputbecause emissivitydata are not as firm as otherengineeringdata and
thereforesubjectto change. In additionthe emissivityissubjectto change as
components are changed althoughthe components may be identicalexceptfor
differencesin exposuretothereactorenvironment.Sincethesepolynomialsare
input,thereare no checksmade in thecodetoensureoperationwithina specific
range.In the inputbelowthefirstintegeristheemissivityindexassociatedwith
a specificmaterialtype and enteredas the sixthentryin the firstgroup of
materialparametersabove.The secondentryisthenumber ofcoeffcientstobe
enteredincludingthe zero degreecoefficient.Thus, there willbe one more
coefficientthan thedegreeofthepolynomialbeingused.Thisentryisfollowedby
the coefficients.All entriesfor each polynomial are on a singleline. If
uncertaintiesare inputforthe emissivityassociatedwith the emissivityindex,
then the uncertaintypolynomialdata must appearon the nextline.The format
willbe asdescribedabovefortheemissivitypolynomial.

ndx,neco,ecoef(i),i=1,...,ndx Always entered
ndx,nsco,scoef(i),i=1,...,ndx Enteronlyforspecifieduncertainty



Repeat the above input for all emissivity indices in the first group of material
inputs above.

Insert two blank lines

InitialHeat Generation -Forthereactorprobleman internalheatgenerationrate
in watts isdeterminedforeach component with surfaces.This calculationis
performed in a routinethat is custom designed to compute thesedata as a
functionoftime foreach component. The basisofthisroutineisthe(Baumann,
1991)document. The followingdata,threeentriesper line,providethe initial
power distributionfractions.

nc Component number,
id..........Component identification,
gamnit.... Initialfractionalpower distribution

Repeat the above input untilallcomponents associatedwith primary
surfaceshave been input.

Inserttwo blanklines

Coupling Data Storage Format - For radiative and conductive heat transfer, each
surface will be coupled to a specified number of other surfaces through view
factors or conductivity coefficients. When all surfaces are considered, the
couplings constitute a connectivity matrix where the dimension of the matrix is
the total number of surfaces. For large systems the connectivity matrices are
expected to be sparse because each surface is connected to a small number of
other surfaces relative to the total number in the system. To store and manipulate
such matrices would be wasteful of computer resources, and may not be
affordable because of resource demands. Expected applications of thi .. _rogram
include large systems with complex geometry and surface coupling conditions,
therefore it was necessary to adopt a data storage format that minimizes storage
and computational effort. The method chosen is described, for example, in
(Axelsson and Barker, 1984), and can be described best in terms of matrices and
vectors and is structured as follows:

The couplinginformationwithineach mode isexpressedmathematicallyas
a matrix. Diagonal entriesin the matrix denote self-coupling,and off-
diagonalentriesdenotecouplingtoothercomponents. The sparsitypattern
ofthematrixissymmetric.However,thevaluesoftheentriesingeneralare
notsymmetricwith respecttothediagonal.Each matrixas describedabove
isstoredas threevectors.The firstvectorcontainstherow-orderednon-zero
entriesof the matrix,anothervectorhaving the same lengthcontainsthe
column numbers of each non-zeroentry,and the thirdvectorisa pointer
vectorhaving the same dimensionas the matrix. The entriesofthisvector
specifythe vectorposition(sequencenumber withinthe firstvector)ofthe
first non-zero entry of each row of the matrix. This vector also specifies the
corresponding column number within the second vector since these vectors
have direct correspondence relative to position. In actual application the
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pointervectorlengthisaugmented by one tofacilitatethe use ofan efficient
algorithmforcomputing indices.This method of storagealsoprovidesa
means of efficientlyperformingthe matrix algebraassociatedwith the
system solution.With the three vectorsdescribedabove the required
elementsofthematricesmay be extractedas neededwithouthavingtodeal
withcomputationsinvolvingzeroquantities.

View Factors -The view factorsassociatedwith component surfacesare the
essential means of specifying the geometry for radiant heat exchange. There are
generally several view factors associated with a given surface, and the totality of
all view factors constitute an N x N connectivity matrix where N is the total
number of surfaces in the system. However, in large systems the matrix
generally will also be sparse. The GAM_HEAT program uses the method of
storing all matrices described above to minimize storage and CPU requirements.

For small problems it is feasible to include the view factor data in the same ASCII
file with the other input data. To date the largest problem has been a model with
54 surfaces and all input data has been from a single file. When larger models
are being investigated the view factor data will be transferred to a separate binary
file for more efficient input. Once a view factor model has been established and
verified for a given model it is not likely to change.

For each surface view factors are entered in the following format:

kcom, kcc ..... Where kcom is the surface index, and kcc is the
number of other surfaces viewed by this surface.

kcf, fR"....... Kcf is the index of the surface for which this view factor,
frf, applies. This line must be repeated until kcc view
factors have been entered. One entry must be a self-view
factor even if the surface is not concave in order to
prevent numerical difficulties. In this instance enter a
very small number such as 1.0E-20

This format must be repeated for each surface in the model.

Since all surface to surface interactions are specified there is no need for
additional geometry for the execution of the GAM_HEAT code.

There are two basic requirements associated with view factors. The first and
most important requirement is that the sum of all view factors originating from a
given surface must be unity which forces energy conservation,

J

Z Fi--*J= 1.0
j=l
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Ifthisconditionisnot met forany component the solutionobtainedwillbe in
error. The code checks to determine ifthisconditionis met and ifnot,the
program isterminated.Another conditionthatshouldprevailisthe reciprocity
relationshipforview factorand areaproducts,

AiFi....j = AjFj_ i

If thisconditiondoes not prevailitindicatesincorrectenergyexchanges,but
stabilityoftheequationsetmay notbe affected.Thisconditionischeckedforall
surfacesbut the program is not terminated unless the magnitude of any
inequalityexceedsthespecifiedreciprocitycriterionintheinput.

Conductive Coupling -The formatforcon'd_ctivecouplingisthesame asforview
factorsdescribedabove although the connectivitymatrix generallywillbe
different.

Problem SizeLimitations-The sizelimitationon any givenproblemisdetermined
by dimensioningparameterswithin PARAMETER statementslocatedat the
beginningof the sourcecode. When largesystems are modeled itwould be
prudent to adjusttheseparametersto assurethat enough computer spaceis
allocatedwithout unduly taxingfacilities.At the beginningof each program
execution the storagerequirements for various parameters are computed,
checked foradequacy,and reportedto the defaultsystem outputfile.Ifany
dimensionaldemand isgreaterthan allocated,theprogram willterminate.This
outputmay alsobe usedtocheckforexcessivestorage.

Output Data -Allinputdata areincludedin theoutputas a verificationcheck.
Additionaloutputiscontrolledby inputcontroldatawhich specifiesthefrequency
atwhich alltemperaturedatawillbe outputtoan externalfileforpostprocessing.
The bulk of the outputdata is in binary form that is writtento a fileto be
postprocessedforspecificrequirements.The firstrecordof thisoutputisthe
number cf surfacetemperaturesto be printedand the controlinformation
describedabovethatisneededtosortthedata. Thisisfollowedby recordsofall
temperatures at the specifiedtime intervals.Maximum temperaturesof all
surfacesand aircomponentsare outputto a separatef'flein the ASCII format
thatmay be usedtoevaluatetheexecution.

Sample I/O-A sampleinputand outputisincludedasAppendixB. Thisinputis
a simulationof the SRS reactorswhere a supercellwith periodicboundary
conditionsismodeled. The supercellconsistsof6 Mark-22 assemblies,a septifoil,
and a safetyrod. Infiniteaxiallengthis alsoassumed, thereforethe model
representsa latticeextendingtoinfinityinalldirections.Outputfrom processing
thismodel istabulatedinTableB 1 which containspeak temperaturesofselected
variables.Transientsforthesesame variablesareshown inFigureB3.
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ModelVerification and Benchmaridng

No experimental data currently exist to directly verify these gamma
heating computations, nor is any likely to be available in the near future. It is
therefore necessary to rely on theoretical considerations to verify that the
computer program is performing adequately. Even in the presence of
experimental data it is necessary to verify correct algorithm behavior. To that end
a suite of benchmark problems has been processed to compare the theoretical and
numerical solutions. These benchmark problems were obtained from the Los
Alamos National Laboratory (Pasamehmet.qg!u, 1991) as they were used in their
benchmarking efforts. These efforts were related to a computer program that was
developed in parallel with the SRL program to investigate the gamma heating
problem. Analytical solutions to each of these problems, when such solutions
exist, were also given in the reference document and independently verified.
Steady state solutions are available for all problems and each problem is designed
to test various aspects of the computer programming as indicated below.

