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CORE HEATUP AND FISSION PRODUCT RELEASE

FROM AN HTGR CORE IN AN LOFC ACCIDENT

by

G. E. Cort
J. H, Fu

ABSTRACT

The AYERM code is a computer program which has been
developed for the high-temperature gas-cooled reactor
(HTGR) safety research program. It is a conjunction of
the heat conduction code, AYER, and a set of special sub-
routines. This modified AYER code can predict the time-
dependent release of volatile fission products from a
reactor core during a hypothetical loss-of-forced~-circu-
lation (LOFC) accident. The computation scheme is based
on the finite element method, The function of the AYER
code is to compute the temperature distribution and the
temperature history of a reactor during an LOFC accident.
The subroutines perform two functions. One group of the
subroutines provides the essential input data, such as
the properties, configuration, initial and boundary con-
ditions, etc., of the reactor core. The other group com-
bines the computed instant local temperature with the fuel
model parameters (i.e., the decay and release constants,
and the irradiation history of the fuel) to perform the
fission product release calculations,

I, INTRODUCTION

The design of the graphite-moderated high temperature gas-cooled reactor
(HTGR) is discussed in Ref. 1. One problem of concern in safety studies of
this reactor is the elevating temperature of the core during a hypothetical
loss-of-forced-circulation (LOFC) accident. The rising temperature causes the
coatings on the fuel particles to fail. Since the function of the coatings is
to retain the fission products, the probability for release of the fission prod-

ucts will increase, Because of their importance with respect to health effects,




it is essential in safety research to predict the time-dependent release of the
fission products during the LOFC accident., The AYERM code has been designed for
this purpose. The foundation of AYERM is the AYER code,2 with the addition of
eight subroutines:

e GEOMTY provides a model configuration for the reactor core that is

needed in the finite element method (FEM) calculation.

e INITIAL supplies all the initial condition data and the fuel failure
and fission product release characteristics.,

® BNDRY specifies all the boundary conditions which are essential in
heat transfer computations.

e PROP supplies all the thermal and material property data for the
reactor core and its surroundings.

e POWER produces the local heat source data caused by the decay power
in the active core.

e TRANS computes the time-dependent release of a fission product of
interest.

e SINT provides a linear interpolation process between data points.

o LEAST performs a least-square fitting process.
The AYER code has been documented in Ref. 2. The essential features of the
subroutines are presented in this report. A listing of the subroutines is given

in Appendix A,

II, THE MODEL REACTOR CORE CONFIGURATION

To simplify the calculations, the complex configuration of a reactor corc is
idealized as an axisymmetric cylinder. Figure 1 illustrates the model configura-
tion which consists of the active core, the core support, and the surrounding
reflectors. To carry out the heat transfer analysis by the finite element meth-
od, the cylindrical model is partitioned into a system of ring elements. The
rectangular cross sections of these ring elements are also shown as an example
in Fig. 1. The sizes of these elements can be adjusted as one desires. This is
accomplished by changing a few parameters in the subroutine GEOMTY. In princi-
ple, the degree of accuracy of the computed temperature distribution can be im-
proved by employing more finite elements of smaller size. However, it has becn
shown3 that beyond a certain size limit, the improvement in accuracy becomes

very small, and the computation time increases considerably,
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Finite element mesh.,

ITI. HEAT TRANSFER MODEL
To formulate the heat transfer analysis for the partitioned reactor core
configuration, the following assumptions were made.

A. Properties

The thermal and material properties within each ring element in the model
reactor core are taken to be anisotropic and temperature-dependent, but constant
within the element during a time step.

B. Heat Transfer Mechanisms

In the interior of the reactor core, the thermal energy is transferred by
conduction. On the external boundaries of the configuration, the energy is trans-

ferred to the surroundings by conduction and by radiation. We have neglected



the heat loss from the reactor core due to natural convection of the helium cool-
ant. A justification for this is given in Appendix B.

C. Power Density

The decay power density within the active core is a function of position and
time. Therefore, the heat source in the core after the shutdown is not uniform.
To model this volumetric heat distribution, a set of radial and axial power fac-
tors is specified, based on the nominal power density at full power.

D. Integration Procedure

In performing transient calculations, a step-by-step procedure is intro-
duced. In this computing procedure, one uses the results of the previous time,
(t-At), as the initial values to compute the results at time t. Furthermore, the
changes in material properties and in decay power are assumed to be negligible

during each time step.

IV. INITIAL AND BOUNDARY CONDITIONS

In the model calculations, the initial temperatures at all the node points
of the cross section of every ring element are specified at the beginning of the
program. This process is accomplished in the subroutine INITIAL, These temper-
atures are based on the steady-state operating conditions of the reactor just
before the LOFC accident.

The external boundary surfaces of the reactor core are enclosed by a layer
of helium gas. Beyond this layer is the thermal barrier which is attached to the
inside of the prestressed concrete reactor vessel (PCRV), The outer boundary of
the barrier is surrounded by cooling water passages embedded in the PCRV. To com-
pute the heat transfer from the reactor to the cooling water, the effective ther-
mal conductance has been employed. The effective thermal conductance is defined
as the reciprocal of the sum of the reciprocals of heat transfer coefficient in

each layer. That is

1 1 1 1
S S TS 1)

where

he is the effective conductance used in the AYERM code (W/mz'K);




h is the combined conductance for the helium gas layer which includes the
radiation and conduction transfer in the helium (W/mZ'K);
h. is the conductance for the PCRV thermal barrier (W/mz'K); and
h_is the effective heat transfer coefficient between the thermal barrier
and the cooling water (W/mz'K).

A set of effective heat conductances which model the heat, transfer from the
reactor core configuration to the surrounding cooling water is built in the sub-
routine BNDRY., A detailed description and pertinent parameters for these effec-

tive conductances are given in Appendix C.

V. FUEL MODEL PARAMETERS

The pyrocarbon (PyC) and silicon carbide (SiC) coatings on the fuel kernel
of HTGR fuel particles are fission product retainers. The performance of these
coatings depends strongly on their temperatures and on their irradiation expo-
sures. The correlation among these quantities is not unique, and there exists
no general functional relationship among them., The new General Atomic standard
safety analysis report (GASSAR) fuel release modell’4 has been adapted in the sub-
routines through numerical interpolation.

Each chemical element has an empirically derived release '"constant" used to
describe its observed fractional release per unit time from the coated fuel par-
ticles. In the subroutine TRANS, we have adapted the Arrhenius formula for the
functional relationship between the temperature and a release constant. That

is:
release constant = A exp (-AK/temperature), (2)

where the dimensional constants A(h-l) and AK(K) were determined from the data
which were furnished by the GASSAR fuel release model.l’4

It has been recognized in the previous sections that the decay power density
in the active core is inhomogeneous, and that the boundaries of the reactor core
are nonadiabatic. Therefore, the temperature distribution in the core elevates
nonuniformly during an LOFC accident. Furthermore, it has been established that
the release constants and the failed fuel fractions depend on temperature; con-
sequently, both of them are position- and time-dependent. To compute the release

of a fission product from the core, the following method was used.



(1) The releases from every ring element were computed to obtain the
release during each short time interval; then the release from the
core is the sum of these releases weighted by the local radial and
axial power factors,

(2) The total amount of the fission product released, from the onset of
the LOFC up to time t, is the summation of the releases in all the
preceding intervals with corrections due to radioactive decays.

All of these calculations were performed with the subroutine TRANS,

VI. NUMERICAL DATA

The AYERM code was developed to predict the release of fission products from
an HTGR during a hypothetical LOFC accident. In order to compare our results
with those reported in Refs. 5 and 6, we have adapted the numerical data given
in these references. Some of the important ones which have been modified are
given in this section.

A, Power Density Factors

The radial and axial power density factors which were used in computing the
decay power distribution in the active core are listed in Table I. These factors
were deduced from the data given in Ref. 5.

B. Decay Power

Formulas for the decay power following the shutdown of a reactor are empiri-

cally determined. The one used in Ref. 5 is

EE < 1009, (3)

(0]

where Po and P(t) are the power at the time of shutdown and at t hours thereafter,

respectively; and the function a(t) is given by

a(t) = -~ 1.75 - 0.248 T(t) + 0.0059 T>(t)

- 0.00465 To(t) - 0.0021 T%(t), (4)

where T(t) = loglot,

and t is time in hours.



TABLE 1
POWER FACTORS

Radial Zone Radial Power Axial Zone Axial Power
{center to outer) Factors (bottom to top) Factors
1 0.83 1 0.67
2 0.83 2 0.90
3 1.16 3 0.97
4 1.16 4 1.01
5 1.16 5 1.17
6 0.96 6 1.14
7 0.96 7 1,08
8 0.96 8 1.03
9 0.96
10 1.07
11 1.07
12 1.07
13 0.90
14 0.90

Equation (3) has a singularity at t = 0. The decay power formula which has
been used in the AYERM code is Eq. (3) with a 10% increment.*
Recently some study on the afterheat for the HTGR was reported.7 The data

presented in Ref., 7 can be correlated by the following equation:

-0.261
3

= 0,128 (t+0.0003796) (6)

where the time t is in units of seconds. A comparison of this formula with the
one given by Eq. (3) is shown in Fig, 2. The data points from Ref. 7 are also

plotted in the figure.

*This 10% modification is based on the advice of F, Silady of GAC in a personal
communication.
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Decay power for HTGR.