In some instancesitwas necessarytouse a modifiedversionofthe GAM_HEAT
codetoaccommodate necessaryboundary conditionssuch as constantconvective
transfer coefficients,constantheat capacities,and constant medium
temperatures. In the code these parameters are generally considered
temperaturedependent.However, the modificationsin allcaseswere trivialso
thatallthetestsindicatedbelowaredirectlyapplicabletotheGAM_HEAT codeas
used forcriticalapplications.

Problem 1 - Rod EnclosedBy A Cylinder-This is a radiationonlyproblem
consistingof two concentriccylindersof infinitelength with parameters as
specifiedin Figure Al. The SRL GA.M_HEAT code computed a steadystate
temperatureof620.0compared totheanalyticalsolutionof620.1°C. Theseresults
are shown inFigureA2.

Problem 2 -Rod EnclosedBy Two ConcentricCylinders-Thisisalsoa radiation
only problem with multipleenclosuresconsistingofthreeconcentriccylinders.
The geometry,bounaJy conditionsand heat generationare the same as in
Problem I with the additionofthe outercylinder.Allpertinentparametersare
shown in FigureA3. The GAM HEAT codecomputed steadystatevaluesforthe
heated rod and intermediatecylinderof 724.1and 507.8°C compared to the
analyticsolutionof724.2and 507.9°C. Resultsforthisproblem are shown in
FigureA4.

Problem 3 - MultipleSurfaceEnclosure- FigureA5 _hows an enclosurewith
multiplesurfacesrepresentedby a square channei of infinitelength. As
indicated,surface1 issuppliedwith a constantpower of 1000 wattsper unit
lengthwhile surface3 iskept at a constanttemperatureof 100 °C. For this
problemtheGAM_HEAT codeestimateda steadystatetemperatureof563.1°C for
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side 1 and 479.2 ° C for sides 2 and 4 as shown in Figure A6. This compares with
the analytic steady state of 563.2 and 479.2 °C.

Problem 4 - Two Infinite Parallel Plates - This problem is designed to test
transient radiative cooling using two parallel plates of infinite length as shown in
Figure A7. One plate is assigned an initial temperature of 1000 °K while the other
is maintained at 0.0 °K. Transient temperatures for three cases are shown in
Figure A8: 1) the numerical solution with a At of 0.05 seconds, 2) the numerical
solution with a At of 0.25 seconds, and 3) the exact analytic solution. It is noted
that for practical purposes the solutions are all identical, although there are
slight differences as noted in Table Al, with the shorter time step yielding the
most accurate solution as expected.

Table A1

Problem 4 - Computed Transients

Time, Sec At ffi0.05 Sec At ffi0,25 Sec Analytical

0 726.84 726.84 726.84
20 122.19 118.65 122.75
40 44.24 42.54 44.39
60 5.21 4.12 5.24
80 -19.74 -20.52 -19.76
90 -37.62 -38.22 -37.67

100 -51.32 -51.82 -51.40
120 -62.31 -62.72 -62.39
140 -71.40 -71.75 -71.49
160 -79.10 -79.41 -79.19
180 -85.74 -86.02 -85.84
200 -91.56 -91.81 -91.66
220 -96.72 -96.94 -96.82
240 -101.34 -101.54 -101.44

Problem 5 - Two Parallel Plates with Convection- In this problem convective
cooling is tested in combination with radiative cooling. Figure A9 shows two
infinitely long plates with a convective fluid in between. The fluid is held at a
constant temperature of 100 °C with other pertinent parameters as indicated. The
problem is first solved numerically with radiative cooling only, which yielded a
GAM_HEAT estimate of 530.0 °C compared to an analytic steady state of 530.1 °C.
For the combined heat transfer, GAM-HEAT estimated a steady state of 452.0 °C
compared to an analytic solution of 452.0. These results are shown in Figure Al0.

Problem 6 - Three Parallel Plates with Convection - This problem consists of three
infinitely long plates with a convective fluid in the channels between the plates.
This is shown in Figure All with other pertinent parameters as indicated. Fluid
properties are held constant and plate 3 is held at a constant temperature of 0.0
°C. Numerical solution using GAM_HEAT yields steady state temperatures of
493.9 °C for plate 1 and 297.0 °C for plate 2 as shown in Figure Al2. This
compares to analytic steady state temperatures of 491.9 and 291.0 °C
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Problem 7-PlateImmersionTransient-FigureA13 schematicallyshows a plate
immersed in a fluidwith thefluidheld at a constanttemperatureof0.0°C. At
time zero 1000 watts isappliedto the platewith the resultingGA.M_HEAT
transientshown in Figure14 which alsoshows the exactsolution.Again,for
practicalpurposesthegraphsareidenticalindicatingtheadequacyofthecode.

Problem 8 -ConvectiveFluidTransient-The lasttestproblemisdesignedtotest
thefluidenergyequationsolution.In thisproblem a quantityoffluidisenclosed
between two plateswith constanttemperatureboundary conditionsand thefluid
isallowedtoconvectivelyheatup. A schematicofthisproblemisshown inFigure
A15. The transientisshow inFigureA16 alongwiththeexactsolutionwhere itis
notedthatagainthegraphsareessentiallyidentical.

Resultsofthe abovetestsgivestrongsupporttotheadequacyand accuracyofthe
GAM_HEAT codeforuse incriticalapplications.However,itmust be notedthat
the setupof a model (allinputassociatedwith a particularproblem)isjustas
importantas the code itselfsincecomputationalaccuracycan onlybe obtained
from qualityinput.A sampleproblemisincludedasAppendixB representingan
infinitelatticemodel,and itwillbenotedthat althoughthisisonlya smallpartof
the reactorcore,the input can be significantlycomplex and subtlein some
aspects,ltisforthisreasonthattheGAM_HEAT codeisnot recommended for
the casual user,nor for would be users unfamiliarwith the conceptsand
modelingofheat exchangephenomena.
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Figure A1 - Problem #1
Infinite Concentric Cylinders
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Figure A3. Problem #2
Infinite Concentric Cylinders
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Figure A4
Bench Mark Problem #2
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Figure A5 - Problem #3
Infinite Equalaterai Rectangle
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Figure A6
Bench Mark Problem #3
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Figure A7 - Problem #4
Infinite Parallel Plates
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Figure A8
Bench Mark Problem #4

8O0

o 600

t,,,, •=,= Step= 0.05 secTime=I 400
¢_ _ TimeStep= 0.25 sec
t...

AnalyticalSolution

=_ 200
ca
E--

o

-200
0 100 200 300

Time, Sec



II I I i ii

IIGAMHEA,T Revl Feb lggl Task g0-064-1 Page 29 of 91 II

Figure A9 - Problem #5
Infinite Parallel Plates
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Figure Al0
Bench Mark Problem #5
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Figure All - Problem #6
Infinite Parallel Plates
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Bench Mark Problem #6
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Figure Al3- Problem #7
Convective Cooling
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Figure A15. Problem #8
Convective Heatup
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APPENDIX B

Sample Reactor Problem

Superce|l- Infinite Lattice Model

(With Pre-Modified Septifoil Hardware)

The Savannah RiverSitenuclearproductionreactorsare sufficientlylargeand
with regulargeometry such thatitis feasibleto characterizebasicoperating
parametersby investigatinga relativelysmallpart ofthe core.Generally,the
reactorcorescontainrepeatingassemblypatternsexceptat theperipheryofthe
latticewhich is ofreduced nuclearsignificance.Of particularinterestis the
currentK-Area reactorcharge with a repeating pattern,referredto as a
supercell,consistingofsixMark 22 fuelassemblies,a septifoilcontainingseven
controlrods,a safetyrod and thecontainingsafetythimble.Using appropriate
boundaryconditionsitisfeasibletorepresentan infinitelylargelatticeusingonly
one supercell.Thismodel isappropriateforconservativelyestimatingoperating
characteristicswith computationaleconomy. A schematicrepresentationofthe
infinitelatticemodel isshown as FigureBl. The mathematicalrepresentationof
thismodel effectsextensionswithoutbounds in alldirectionshorizontallyand
vertically,and any one of the outlinedpatches representsthe computational
domain ofthesampleproblem.An expandedversionofthislatticeisincludedas
FigureB2 which shows more detailand theidentityoftheindividualassemblies.
These detailshelptorevealtheactualcomplexityofthesampleproblem.A large
portionofthecomplexityin thisproblemisdue tothemodelingofseptifoilswhich
were not designedtoprovidecoolingforthe controlrodassemblynor coolantfor
adjacentassemblies.As a resultofstudiessuch as thisthe septifoilshave been
modifiedto provideinternalflowtocoolthe totalcontrolrod assemblyand to
providespray coolingto adjacentassembliesin the event of a drainedtank
scenario.For detailson thismodificationseeShadday, 1991.

The inputmodel assumes thatthe bulk moderatorissuddenlydrainedfrom the
reactortank aftersustainedoperationata specifiedpower, ltisfurtherassumed
thatno coolantisavailableforany assemblyexceptwithinthecoolantchannelsof
the fuelassemblies.The reactorcomponentswillthen proceedtoheat up from
gamma energy beingcontinuouslydepositedwithin the components. In this
model the fuelassembliescontainedwithinuniversalsleevehousingsbecome
both thesourceofgamma energyand theultimateheat sinksincetheseare the
onlycomponentsreceivingcoolant.

Output from the GAM_HEAT program iswrittento threefiles.The firstisan
ASCII filethat containsa repeatof allinput,peak temperaturesforselected
components,and basicstatisticaldataifuncertaintieswere specified.The output
totheotherfilescontainrelativelylargeamounts ofdatathatgenerallyneed tobe
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postprocessed for presentation. One file contains the transient data for all
components, and the other contains the data required for statistical sampling to
accurately evaluate response uncertainties. Table B1 is taken directly from the
ASCII file and in this instance only the peak temperatures for the selected
components were output since no uncertainty variables were specified.

References

Shadday, M. A. Jr, "Hydraulic Characteristics of the Type Q Septifoil", WSRC-TR-
91-612, November, 1991
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Table B1
Peak Temperatures for Selected Components

(Pre-Modified Septifon Hardware)

Component Temperature Peak Time, rain

Mark 22 USH 221.88 62.22
Safety Thimble 354.18 37.37
Safety Rod 473.29 27.86
Central Cntrl Rod 630.86 73.83
A1Cntrl Rod 569.36 79.41
Tank Air 268.63 65.27

The corresponding transients obtained by lag_tprocessing the transient file are
shown in Figure B3.

Figure B1
Infinite Lattice Configuration
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Figure B2
Detailed Lattice Components
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Sample Problem Input Listing

Infinite Lattice With Dry Septifoils

72{)MW Base Case with Dry Septifoils

6001 ! Maximum run time,seconds
.25 ! Transient time stepincrement, seconds
120. ! Edit time interval,seconds
0.0 ! Incidenttime delay after shutdown,seconds
9000. ! Time to throttling

13 w Number of diffeI'err_metalmaterials
3 ! Number of differentair materials

i.e-2 ! View factorsum criterion,% error
0. ! View factorreciprocity,% error

30 ! Max iterations to radiosity convergence
1.000E-6 !Convergence criterion for radiosity vector

1.10 ! Over-relax factor for iteration algorithm
56 ! Number of radiantheat surfaces
8 ! Number of air components
1.0 ! Gap enhancement factor
0.0 ! Sigma range = + and- sigmx
0.0 ! Sigma increment
0 ! 1 = Full trans, 0 = run to peak only
0 ! I ffiConst Power, 0 = transient power

OutputVariables
O6
02 ' Mk22 USH '
(]8 ' Saf Thim '
09 ' Saf Rod '
10 ' Cen Cad '
14 ' Al Rod '

-01 ' Tank Air '

Num of Power Levels Pre-lncident Power Levels, MW
01 720.

Gamma Deposition Parameters
1.396 ! Axial peaking

12.5 ! Active reactor core length
0.020165 I 1 day, mid-cycle

6 ! Num of deposition coefficients

........... Gamma Deposition Transient Coefficients ............
1.70273e-02 -9.448e-03 +5.9107e-03 -4.4087e-03 +1.4693e-03 -1.656e-04

comp matl cond? conv? ther? Bnd? Secnd?
01 01 0 01 I 0 36 ! SeptifoilOuter
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02 02 0 01 1 0 37 ! MK22-1 Outer
03 02 0 01 1 0 38 ! MK22-2 Outer
04 02 0 01 1 0 39 _ MK22-3 Outer
05 02 0 01 1 0 40 ! MK22-4 Outer
06 02 0 01 1 0 41 ! MK22-5 Outer
07 02 0 01 1 0 42 ! MK22-6 Outer
08 03 0 01 1 0 35 ! SaltThi m Outer
09 04 0 01 i 0 55 ! SafetyRod
10 07 0 08 1 0 00 ! CentralCadmium
ii 07 0 08 1 0 00 ! Outer Cadmium
12 08 0 (}8 i 0 00 ! Aluminum Rod-I
13 08 0 08 I 0 00 ! Aluminum Rod-2
14 08 0 08 1 0 00 ! Aluminum Rod-3
15 08 0 08 1 0 00 ! Aluminum Rod-4
16 08 0 08 1 0 00 ! Aluminum Rod-5
17 05 0 08 1 0 ....43 ! Web Spoke I
18 05 0 08 1 0 44 ! Web Spoke 2
19 05 0 08 1 0 45 ! Web Spoke 3
20 05 0 08 1 0 46 ! Web Spoke 4
21 05 0 08 i 0 47 ! Web Spoke 5
22 05 0 08 i 0 48 ! Web Spoke 6
23 06 0 08 1 0 4.9 [ Web Hex Side 1
24 06 0 08 i 0 50 ! Web Hex Side 2
25 06 0 08 1 0 51 ! Web Hex Side 3
26 06 0 08 1 0 52 ! Web Hex Side 4
27 06 0 08 1 0 53 ! Web Hex Side 5
28 06 0 08 i 0 54 ! Web Hex Side 6
29 09 0 02 1 1 O0 ! MK22-1 Targ
30 (}9 0 03 1 1 00 ! MK22-2 Targ
31 09 0 04 1 1 00 ! MK22-3 Targ
32 09 0 05 1 1 00 ! MK22-4 Targ
33 09 0 06 1 1 00 ! MK22-5 Targ
34 09 0 07 1 i 00 ! MK22-6 Targ
35 10 0 -09 0 0 00 ! SaltThim Inner"
36 ii 0 08 0 0 00 ! SeptifoilInner
37 12 0 02 0 0 00 ! MK22-1 Inner
38 12 0 03 0 0 00 ! MK22-2 Inner
39 12 0 04 0 0 00 ! MK22-3 Inner
40 12 0 05 0 0 O0 ! MK22-4 Inner
41 12 0 08 0 0 00 ! MK22-5 Inner
42 12 0 07 0 0 00 ! MK22-6 Inner
43 05 0 08 0 0 00 ! Web Spoke 1 Inner
44 05 0 08 0 0 00 [ Web Spoke 2 Inner
45 05 0 (}8 0 0 00 ! Web Spoke 3 Inner
46 05 0 08 0 0 00 ! Web Spoke 4 Inner
47 05 0 08 0 0 00 ! Web Spoke 5 Inner
48 05 0 (}8 0 0 00 ! Web Spoke 6 Inner
4.9 08 0 {_ 0 0 00 ! Web Hex Side I Inr
50 06 0 08 0 0 00 ! Web Hex Side 2 Inr
51 06 0 08 0 0 00 ! Web Hex Side 3 Inr
52 06 0 08 0 0 00 ! Web Hex Side 4 Inr
53 06 0 (}8 0 0 00 ! Web Hex Side 5 Inr
54 06 0 08 0 0 00 ! Web Hex Side 6 Inr
55 13 0 -08 0 0 00 ! Sec Saf Rod
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comp matl
01 01 ! Tank Air
(_ (_ ! MK22 Air
03 (_ v MK22 Air
04 (_ ! MK22 Air
05 _ ! MK22 Air
06 (_ t MK22 Air
07 (_ ! MK22 Air
08 03 ! SeptifoilAir