VII. NOMENCLATURE

A, Model Core Configuration

The nomenclature connected with partitioning the core into finite ring ele-
ments is listed below. Some of the key ones are depicted in Fig. 3.

XCORE Radius of the active core.

XSR Radius of the side reflector.
YBS y-coordinate of the upper surface of the core support.
YBR y-coordinate of the upper surface of the bottom reflector.

YCORE  y-coordinate of the upper surface of the active core.

YTR y-coordinate of the upper surface of the top reflector.

NXCOD  Number of radial dividing node points for the active core used in
the finite element method calculation (FEMC).

NXSRD  Number of radial dividing node points for the side reflector used
in FEMC.

NYBSD  Number of axial dividing node points for the core support used in
FEMC,
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Some key nomenclatures for the model core configuration.

NYBRD Number of axial dividing node points for the bottom reflector used
in FEMC.

NYCOD Number of axial dividing node points for the active core used in
FEMC.

NYTRD Number of axial dividing node points for the top reflector used in
FEMC.

NX The total number of radial dividing node points of the radius of

the, model core configuration. That is NX = NXCOD + NXSRD.

NY The total number of axial dividing node points for the model core
configufation. That is NY = NYBSD + NYBRD + NYCOD + NYTRD.
NNX The total number of radial divisions on the radius of the model

core, That is NNX = NX - 1.
NNY The total number of axial divisions for the model core. That is
NNY=NY“10




NUMNP

NUMEL

Y (N)
X(N)
MATL (N)
IB(N,I)

The

total number of node points for the model core used in the

FEMC. That is NUMNP = NX x NY.

The

total number of ring elements used in the FEMC.

NUMEL = NNX x NNY,

y-coordinate of the Nth node point.

x-coordinate of the Nth node point.

The
The

material number for the Nth ring element.

boundary number of the Ith side of the Nth element.

B. Fuel Model Parameters

As indicated earlier, the release of a fission product from the failed fuel

particles depends on the local instant temperature, the fuel failure model, the

release and decay constants of the isotope, etc. The nomenclature listed below

applies to this aspect.

RF
AF

QX

QF

QSUB
QLAT

TINC
VBAR
TSUB
TN
TBAR
TAVE
TMX
XLA

FR
FFI

10

The
The
The

radial power density factor of a ring element.
axial power density factor of a ring element.

power density of a ring element at a given time after shutdown,

in units of (W/mS).

The

fractional decay power of the active core at a given time after

shutdown.

The heat of sublimation per unit volume for the graphite (J/ms).

The

integrated latent heat of sublimation for a ring element at a

given time, for comparison with QSUB (J/ms).

The
The
The
The
The
The
The
The
The

time increment (s).

volume of a ring element (ms).

sublimation temperature of the graphite (K).

instant temperature of a node point at time t (K).

volumetric average temperature of a ring element at time t (K).
instant average temperature at time t (K).

instant maximum temperature at time t (K).

decay constant of the isotope considered (h-l).

release constant of the isotope from the failed fuel in a ring
1

element at time t (h ).

The
The

instant local failed fuel fraction.

instant local inventory-fraction of the isotope due to failed

fuel,

The

instant local fractional release of the isotope.




RFI The fractional amount of the isotope released from the onset of

the LOFC accident to time t.

FSUM The failed fuel fraction at t-hour after the onset of the LOFC
accident,

LBFY The age of the BISO fuel (yr).

LTFY The age of the TRISO fuel (yr).

The following set of nomenclature pertains to the fuel particle coating failure

diagrams: RSR, RSR1, TER, TUM, and TUR. The meanings of these parameters are

indicated in Figs. 4 and 5. These figures are fuel particle coating failure dia-

grams for BISO and TRISO fuels, respectively.

C. Heat Transfer

The following list of nomenclature is connected with the material and ther-
mal properties and boundary conditions in heat transfer calculations.
TEMI,TEMJ The bulk fluid temperature adjacent to the Ith and Jth node
points, respectively (K).
HI,HJ The heat transfer coefficient at the Ith and Jth node points,
respectively (W/m2°K).
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Fig. 4. Fig. 5.
BISO fuel particle coating failure dia- TRISO fuel particle coating failure dia-

gram and the nomenclature used in fuel

gram and the nomenclature used in fuel
model calculations.

model calculations.
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D.

TBA
FACT

XLAH

XINS

DENS

HCAP

CCAP

RCAP

C1

c2

LEAST

The average temperature of the Ith and Jth node point.

The radiation conductance from the outer surface of the reflector
to the PCRV thermal barrier (W/mz'K).

The thermal conductivity of the helium (W/m°*K).

The thermal conductivity of the PCRV thermal barrier (W/m°K).

The material density of a ring element (kg/ms).

The specific heat capacity of a ring element (J/kg°K).

Table of specific heat capacity for the composite fuel in 1000°F
increments, starting at 0°F (Btu/1b-°F).