ID cv tmelt cmelt imiss icpc emiss area mass
01 'SepHsg' .21 1140. 169. 1 I 0.850 0.878 0.610

'M22USH' .21 1140. 169. 1 1 0.850 1.076 0.750
03 'Sar'thin' .21 1140. 169. 1 I 0.600 0.237 0.280
04 'ExpRod' .135 1220. 169. 2 ....2 0.300 0.095 1.417
05 'SepSpk' .21 1220. 169. 1 1 0.600 0.038 0.075
06 'SepHex' .21 1220. 169. 1 1 0.600 0.021 0.043
07 'CadRod' .135 2550. 115. 2 2 0.300 0.246 1.417
08 'AluRod' .21 1112. 169. 1 1 0.600 0.246 0.814
09 'M22Tar' .21 1190. 169. 1 I 0.600 0.969 1.244
I0 'Thmlnn' .21 1140. 169. 1 1 0.600 0.188 0.280
11 'SepInn' .21 1220. 169. 1 1 0.600 0.942 0.664
12 'USHInn' .21 1140. 169. 1 1 0.600 1.050 0.750
13 'InnRod' .135 1220. 169. 2 2 0.300 0.151 1.417

ID tt phi uncert nam conda condk condl nu_indx
01 'SepHsg' 73.4 73.4 'convect' .00361 139. 1.0E20 1
02 'M22USH' 82.4 82.4 'convect' .00443 139. 1.0E20 1
03 'SafThm' 105.8 105.8 'thim_h ' .00165 139. 1.0E20 2
04 'ExpRod' 105.8 105.8 'srod_h ' .00482 139. 1.0E20 2
05 'SepSpk' 73.4 73.4 'convect' .00013 139. 1.0E20 1
06 'SepHex' 73.4 73.4 'convect' .00025 139. 1.0E20 1
07 'CadRod' 73.4 73.4 'convect' .00482 139. 1.0E20 1
08 'AluRod' 73.4 73.4 'convect' .00482 139. 1.0E20 1
09 'M22Tar' 82.4 82.4 'convect' .00000 139. 1.0E20 1
10 'ThmInn' 105.8 105.8 'convect' .16900 139. .00583 1

11 'Sepir,:_' 73.4 73.4 'convect' .00393 139. 1.0E20 1
12 'USHInn' 82.4 82.4 'convect' .00443 139. 1.0E20 1
13 'InnRod' 105.8 105.8 'convect' .16900 139. .00583 1

ID cp mass uair tt phi
01 'Tn kAir' .24 0.090 0.00 105.8 105.8
02 'M22Air' .24 .00087 0.00 82.4 82.4
03 'SepAir' .24 .00103 0.00 73.4 105.8

Number of tank compartments participating in air exchange
0

Number of variables with uncertainty parameters
0

E Type Num Coefficients..........................................
01 06 .99695 .3.534e-4-8.4074e-7 1.1687e-9-5.4448e-13 8.7P..53e-17
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(_ 04 2.290890e- 1 2.294730e-4 .2.41149 Oe-7 9.525770e- 11

ID GAM PWR FRAC
01 'SepHsg' 9.2222E-05 9.2222E-05
02 'M22-01' 1.3123E-04 1.3123E-04

'M22-02' 1.3123E-04 1.3L23E-04
04 'M22-03' 1.3123E-04 1.3123E-04
05 'M22-04' 1.3123E-04 1.3123E.04
06 'M22-05' 1.3123E-04 1.3123E-04
07 'M22-06' 1.3123E-04 1.3123E.04
08 'SafThm' 4.3194E-05 1.3123E-04
09 'SafRod' 2.4653E-04 2.4653E-04
10 'CadRdC' 2.0621E-04 2.0621E-04
11 'CadRdO' 2.1323E-04 2.1323E-04
12 'AluRd 1' 9.8197E-05 9.8197E-05
13 'AluRd2' 9.9600E-05 9.9600E-05
14 'AluRd3' 1.0100E-04 1.0100E-04
15 'AluRd4' 9.9600E-05 9.9600E.05
16 'AluRd5' 9.8197E-05 9.8197E-05
17 'WbSpkl' 4.9099E-06 4.9099E-06
18 'WbSpk2' 4.9099E-06 4.9099E-06
19 'WbSpk3' 4.9099E-06 4.9099E-06
20 'WbSpk4' 4.9099E-06 4.9099E-06
21 'WbSpkS' 4.9099E-06 4.9099E-06
22 'WbSpk6' 4.9099E-06 4.9099E-06
23 'WbHexl' 2.8084E-06 2.8084E-06
24 'Wb H e x2' 2.8084E-06 2.8084E-06
25 'WbHex3' 2.8084E-06 2.8084E-06
26 'WbHex4' 2.8084E-06 2.8084E-06
27 'WbHex5' 2.8084E-06 2.8084E.06
28 'WbHex6' 2.8084E-06 2.8084E-06
29 'M22Tgl'. 1.9680E-03 1.9680E-03
30 'M22Tg2' 1.9680E-03 1.9680E-03
31 'M22Tg3' 1.9680E-03 1.9680E-03
32 'M22Tg4' 1.9680E-03 1.9680E-03
33 'M 22Tg5' 1.9680E-03 1.9680E-03
34 'M22Tg6' 1.9600E-03 1.9680E-03

comp # # Couplings Coupling # Form Factor Radiative Coupling
01 10

(R 1.58238E-01 ! SepHsg ---> M22Hsl
03 1.59058E-01 ! SepHsg ---> M22Hs2
04 1.57418F.,-01 ! SepHsg ---> M22Hs3
05 1.59206E-01 ! SepHsg ---> M22Hs4
06 1.57802E-01 [ SepHsg ---> M22H_
07 1.59046E-01 ! SepHsg ---> M22Hs6
08 4.82806E-03 [ SepHsg ---> ThmOut
09 1.55202E-03 ! SepHsg ---> Saf'Rod
01 4.26365E-02 ! SepHsg ---> SepHsg
35 2.16003E-04 [ SepHsg ---> ThmInn

0_ 10
4.46732E-02 ! M22Hsl .--> M22Hsl

03 1.61301E-01 ! M22Hsl ..-> M22Hs2
04 1.56192E-01 [ M22Hsl ---> M22Hs3
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05 1.55704E-01 ! M22Hsl --->M22Hs4
06 1.55420E-01 ! M22Hsl --->M22Hs5
07 1.39512E-01 ! M22Hsl --->M22Hs6
08 4.20932E-02 ! M22Hsl --->ThmOut
09 1.40324E-02 ! M22Hsl ---> SafRod
01 1.28796E-01 ! M22Hsl ---> SepHsg
35 2.27606E-03 ! M22Hsl --->Thmlnn

03 10
(]_ 1.61384E-01 ! M22Hs2 .-->M22Hsl
03 5.77148E-02 ! M22Hs2 .--> M22Hs2
04 1.39379E-01 ! M22Hs2 ---> M22Hs3
06 1.61188E-01 ! M22Hs2 ---> M22Hs4
06 1.56412E-01 ! M22Hs2 ---> M22Hs5
07 1.60992E-01 ! M22Hs2 ---> M22Hs6
(38 2.39932E-02 ! M22Hs2 ---> ThmOut
(]9 7.604_.7.E:03 ! M22Hs2 ---> SafRod
01 1.30014E-01 ! M22Hs2 ---> SepHsg
35 1.32006E-03 t M22Hs2 ---> Thmlnn

O4 10
(_ 1.55734E-01 ! M22Hs3 ---> M22Hs1
03 1.40017E-01 ! M22Hs3 ---> M22Hs2
04 4.46456E-02 ! M22Hs3 --- > M22Hs3
05 1.61706E-01 ! M22Hs3 --- • M22Hs4
06 1.55406E-01 ! M22Hs3 ---> M22Hs5
07 1.55790E-01 ! M22Hs3 ---> M22Hs6
08 4.21975E-02 ! M22Hs3 ---> ThmOut
09 1.35285E-02 ! M22Hs3 ---> SafRod
01 1.28673E-01 ! M22Hs3 .--> SepHsg
35 2.30408E-03 ! M22Hs3 ---> ThmInn

05 10
(_ 1.55629E-01 ! M22Hs4 ---> M22Hsl
03 1.61421E-01 ! M22Hs4 ---> M22Hs2
04 1.61537E-01 ! M22Hs4 ---> M22Hs3
05 5.77978_02 ! M22Hs4 ---> M22Hs4
06 1.39328E-01 ! M22Hs4 ---> M22Hs5
07 1.61329E-01 ! M22Hs4 ---> M22Hs6
08 2.34768E-02 ! M22Hs4 ---> ThmOut
09 7.90425F_03 ! bi22Hs4 ---> SafRod
01 1.30240E-01 ! M22Hs4 ---> SepHsg
35 1.33604E-03 ! M22Hs4 --->ThmInn

O6 10
(_ 1.55833E-01 ! M22Hs5 .--> M22Hs1
03 1.55973F_01 ! M22Hs5 ---> M22Hs2
04 1.55509E-01 ! M22Hs5 ---> M22Hs3
05 1.39104E-01 ! M22H_ ---> M22Hs4
06 4.47454F_02 ! bi22Hs5 ---> M22Hs5
07 1.62081E-01 ! M22Hs5 ---> M22Hs6
08 4.25894E-02 ! M22Hs5 --->ThmOut
(_ 1.33924E-02 ! M22Hs5 ---> SafRod
01 1.28600E-01 ! M22Hs5 ---> SepHsg
35 2.17207F_03 ! M22Hs5 ---> ThmInn

07 10
(_ 1.39312E-01 ! M22Hs6 ---> M22Hsl
03 1.61133E-01 ! M22Hs6 ---> M22Hs2
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04 1.55993E-01 ! M22Hs6 --->M22Hs3
05 1.61837E.01 ! M22Hs6 --->M22Hs4
06 1.61617E-01 ! M22Hs6 --->M22Hs5
07 5.76818E-02 ! M22Hs6 ---> M22Hs6
G8 2.38368E-02 t M22Hs6 --->ThmOut
09 7.50824E-03 ! M22Hs6 ---> SafRod
01 1.29656E.01 ! M22Hs6 ---> SepHsg
35 1.42405E-03 ! M22Hs6 ---> Thm Inn

O8 10
(_ 2.07458E.01 ! ThmOut .-->M22Hsl
(_ 1.17064E.01 ! ThmOut --->M22Hs2
04 2.08407E-01 ! ThmOut --->M22Hs3
05 1.17284E-01 ! ThmOut .--> M22Hs4
06 2.07682E-01 ! ThmOut --->M22Hs5
07 1.17456E-01 ! ThmOut .-->M22Hs6
(]8 4.014"LSE-03 ! ThmOut --->ThmOut
09 1.17280E-03 ! ThmOut --->SafRod
01 1.92372E-02 ! ThmOut --->SepHsg
35 2.24153E-04 ! ThmOut --->Thmlnn

O9 O9

01 1.94798E-02 ! SafHol --->SepHsg
(_ 2.09002E.01 ! SafI-Iol ---> M22Hsl
03 1.15649E-01 ! SafHol ---> M22Hs2
04 2.07677E-01 ! SafHol --->M22Hs3
05 1.16568E-01 ! SafI'Iol ---> M22Hs4
06 2.09444E-01 ! SafHol ---> M22Hs5
07 1.17153E.01 ! SafHol ---> M22Hs6
08 3.81957E-03 ! SafHol ---> ThmOut
09 1.20555E-03 ! SafHol ---> SafRod

10 26
10 1.00000E-20 . CntrCd ---> CntrCd
11 6.72000E-02 CntrCd --->OutrCd
12 6.84000E-02 CntrCd --- • AIRod 1
13 6.77000E-02 CntrCd ---> A1Rod2
14 7.09000E-02 CntrCd ---> A1Rod3
15 7.02000E-02 CntrCd ---> AIRod4
16 6.54000E-02 v CntrCd ---> AIRod5
17 2.50000E-03 t CntrCd --- > WbSpkl
18 2.70000E-03 t CntrCd ---> WbSpk2
19 2.90000E-03 t CntrCd ---> WbSpk3
20 3.10000E.03 t CntrCd ---> WbSpk4
21 2.90000E-03 _ CntrCd ---> WbSpk8
22 2.40000E-03 t CntrCd ---> WbSpk6
36 3.68000E-02 . CntrCd ---> SepInn
43 3.40000E-03 . CntrCd ---> SpklIn
44 2.90000E-03 . CntrCd ---> Spk2In
45 2.70000E-03 . CntrCd ---> Spk3In
46 2.60000E-03 . CntrCd ---> Spk4In
47 3.80000E-03 . CntrCd ---> Spk5In
48 3.70000E-03 . CntrCd ---> Spk6In
49 8.69000E-02 . CntrCd -.-> HxlInn
50 8.46000E-02 . CntrCd ---> Hx2Inn
51 8.75000E-02 . CntrCd ---> Hx3Inn
52 8.60000E-02 CntrCd --- • Hx4Inn
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53 8.80000E-02 ! CntrCd ---> Hx5Inn
54 8.48000E-02 ! CntrCd --->Hx6Inn

11 19
10 6.90000E-02 ! OutrCd ---> CntrRd
11 1.00000E-20 ! OutrCd --->OutrCd
12 6.62000E-02 ! OutrCd .-->AIRodl
13 3.40000E-03 ! OutrCd -.->AIRod2
15 2.70000E-03 ! OutrCd --.>AIRod4
16 6.62000E-02 ! OutrCd -.->AIRod5

17 1.14000E-01 ! OutrCd -.->WbSpkl
18 1.00000E-03 ! OutrCd .-->WbSpk2
23 3.30000E-03 ! OutrCd ---> HexSdl
27 3.50000E-03 ! OutrCd --->HexSd5
28 9.71000E-02 ! OutrCd --->HexSd6
36 4.41800E-01 ! OutrCd --->Seplnn
43 1.1580_).E-01 ! OutrCd --->SpkIIn
47 1.00000E.04 ! OutrCd --.>Spk51n
48 1.00000E-03 ! OutrCd ---> Spk61n

4.60000E-03 ! OutrCd ---> Hxllnn
50 2.20000E-03 ! OutrCd ---> Hx21nn
52 2.30000E-03 ! OutrCd ---> Hx41nn
53 5.80000E-03 ! OutrCd ---> HxSInn

12 18
10 7.14000E.02 ! AlRodl ---> CntrRd
11 6.62000E-02 ! AIRodl --->OutrCd
12 I.O0000E-20 ! AIRodl ---> AIRodl
13 7.30000E-02 ! AIRodl ---> AlRod2
14 3.00000E-03 ! AIRodl ---> AIRod3
16 4.00000E-03 ! AIRodl ---> AlRod5
18 1.06500E-01 ! AIRod I --- > WbSpk2
19 6.00000E-04 ! AIRod I ..-> WbSpk3
23 9.40000E-02 ! AIRodl ---> HexSdl
24 3.70000E-03 ! AIRodl --- > HexSd2
28 3.30000E-03 ! AIRodl ---> HexSd6
36 4.48700E-01 ! AIRodl ---> Seplnn
43 1.70000E-03 ! AIRodl --->SpklIn
44 1.10100E-01 ! AIRodl ---> Spk21n
50 5.30000E-03 ! AIRodl ---> Hx21nn
51 2.20000E-03 ! AIRodl ---> Hx3Inn
53 1.80000E-03 ! AlRodl ---> Hx51nn