Table of specific heat capacity for the reflector in 1000°F incre-
ments, starting at 0°F (Btu/1b-°F).

The thermal conductivity of a ring element in radial direction
(W/m°K) .

The thermal conductivity of a ring element in axial direction
(W/m*K) .

The detailed information about the least-squares polynomial fitting sub-

routine is given in Ref. 8. The key parameters are:

M

X

F

W

EPS
MAXDEG
NDEG

The number of input data points.
A set of independent variables,
A set of dependent variables.

A set of weights.

The desired weighted RMS error.
The maximum degree of the fit.
The degree of the fit,

The AYER Code

used

12

The AYERM code is based on the AYER code.2 Some of the important variables

in the AYER code are listed below for convenience.

X
Y

QORT(N)
K@DE (N)

TN(N)
TI(N)

x-coordinate of the Nth node,

y-coordinate of the Nth node.

Specified temperature or external heat flow for the Nth node.
If zero, external heat flow is specified for the Nth node via
QPRT(N)., If nonzero, temperature is specified via Q@PRT(N).
Temperature of Nth node.

Temperature of Nth node for last iteration.



TNI(N)
IX(N,I)
IB(N,I)
MATL (N)
NN(N)
NUMNP
NUMEL
MBAND
NPR@B
NIT
NTINC
TINC
TIME
NPRNT

NI
ITER
CONV
CONVRG
NC@V
NPNCH

NEPRNT

KAT

VAL (N)
QVG(N)
QVT(N)
QWV(N)
QVTQT (N)
TAVE (N)
VPLUME
TBAR
QVGTPT

Temperature of Nth node at the start of a time increment.
Node number of the Ith vertex of the Nth element,
Boundary number of the Ith side of the Nth element,
Material number of the Nth element.

Number of nodes describing the Nth element.

Total number of node points.

Total number of elements.

Matrix band width,

An integer number to be defined by the user if needed.
Index of the transient D@-loop.

Total number of time increments.

Increment of time.

Actual time (summation of TINCs).

Time increments for which information is printed. (If NPRNT = 4,
information for every fourth increment will be printed.)
Index of iteration D@-loop.

Total number of iterations requested.

Convergence required.

Actual convergence, defined as the maximum value ITN-TI .
Node number where C@PNVRG was obtained.

If node temperatures are to be punched on cards, NPNCH must be
nonzero. (Format 10F8.3)

If nonzero, node and element information will not be printed
out.

If zero, region has uniform thickness of 1. If nonzero, region
is axisymmetric about y-axis.

Volume of material N,

Total heat generated in material N.

Transient "source' value for material N,

Velocity '"'source" value for material N,

Summation of QVG, QVT, AND QUV.

Average temperature of material N.

Total volume,

Average temperature of entire body.

Total heat generated.

13



QVTT@T Total transient "'source' value.

QVVTPT Total velocify "source' value.

QgL Summation of QVGTPT, QVTT@T, and QVVT@T.

AB(N) Area of boundary N.

TBAV(N) Average temperature of boundary N.

QBC(N) Heat flow by conduction in boundary N.

QBV(N) Enthalpy transfer across boundary N due to velocity.
QBT(N) Summation of QBC and QBV.

QBCT@T Total heat flow by conduction across boundaries.

QBVTAT Total enthalpy transfer across boundaries due to velocity.
QBTOT Summation of QBCT@T and QBVT@T.

TBND Average temperature of all boundaries.

QBAL Overall heat balance (QV@L + QBCT@T).

HED(8) Problem title.

KEYPLT  Approximate number of isotherms to be plotted on isoplot.
SCALE(4) Minimum x, maximum X, minimum y, maximum y for explanded plot.
TIS@(N) Temperature for the Nth isotherm.

NIS® Actual number of isotherms.

NMAT Number of different materials.

VIII. TYPICAL RESULTS

Results of the AYERM code have been published in Ref. 3 and subsequent
Los Alamos Scientific Laboratory reports on the Quarterly Progress of Research
on Reactor Safety and Technology. This section presents some of these results
in order to document them for the reader and indicate what can be expected from
the code.

The input data for the calculations are all included by means of FORTRAN
DATA and REPLACEMENT statements in the subroutines just described., These are
given in Appendix A, Figure 6 shows the maximum and average temperatures in the
active core vs time after the onset of the LOFC accident. The hottest part of
the core begins to sublimate at about 17 h., A companion plot, more useful to
indicate the extent of fuel failure and fission product release is Fig. 7, show-
ing the fraction of the active core above a certain temperature at various times.