• 54 4.50000E-03 ! AIRodl ---> Hx61nn
13 18

10 6.63066E-02 ! AIRod2 ---> CntrRd
11 4.30043E-03 ! AIRod2 ---> OutaCd
12 6.66067E-02 ! AIRod2 --->AIRodl
13 1.00000E-20 ! AIRod2 ---> AIRod2
14 6.68067E-02 ! AIRod2 ---> AIRod3
15 2.50025E-03 ! AIRod2 .--> A1Rod4
19 1.194L?.E-01 ! AIRod2 .--> WbSpk3
20 1.10011E-03 ! AlRod2 ..-> WbSpk4
23 3.30033E-03 ! AlRod2 ---> HexSdl
24 9.34093E-02 ! AlRod2 ---> HexSd2
25 3.20032E-03 ! AlRod2 ---> HexSd3
36 4.49445E-01 ! A1Rod2 ---> Seplnn
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44 1.30013E-03 t AlRod2 --.>Spk21n
45 1.08111E.01 ! AIRod2 .-->Spk31n
49 5.20052E-03 ! AIRod2 --->HxIInn
51 4.00040E-03 ! AIRod2 --->Hx31nn
52 2.70027E-03 ! A1Rod2 ---> Hx41nn
54 2.30023E-03 ! AIRod2 ---> Hx6Inn

14 18

i0 6.71067E-02 ! AIRod3 ---> CntrRd
12 3.90039E-03 ! AIRod3 --- > AIRod I
13 6.81068E-02 ! AIRod3 ---> AIRod2
14 1.00000E-20 ! AIRod3 ---> AIRod3
15 6.39064E-02 ! A1Rod3 ---> A1Rod4
16 3.50035E-03 ! AlRod3 ---> AlRod5
20 1.13611E-01 ! AIRod3 .--> WbSpk4
21 1.10011E-03 ! AIRod3 ---> WbSpk5
24 3.7003.7_-03 ! AIRod3 --->HexSd2
25 9.24092E-02 ! AIRod3 ---> HexSd3
26 3.60036E-03 ! AIRod3 ---> HexSd4
36 4.55045E-01 ! AIRod3 ---> SepInn
45 1.10011E-03 ! AIRod3 ---> Spk3In
46 1.09811E-01 ! AIRod3 .--> Spk41n
49 2.80028E-03 ! AIRod3 ---> HxlInn
50 4.40044E-03 [ AlRod3 ---> Hx2Inn
52 3.80038E-03 ! AIRod3 ---> Hx4Inn
53 2.10021E-03 [ AIRod3 ---> Hx5Inn

15 18
10 6.65000E-02 ! AIRod4 ---> CntrRd
11 3.30000E-03 ! AIRod4 ---> OutrCd
13 4.60000E-03 ! AIRod4 ---> AIRod2

• 14 6.81000E-02 ! AIRod4 ---> AIRod3
15 1.0000DE-04 ! AIRod4 ---> AIRod4
16 6.74000E-02 ! AIRod4 ---> AIRod5
21 1.10600E-01 ! AIRod4 ---> WbSpk5
22 5.00000E-04 ! AIRod4 ---> WbSpk6
25 3.10000E-03 ! AIRod4 ---> HexSd3
26 9.37000E-02 ! AIRod4 ---> HexSd4
27 2.80000E-03 ! AIRod4 ---> HexSd5
38 4.55800E-01 ! AlRod4 ---> SepInn
46 5.00000E-04 [ AIRod4 ---> Spk4In
47 1.09400E-01 ! AIRod4 ---> Spk5In
50 2.00000E-03 ! AIRod4 ---> Hx2Inn
51 4.50000E-03 ! AIRod4 ---> Hx3Inn
53 5.00000E-03 ! AIRod4 ---> HxSInn
54 2.10000E-03 ! AIRod4 ---> Hx6Inn

18 18
10 6.76068E-02 ! AlRod5 ---> CntrRd
11 6.68067E-02 [ AIRod5 ---> OutrCd
12 3.40034E-03 ! AIRod5 ---> AIRod 1
14 3.70037E.03 ! AIRod5 --.> AIRod3
15 7.00070E-02 ! AIRod5 ---> AIRod4
16 1.00000E-20 ! AIRod5 ---> A1Rod5
17 1.70017E-03 ! AIRod5 .--> WbSpkl
22 1.08011E-01 ! AIRod5 ---> WbSpk6
28 2.50025E-03 ! AIRod5 ---> HexSd4
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27 9.29093E-02 ! AIRod5 ---> HexSd5
28 3.50035E-03 ! AIRod5 ---> HexSd6
36 4.51745E.01 [ AIRod5 ---> Seplnn
47 1.50015E-03 [ AIRod5 ---> Spk5In
48 1.13111E-01 ! AIRod5 --.> Spk61n
49 2.10021E.03 ! AIRod5 --.> HxlInn
51 2.20022E.03 ! AIRod5 ---> Hx31nn
52 5.20052E-03 ! AIRod5 ---> Hx41nn
54 4.00040E-03 [ AIRod5 -..> Hx6Inn

17 8

i0 1.88000E-02 ! WbSpkl .--> CntrRd
11 6.74700E.01 ! WbSpkl .-->OutrCd
16 6.00000E.03 _ WbSpkl ---> AIRod5
17 1.00000E-20 ! WbSpkl .-->WbSpkl
28 3.20000E-02 ! WbSpkl ---> HexSd6
36 2.6170.0E-01 [ WbSpkl .-->Seplnn
43 1.40000E-03 [ WbSpkl ..->SpklIn
53 5.40000E-03 I WbSpkl ---> Hx51nn

18 8

i0 1.91000E-02 ! WbSpk2 --->CntrRd
11 7.90000E-03 ! WbSpk2 --.> OutrCd
12 6.74500E-01 ! WbSpk2 --->AIRodl
18 1.00000E-20 ! WbSpk2 ---> WbSpk2
23 3.05000E.02 ! WbSpk2 ---> HexSdl
36 2.62100E-01 ! WbSpk2 ---> SepInn
44 1.50000E.03 ! WbSpk2 ---> Spk21n
54 4.40000E-03 ! WbSpk2 ---> Hx6Inn

19 9
10 1.69000E-02 ! WbSpk3 ---> CntrRd
11 1.00000E-04 [ WbSpk3 ---> OutrCd
12 6.40000E-03 [ WbSpk3 ---• AIRodl
13 6.74600E-01 ! WbSpk3 ---> AIRod2
19 1.00000E.20 ! WbSpk3 --- > W_k3
24 3.49000E-02 ! WbSpk3 --->Hex_d2
36 2.62000E-01 ! WbSpk3 ---> Seplnn
45 1.70000E-03 ! WbSpk3 ---> Spk3In
49 3.40000E-03 ! WbSpk3 ---> Hxllnn

20 9
10 1.92000E.02 I WbSpk4 ---> CntrRd
13 6.20000E-03 ! WbSpk4 ---> AIRod2
14 6.74700E.01 ! WbSpk4 ---> AlRod3
20 1.00000E.20 ! WbSpk4 ---> WbSpk4
25 3.20000E-02 ! WbSpk4 ---> HexS,i3
36 2.61700E-01 [ WbSpk4 ---> SepInn
45 1.0000DE-04 ! WbSpk4 .--> Spk31n
46 1.90000E.03 ! WbSpk4 .--> Spk41n
50 4.20000E-03 I WbSpk4 ---> Hx2Inn

21 9
10 2.01000E-02 [ WbSpk5 ---> CntrRd
13 1.00000E-04 ! WbSpk5 .--> AIRod2
14 6.50000E-03 ! WbSpk5 ---> A1Rod3
15 6.74,500E.01 ! WbSpk5 ---> AlRod4
21 1.00000E-20 ! WbSpk5 ---> WbSpk5
26 2.96000E-02 ! WbSpk5 ---> HexSd4
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36 2.62100E-01 ! WbSpk5 ---> Seplnn
47 2.40000E-03 ! WbSpk5 ---> Spk5In
51 4.70000E-03 ! WbSpk5 ---> Hx3Inn