The core is initially at a very uniform temperature of 1110 K because of the

14
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helium flow which is orificed to achieve optimum temperature flattening at full
power, At later times, with no helium cooling, regions with highest heat genera-
tion increase most rapidly in temperature, leading to the almost 2000 K temper-
ature difference between various parts of the core. Figures 8 and 9 show the
resulting failure of BISO and TRISO fuels, respectively, as a consequence of the
rising core temperatures. Figures 10 and 11 give the corresponding fractional
release of 1311 from the failed fuel. A core consisting of fuel of uniform age
would be represented by a single curve on these two figures and the total release
would be the sum of the appropriate fraction from BISO and TRISO fuels, multi-
plied by their respective initial inventory. A core of mixed fuel ages would be
further subdivided accordingly. For a particular reactor, where the local dis-
tributions of fuel ages, fuel type, fission product inventory, and power peaking
factors are known, these variables can be built into the AYERM code model, and
resulting total fission product release will be the appropriate sum from all

sources,

15
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IX. SUMMARY AND DISCUSSION

A computing model has been developed that can predict the time-dependent
release of fission products from an HTGR core during an LOFC accident. The ther-
mal analysis of the model is based on the finite element method.2 The time-
dependent computations were carried out through the step-by-step approximation
scheme. For the relations between the temperature and the fuel elements in the
core, the new fuel release parametersl’4 have been adapted. All the other numer-
ical data constructed in the model were taken from Refs. 5 and 6. The model can
easily be adapted to conform with different geometries, properties, boundary con-
ditions, and assumptions.

No genetic relationships among fission products were considered in the pres-
ent model. In computing the release of a fission product with long-lived precur-
sors, the model produces a more conservative result. To improve this aspect, we
have studied the genetic relationships of all the fission products which are of
importance to safety research,9 and have constructed a model decay scheme. This
model decay scheme can delegate all the genetic relationships of those fission
products whose transformation does not involve neutron absorption processes.

When it is incorporated into the AYERM code, this new model will be able to com-
pute the time-dependent release of fission products in any one of the many dif-
ferent decay chains under consideration. The mathematical formation of the model

decay scheme is represented in Appendix D.

APPENDIX A

SUBROUTINE LISTINGS

SURROUTINE SINT(T,PRO,DATA)
DIMENSION DATAC(C19)
COMMON/CAUSE/NM,MN, TEL
c
C SINT
c 14
® zo, $ ND =6
00 S8 I=1,ND
IF (T,LT,TK) GO TO 68
50 TK =TK+‘.
PRO =DATA(ND) $ RETURN
60 IF (TK,EQ,8,)G0 TO 7@
PRO SDATA(I=1)#(DATACI)=DATA(LI=1))2(T«TK+1) S RETURN
73 CONTINUE
PRO ZDATA(L)
RETURN

17
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END

SUBROUTINE LEAST(M,X,F,W,EPS,MAXDEG,NDEG, ARRAY,R)

DIMENSION X(1),F{1),W(1),ARRAY (1)
DOUBLE PRECISION R(1),SUM,CK,TEMP

TR=MAXDEG+Y
IBL2=MAXDEG™]
1C=18B+1I8BL2
I0L1=IC+MAXDEG
I1LI=IALLI+M
RM=M
TOLSRMXEPSA%2

NDEG=0

S=0,8

SUM=08,4D9

DO | I=i M

S=S+W(I)
SUM=SUM+DBLE(W(I))ADBLE(F (1))
RN@=3S

CK=SUM/RNQ

AFRAY(IC)=CK

ERROR=2,0Q

DO 2 I={,M

R(I)=CK
ERRCR=FERROR+W(I)4aSNGL(CK=DBLECF(I)))x»2
I# (NDEG,EQ.MAXDEG) GO T0 14

IF (EPS,LT,.0,8) GO TO 3

IF (ERROR,LL,TOL) GO 10 14

NDEG=1

ES=ERROR

SUM=2,000

DO 4 I=i,M
SUM=SUM+DBLECW(I)I*DBLE(XCI))

ARRAY ($)=SUM/RN@

5=0,0

SUM=8,4dD¥

DO S 1I=1,M

ARRAY (T1L1+I)=X(1)=ARRAY (1)
S=S+W(IYRARRAY(ILL14¢I)x%2
TEMP=DBLE(F(I))=R(I)
SUMSSUMSDBLE(W (I} ) *DBLECARRAY(I1LI+I))IATEMP
RN1=S

CK=SUM/RN{
ARRAY(IC+1{)=CK

ERROR=0,

DO 6 I3y, M
RCII=R(I)+CK*DBLECARRAY(ItLI+I))
ERROR=ERROR+W(IIASNGL(R(I)=DBLECF(I))) A2
IF (ERRUR,GT,ES.ANDEPS,GE.A,@) GO YO 12
1¥ (NDEG,EQ,MAXDEG) GO YO {4

IF (ERROR,LE,TOL,ANDEPS,GE,2,08) GO TO 14
DO 7 I=zy,M
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11

ARRAY(IOLi+I)=1,0
NDEG=2

Ka2

ES=ERROR

ARRAY (IBL2+K)=RN1/RNO

SUM=z0,0D0
DO 9 IS{,M

SUM=SUM+DBLECW(I))#DBLE(X(I)IRDBLECARRAY(IILI+1)) x4

ARRAY (K)=SUM/RN!

5=0,9

sUM=0,000

PO 10 I=y,M

ARRAY (TI@LI+I)=(X(1)=ARRAY(K))I*ARRAYC(IILI+D)
~ARRAY(IBL2+#K)*ARRAY(IGL1+1)

S=S+W(I)*ARRAY(IQ@LI+])*x2

TEMP=DRLE(F(I))=R(1)

SUM=SUM+DBLE(W(I))=2DBLECARRAY(IOL1+I))IATEMP

RNO=RN1{

RN{=S

IT=10801
IeL1=11L¢
11L1=IT

CK=SUM/RN{
ARRAY(IC+K)=CK

tRROR=0,0

DO 1Y I=1,M
R{I)=R(IY+CK*DBLELARRAY(I1L1+41))
ERRORZERROR+W(TI*SNGL{R(I)}»DRLECF(I)) ) a2
IF (FRROR,GT,F3,AND,EPS,CE.®,2) GO TO 2
IF (NDEG,EQ.MAXDEG) GO TO 14

IF (ERROR,LE,TOL,AND,EPS,GE,3,8) GO TO 14
NDEG=NDEG+1}

K=K+l

GO T0 8

NDEG=NDEGw{

ERROR=ES

DO 13 I=1,M
R(T)=R(I)=CK*DBLE(ARRAY(I{LI+I))

EPS=S5QRT(ERRQR/RM)

RETURN

END

FUNCTION EVALCY,N,ARRAY,MAXDEG)

DIMENSION ARRAY(t)
IR=MAXDEG+
IC=MAXDEG+1B={

IF (N,GT,8) GO TO |

EVAL=ARRAY(IC)

RETURN

IF (N,GT,1) GO TO 2
EVAL=ARRAY(IC)+ARRAY(IC+1)A(Y~ARRAY (1))
RETURN

19
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a0

OO0

aon

s Xalel

DKP2=ARRAY(IG+N)
DKP1SARRAY(IC+N=1)+(Y»ARRAY(N))ADKP2

NLP=Nw2

IF (NL2,LT.1) GO YO 4

DO 3 L3i,NL2

K={+NL2w»l
DK=ARRAY(IC+K)+(Y=ARRAY(K+1))ADKP{~ARRAY(I1B¢K)xDKPZ2
DKP2=DKP{

DKP I =DK
EVAL=ARRAY(IC)+(Y=ARRAY(1))*DKP{=ARRAY(IB)*DKP2
RETURN

END

SUBROUTINE GEOMTY

COMMON X(100A),Y(1900),00RT(108A0),KODE(10a@), TNC1020),T1(1000), 32
TINICLIANRY, IXCIAQRA, 7Y, 1B(1RA0,6) ,MATLL1A0B),NN(10A¢), NUMNP, NUMEL, 33
2MBAND, NPROR,NIT,NTINC, TINC, TIME,NPRNT,NI,ITER,CONV,CONVRG, NCOV, 8a763

INPNCH, NEPRNT,KAT,VOL (59} ,QVG(5A),RVT(5@),Q0VVI5R),RVTI0T(5Q), @0764
HNTAVE(53Y,VOLUME, TBAR,QVGTQOT,QAVTTOT,OVVTOT,QVOL, AB(5@),TBAV(SE), 80765
SRBCC5M), ABV(50),R3BT(5A) ,QACTOT,ABVTOT,GBTO0T, TBND,GBAL,HED(8), 20766
6KEYPLT,SCALE(U4),T180(20),NISO0,NMAT pa767

COMMON/GEUX/NX, NNX, NXCOD, NNXCO,NXSRD, JB
COMMON/GEQY/NY, NNY,NYCOD,NNYBS, NYBRD, NYTRD, NEBS,NYBSD
COMMON/ELEM/NEBR,NECO,NETR, NXX,NXX1,NE}

* BETTER MESHER

DIMENSION NR(12),MAT(20),YN(60),XN(60),XL(18,10),XR(10,18),YB(10,109771

18, YT(10,3$0),11(20),KY(20,20) pa772
GEOMTY

XCORE=139, $ NXCOD= {5

NNXCO=NXCOD=1 $ XX = FLOAT(NNXCO)

DX =XCORE*xx2/XX

YBS =35, $ NYBRSD=z 4

XN(1)= 2,0 $ YN(1)= @,0

NNYBS=NYBSD=| $ YY zFLLOAT(NNYBS)