22 8

10 2.00000E-02 ! WbSpk6 --.> CntrRd
15 5.40000E-03 ! WbSpk6 ---> AIRod4
16 6.74600E.01 ! WbSpk6 ---> AIRod5
22 1.00000E-20 ' WbSpk6 ---> WbSpk6
27 3.06000E.02 ! WbSpk6 ---> HexSd5
36 2.62000E.01 ! WbSpk6 ---> SepInn
48 2.10000E-03 ! WbSpk6 ---> Spk6In
52 5.30000E-03 ! WbSpk6 ---> Hx4Inn

23 7
II 2.59000E-02 ! HexSdl --->OutrCd
12 8.11800E-01 ! HexSdl --->AIRodl
13 2.530..09E-02 ! HexSdl ---> AIRod2
18 4.15000E-02 ! HexSdl --->WbSpk2
23 1.00000E-20 ! HexSdl---> HexSdl
36 5.39000E-02 ! HexSdl ---> SepInn
44 4.16000E-02 ! HexSdl ---> Spk2In

24 7
12 2.69000E-02 ! HexSd2 ---> AIRodl
13 8.L200OE-01 ! HexSd2 ---> AIRod2
14 2.68000E.02 ! HexSd2 ---> AIRod3
19 4.10000E.02 ! HexSd2 ---> WbSpk3
24 1.00000E-20 ! HexSd2---> HexSd2
36 5.44000E-02 ! HexSd2 --.> SepInn
45 3.89000E-02 ! HexSd2 ---> Spk3In

25 7
13 2.33000E-02 ! HexSd3 ---> AIRod2
14 8.11800E.01 ! HexSd3 ---> AIRod3
15 2.51000E-02 ! HexSd3 ---> AIRod4
20 4.26000E-02 ! HexSd3 ---> WbSpk4
25 1.00000E-20 ! HexSd3---> HexSd3
36 5.20000E-02 ! HexSd3 ---> SepInn
46 4.52000E-02 ! HexSd3 ---> Spk4In

26 7
14 2.63000E-02 ! HexSd4 ---> A1Rod3
15 8.11800E-01 ! HexSd4 ---> AlRod4
16 2.47000E-02 ! HexSd4 ---> AIRod5
21 4.36000E-02 ! HexSd4 ---> WbSpk5
28 1.00000E-20 ! HexSd4---> HexSd4
36 5.20000E-02 ! HexSd4 ---> SepInn
47 4.16000E.02 ! HexSd4 ---> SpkSIn

27 7
11 2.47000E-02 ! HexSd5 ---> OutrCd
15 2.67000E-02 ! HexSd5 ---> AIRod4
16 8.12000E-01 ! HexSd5 --.> AIRod5
22 4.38000E-02 ! HexSd5 ---> WbSpk6
27 1.00000E-20 ! HexSd5 ---> HexSd5
36 5.08000E-02 ! HexSd5 ---> SepInn
48 4.20000E-02 ! HexSd5 ---> Spk6In

28 7
11 8.11800E-01 ! HexSd6 --->OutrCd
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12 2.48000E-02 ! HexSd6 --->AIRodZ
16 2.50000E-02 ! HexSd6 --->AIRod5
17 4.35000E-02 ! HexSd6 --- > WbSpk 1
28 1.00000E..20 ! HexSd6 ---> HexSd6
36 5.23000E-02 ! HexSd6 ---> SepInn
43 4.26000E-02 t HexSd6 ---> SpklIn

29 C2

29 l.e-20 ! M22Tgl --->M22Tgl
37 1.00 ! M22Tgl ---> M22Hsl

3O C_

30 1.e-20 ! M22Tg2 --->M22Tg2
38 1.00 ! M22Tg2 ---> M22Hs2

31 O2

31 1.e-20 ! M22Tg3 ---> M22Tg3
39 1.00 ! M22Tg3 ---> M22Hs3

32 (_
32 "'1._e-20 ! M22Tg4 ---> M22Tg4
40 1.00 ! M22Tg4 ---> M22Hs4

33 C2

33 1.e-20 ! M22Tg5 .--> M22Tg5
41 1.00 ! M22Tg5 ---> M22Hs5

34

34 1.e-20 ! M22Tg6 ---> M22Tg6
42 1.00 ! M22Tg6 ---> M22Hs6

35 I0
1 1.36099E-02 ! Thmlnn ---> SepHsg
2 8.23312E-03 ! Thmlnn ---> M22Hsl
3 L36259E-02 ! ThmInn ---> M22Hs2
4 8.12510E-03 ! Thmlnn ---> M22Hs3
5 1.33978E-02 ! Thmlnn ---> M22Hs4
6 7.98109E-03 ! ThmInn ---> M22Hs5
7 2.28031E-04 ! ThmInn ---> bi22Hs6
8 1.29218E-03 ! Thmlnn ---> ThmOut

09 1.33318E-01 I ThmInn --->SafRod
35 8.00189E-01 ! ThmInn ---> Thmlnn

36 26
10 8.80000E-03 ! SepInn ---> CntrRd
11 1.29600E-01 ! SepInn ---> OutrCd
12 1.30100E-01 ! SepInn ---> AIRodl
13 1.28300E-01 ! SepInn ---> A1Rod2
14 1.31500E-01 ! SepInn ---> A1Rod3
15 1.27200E-01 ! SepInn ---> AIRod4
16 1.30100E-01 ! Seplnn ---> AIRod5
17 1.23000E-02 ! SepInn ---> WbSpkl
18 1.40000E-02 ! SepInn ---> WbSpk2
19 1.32000E-02 ! SepInn ---> WbSpk3
20 2.04000E-02 ! SepInn ---> WbSpk4
21 1.19000E-02 ! SepInn ---> WbSpk5
22 1.16000E-02 ! SepInn ---> WbSpk6
23 1.60000F.,-03 ! SepInn ---> HexSdl
24 1.90000E-03 ! SepInn ---> HexSd2
25 2.40000E-03 ! SepInn ---> HexSd3
28 2_10000E-03 ! SepInn ---> HexSd4
27 1.30000E-03 ! SepInn ---> HexSd5
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28 2.00000E-03 SepInn ---> HexSd6
36 4.41000E-02 t SepInn ---> SepInn
43 1.35000E.02 v Seplnn ---> SpklIn
44 1.27000E-02 t Seplnn -..> Spk2In
45 1.16000F_02 _ SepInn ---> Spk3In
46 128000E-02 t SepInn -..> Spk4In
47 1.10000E-02 t SepInn .--> Spk5In
48 1.40000E-02 v SepInn -.-> Spk6In

37
29 0.92000 ! M221nl --->M22TEI
37 0.08000 ! l_L221nl-.-> M22Inl

38 O2

30 0.92000 ! M22In2 ---> M22Tg2
38 0.08000 ! M22In2 .--> M22In2

39
31 0,.9_.000 ! M221n3 ---> M22Tg3
39 0.08000 ! M22In3 ---> M22In3

4O O2
32 0.92000 ! M22In4 ---> M22Tg4
40 0.08000 ! M22In4 ---> M22In4

41 0_

33 0.92000 ! M221n5 ---> M22Tg5
41 0.08000 ! M22In5 ---> M22In5

42
34 0.92000 ! M22In6 ---> M22Tg6
42 0.08000 I M22In6 ---> M22In6

43 9
10 1.93000E-02 ! SpklIn ---> CntrRd
11 6.74500_01 ! SpklIn ---> OutrCd
12 7.90000E-03 ! SpklIn --->AIRodl
17 1.30000E-03 ! SpkIIn --->WbSpkl
18 2.00000E-04 ! Spklln ---> WbSpk2
28 3.02000E-02 ! SpklIn ---> HexS
36 2.62100E-01 I Spklln --->Sepll,',
43 1.00000E-20 ! Spklln --->SpkIIn
49 4.50000F_03 ! Spklln --->Hxllnn

44 8
10 1.92000E-02 ! Spk21n --->CntrRd
12 6.74700E-01 ! Spk2In ---> AIRodl
13 7.40000E-03 ! Spk2In ---> A1Rod2

1.50000F_03 ! Spk2In ---> WbSpk2
23 3.12000E-02 ! Spk2In ---> HexSdl
36 2.61700E-01 ! Spk2In ---> SepInn
44 1.00000F,,-20 ! Spk2In .--> Spk2In
50 4.30000Fe4)3 ! Spk21n ..-> Hx2Inn