Y~COORDINATE OF DIVIDING POINTS IN BOTTOM SUPPORT MATERIAL

DY =(YBS =YN(1))/YY
DO 3108 I=2,NYBSD
310 YN(I)=YN(I=1)+DY

Y*COORDINATE OF DIVIDING POINTS IN BOTTOM REFLECTOR

Y8R 82, $ YRRD = 3,
DY (YBR «YBS )/YBRD
NYBRD=IFIX(YBRD)
1t ENYBSD+1 $ 12 =NYBSD+NYBRD
DO 328 1I=I1,I2

320 YN(I)=YN(I={)+DY

Y~COORDINATE OF DIVIDING POINTS IN THE CORE

YCORE=331, $ YCORD= 8,
DY =(YCORE =YBR )/YCORD
NYCOD=IF IX(YCORD)
1C1 =12 41 $I1C2 =12  +NYCOD
DO 338 1=1Ct,1C2
330 YN(I)=YN(I=1)+DY




Y=COORDINATE OF DIVIDING POINTS !

A0

YTR =378,
Dy =(YTR =YCORE)/YIRD
NYTRDsIFIXCYTRD)
1TRY =IC2 +1 $ITR2 =1C2
DO 3490 I=1TR1,ITR2

340 YNCI)=YN(I=1)+4DY

X~COORDINATE OF DIVIDING POINTS I

(s EuNe]

DO 35@ I=2,NXCOD
350 XN(I)=XN(I=1)+0DX

DO 351 Is2,NXCOD
351 XN(I)=SORT(XN(I))

OO

X*COORDINATE OF DIVIDING POINTS I

XSR =178, $ XSRD = S
DX =(XSR =XCORE)/XSRD
NXSRD=IFIX(XSRD)
IXSRISNXCQON+ 1 $ IXSR2=NXC
PO 3680 I=:XSRi,IXSR2
360 XN(IY=XN(I=1)+DX

NX =NXCOD+NXSRD
NY sNYRBSO+NYBRD#NYCOD+MNYTROD
NNY  =NY=i SNNX =NXed
NUMNP=NX2NY SNUMEL =NNY X

c NXX =NEBELCO JB=NERELTR
NERBS NNX4ANNYBS
NEBR NNX*NYBRD
NECO NNXA*NYCOD
NETR NNX*NYTRD
NX X NEBS+ NEBR
JB NXX+ NECO
NXX1 NXX+1
NE L NXX=NNX

it uwnu

qun

MATERIAL NUMBER

OO0

DO 410 I=1,NUMEL
DO 182 J=1,6
18(1,J) =0

182 1X(1,J) =@

418 MATL(I) =t

$ IX(I,7)=0

MESH TOPOLOGY

OO0

DO 200 I={,NNY
DO 205 J=:t,NNX
IX(NE,1)=J +(I=1)%NX
IXINE, 4)SIX(NE, 1) +NX
IF(I,EQ, 1) IBC(NE, 1) =1
1F(J,EQ,NNX) IB(NE,2)s2
TFCILEQ,NNY) IBC(NE,3)=3
IF(JQEQ") IB(NEJQ)'“

2085 NE =NE+ |

2903 CONTINUE

C GRID COORDINATES

NP =t
DO 384 I=g,NY

N THE TOP REFLECTOR

$ YTRD = S,

+NYTRD

N THE CORE

N THE SIDE REFLECTOR

0D+NXSRD

NNX $ NE={
NEt1= (NNYBS+NYBRD=g)ANNX

$ IX(NE,2)=IX(NE, 1)+t
$ IX(NE,3)=IX(NE,4)+¢

21



QOO

OO0

22

385
300

420

44g

439

PRQ

00 305 J=1,NX

Y(NPY=YN(T)

X(NP)=XN(J}

X(NP)=X(NPI%, @254 $§ Y(NP)=Y(NP)*,0254
NP aNP+{

CONTINUE

DO 420 I=1,NXX

MATLCI) =2

MATL(I+JB)u2

CONTINUE

NEBS =NNX*((NY~NYTRD=NYCOD=NYBRD)=1)
DO 44Q@ I=1,NEBS

MATL(IY =4

DO 430 I=NNX, NUMEL , NNX
MATLCI=3)=MATL(I=2)=MATL(I=3)=MATL(In4)%3
MATL (1) =3

RETURN

END

SUBROUTINE PROP(N,I,J,K,Ci,CZ.THETaDENS:HCAP,VX,VY.VZ,DTDZ)
COMMQON X(lﬂﬂﬂ)pY(1@0@)rﬂORT(i@UM)pKODE(lW@@)!TN(10@0),71(10@0)1
TTNTCLRR®), IN(1ABA, 7),IB(IABR,6),MATL(10AN) ,NN(IrQa), NUMNP , NUMEL,
ZHBAND'NPROBlNIT,NTINC;TINCJTIMEpNPRNTiNI,ITLR!CONV:CONVRG'NCOV'
INPNCH, NEPRNT,KAT,VNL(58),0VG(50),0VTI(S@A),AVV(53),QVvT0T(57),
“TAVE(S@);VOLUME'TBAR}QVGTOT;QVTTOT;QVVYOT,QVOL'AB(SG)'TBAV(SG)p
SQRC(SH)'QRV(sﬂ):QBT(Sﬂ),QRCTOT,QBVTOT.G“YOT’TBND,QBAL;HED(B)'
bKEYPLT,SCALE(4),T1S0(2@),NISO