45 9
10 1.81000E-02 ! Spk3In ---> CntrRd
13 6.74600E-01 ! Spk3In ---> AIRod2
14 5.10000E-03 ! Spk31n --->AIKod3
19 1.90000E-03 ! Spk3In ---> WbSpk3
20 1.00000E-04 ! Spk31n ---> WbSpk4
24 3.40000F.,-02 ! Spk3In ..-> HexSd2
36 2.62000E-01 ! Spk3In ---> SepInn
45 1.00000E-20 t Spk3In ---> Spk3In
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51 4.20000E-03 ! Spk3In ---> Hx3I _n
46 9

10 1.99000E.02 ! Spk4In -..> CntrRd
14 6.74500E-01 ! Spk4In ...> A1Rod3
15 5.50000E-03 ! Spk4In ...> AlRod4
16 1.00000E-04 ! Spk4In ---> AlRod5
20 2.00000E-03 ! Spk4In .--> WbSpk4
25 3.07000E-02 ! Spk4In .-.> HexSd3
36 2.62000E-01 ! Spk4In ---> SepInn
46 1.00000E-20 ! Spk4In --.> Spk4In
52 5.,I0000E-03 ! Spk4In ..-> Hx4Inn

47 8
10 ',.92C00E-02 ! Spk5In -..> CntrRd
15 6.74700E-01 ! SpkSIn ---> A1Rod4
16 6.£0000E-03 ! SpkSIn .--> AIRod5
21 2.10000..E-03 ! SpkSIn -.-> WbSpk5
26 3.17000_-02 t SpkSIn ---> HexSd4
36 2.617001_-01 ! Spk5In ---> SepInn
47 1.00000E.20 ! Spk5In ...> SpkSIn
53 4.00000E-03 ! SpkSIn --.> HxSInn

3 9

10 2.02000E-02 ! Spk6In -.-> CntrRd
11 5.60000E-03 ! Spk6In ---> OutrCd
12 1.00000E-04 ! Spk61n ---> AIRodl
16 6.74600E-01 ! Spk6In ---> AIRod5
22 1.90000E-03 ! Spk6In ..-> WbSpk6
27 3.06000E-02 ! Spk6In -.-> HexSd5
36 2.62000E-01 ! Spk6In ---> SepInn
48 1.00000E-20 ! Spk61n ---> Spk61n
54 5.00000E-03 ! Spk61n ---> Hx61nn

49 13
10 7.40600E-01 ! HxIInn ---> CntrRd
11 3.48000E-02 ! HxIInn .--> OutrCd
13 3.77000E-02 ! Hxllnn ---> A1Rod_
14 1.8400QE-02 ! HxlInn ---> AIRod3
16 1.78000E.02 ! Hxllnn ---> AIRod5
19 6.60000E-03 ! HxlInn ---> WbSpk3
36 3.00000E-04 ! Hxllnn ---> SepInn
43 6.10000E.03 ! HxlInn ---> SpklIn
49 1.00000E-20 ! Hxllnn ---> HxlInn
50 5.61000E-02 ! HxlInn ---> Hx2Inn

• 51 1.20000E-02 ! HxlInn ---> Hx31nn
53 1,34000E-02 ! Hxllnn ---> HxSInn
54 5.62000E-02 ! Hxllnn ---> Hx6Inn

50 13
10 7.39200E-01 ! Vx2Inr ---> CntrRd
11 1.90000E-02 ! I-ix2Inn .--> OutrCd
12 3.75000E-02 ! Hx2Inn ---> AIRodl
14 3.75000E-02 ! Hx21nn .--> AIRod3
15 1.82000E-02 ! Hx21nn ---> AIRod4
2_ 7.70000E-03 ! Hx2Inn ---> WbSpk4

6.00000E-04 ! Hx2Inn ..-> SepInn
44 8.50000E-03 ! Hx2Inn ---> Spk2In
49 5.3_5000E-02 ! Hx2Inn ---> HxlInn
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50 1.00000E-20 t Hx2Inn ---> Hx2Inn
51 5.46000E-02 ! Hx2Inn ---> Hx31nn
52 1.21000E-02 ! Hx2Inn ---> Hx41nn
54 1.16000E-02 ! Hx2Inn ---> Hx61nn

51 13

10 7.40600E-01 ! Hx31nn ---> CntrRd
12 1.75000E-02 ! Hx31nn --->AIRodl
13 3.68000E-02 ! Hx31nn ---> AlRod2
15 3.37000E.02 ! Hx31nn ---> AIRod4
16 1.82000E.02 ! Hx31nn .--> AIRod.5
21 7.20000E-03 ! Hx3Inn ---> WbS[_k5
36 1.0000DE-04 ! Hx3Inn ---_ _eplnn
45 6.80000E-03 ! Hx3Inn ---> Spk_.Tn
49 1.29000E-02 ! Hx31nn ---> Hxllnn
50 5.69000E-02 ! Hx3Inx_ ---> Hx2Inn
51 1.000fl0E,2e ! Hx3Inn ---> Hx31nn
52 5.58000E-02 ! Hx31nn ---> Hx41nn
53 1.35000E.02 ! Hx3Inn ---> HxSInn

52 13

10 7.40600E.01 ! Hx4Inn ---> CntrRd
11 1.74000E-02 ! Hx4Inn ---> OutrCd
13 1.87000E-02 ! Hx4Inn ---> AlRod2
14 3.55000E-02 ! Hx4Inn ---> AlRod3
16 3.61000E-02 ! Hx4Inn --->AIRod5
22 7.60000E-03 ! Hx4Inn - -> WbSpk6
36 2.00000E-04 ! Hx4Inn ---> Seplnn
46 6.90000E-03 ! Hx4Inn --->Spk4In
50 1.24000E-02 ! Hx4Inn ---> Hx2Inn
51 5.49000E-02 ! Hx4Inn ---> Hx31nn
52 1.00000E-20 ! Hx4Inn ---> Hx41nn
53 5.76000E-02 ! Hx4Inn ---> HxSInn
54 1.21000E-02 ! Hx4Inn ---> Hx61nn

53 13

10 7.39200E-01 ! Hx5Inn ---> CntrRd
11 3.58000E-02 ! HxSInn ---> OutrCd
12 1.83000E-02 ! Hx5Inn ---_ AlRodl
14 1.74000E-0Y, ! HxSInn ---,,A1Rod3
15 3.67000E-0_ ! HxSInn ---> AIRod4
17 6.80000E-a_, ! HxSlnn ---> WbSpkl
36 3.00000E-C4 ! HxSInn .--> SepInn
47 7.30000E-0_ ! HxSInn ---> SpkSIn
49 1.21000E-02 ! Hx_Inn ---> Hxllnn
51 1.32000E-02 ! HxSInn ---> Hx3Inn
52 5.57000E-02 ! HxSlnn .--> Hx41nn
53 1.00000F_20 ! HxSlnn ---> HxSInn
54 5.72000E-02 ! HxSInn ---> Hx6lnn

54 13

10 7.40600E-01 ! Hx6Inn ---> CntrRd
12 3.40000E-_2 ! Hx6Inn ---> AlRodl
13 1.73000E-02 ! Hx6lnn ---> AIRod2
15 1.71000E.02 ! Hx6Inn .--> AlRod4
16 3.73000E-02 ! Hx6Inn ---> AlRod5
18 8.60000E-03 ! Hx61nn .--> WbSpk2
36 1.00000E-04 ! Hx6Inn ---> Seplnn
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48 6.70000E-03 ! Hx6Inn ---> Spk6In
4.9 5.67000E-02 ! Hx6Inn ---> Hxllnn
50 1.18000E-02 ! Hx6Inn ---> Hx2Inn
52 1.35000E.02 ! Hx6Inn ---> Hx4Inn
53 5.63000E-02 ! Hx6Inn ---> Hx5Inn
54 1.00000E-20 ! Hx61nn ---> Hx61nn

55 (_

35 1.00000 ! Saflnn ---> ThmInn
55 1.0E-20 ! Saflnn --->Saflnn



q le

Pages 52 through 91 contain a listing of the GAM_HEAT source eode.

These pages were dlm-ibu_ed only to the authars and con_