COMMON/CAUSE/NM, MN,TEL
COMMON/ELEM/NERR,NFCO,NFTR, NXX,NXX],NEYL
COMMON/GEOX/NX,NNX,NXCOD,NNXCQ,NXSRD,JB
COMMON/GEOY/NY.NNY,NYCOD,NNYBS,NYBRD,NYTRD,NEBS,NYBSD
COMMON/HCAY/HCAF (58)

COMMON/ROCK/TM,DE,DH,RM,; RS
COMMON/TRANS/QTOT,AMPKG,VP,RE(7),T0

DIMENSION CCAP(6),RCAP(6)

DATACCCAP(I) I21,6)7415,43359,42,,4842,,453,,457/
DATACRCAPCI) 1=1,6)/7¢15,e39),U88,,5,,4514y,52/
DIMENSION RK(15), RT(15)
THET=DENS=HCAP=YX=VY=DT0D2Z=0,
TEL=(TINCIY+TNCJ)+TN(K)I/3,

IV (TEL,GT,3666,)TEL=36b66,

IFCTEL,LT,308,) TEL=30@,

p
NM =N $ MN =MATL(N) $ 7 =(TEL*1,8)~U60,
GO TO (19,20,30,40) MN
COMPOSITE FUEL
DENS = 91,*16,018 s T =7/10009,
CALL SINT(T,PRO,CCAP} $ HCAP=PRO*4187,
HCAF(NIT)=PRO%x487,
T = Tx{Qeq,
1IF (7,67,5008,) 60 TO0 {1}
ce 21,732(15,+3,003002(T=100¢,)) $ IF (T,GT,4009,) GO TO (2
€1 21,7350 7,+R,00425%(T=1800,)) $ GO TO 13
ce =1,732(27,40,00902x(T~%000,))
1 21,73%(17,~7,00467%(TwdGR0,))
IF (C1,GY,(1,73%15,5)) Ci=1,73%45,5

noass
2a887
nns8s
03389
20890
22891
nn89e
w893
83894

B389%6
93838

00898
80899

Q0991




OO

e NeNe)

g N gl

20

2t
22
23
24

30

31

4g

RETURN

TOP AND BOTTOM REFLECTYOR

DENS = 85,%16,018 $ IF (1,6T,5000,) GP TO 2t
ce 21,73%(20,+8,00325%x(T=-1000,)) $ IF (T,67,4p00@,) GO TO 22
Ci S1,73%( 7,+0,0R650%(T=1000,)) § GO TO 23

o4 51,732(33,+40,20600*(T=5003,))

(o} ] S§,73*(18,=R,08825%x(T=50883,))

IF (C1,.67,(1,73%21,5)) Ci=1,73%21,5

T =T/1e0¢,

CALL SINT(T,PRO,RCAP)

SIDE REFLECTOR
DENS =107,%16,018

$ HCAP=PRO%4187, 3 RETURN

$ IF (T.GE,2250,) GO TO 3%

c2 =1,732(204,5¢,007x(T»10800,)) $ IF (7.,G6E,2108,) GO TO 3¢
ct 21,73%x(16,+0,00700*(T=1308,)) $ GO YO 24

C1 -’-1.73*(19."@.@@“33*(7'3‘500.))

ce 21.73%(30,=-0,0205P0*(T=3000,)) $ GO TO 24

DENS = 93,%16,018

C1=C2=1,73%13,9 $ GO 70O 24

END

SUBROUTINE INITIAL

COMMON X(1008),Y(1902),00RT(1001),KODE(100R), TN(10P0R),T1(1000),
{INTCLPAE), IX(1020,7),IBC10AA2,6) MATL (1880 ,NNC1Q0@), NUMNP, NUMEL,
2MBAND . NPROB,NIT,NTINC,TINC, TIVE, NPRNT,NI, ITER,CONV,CONVRG,NCOV,
INPNEH, NEPRNT, KAT,VOL(5@) ,GVG(5A) ,QVT(50),QVV(5@),AVTIOT(52),
4TAVE(S®),VOLUME, TBAR,QVGTOT,GVTTOT,GVVTOT,QVNL, AB{53),TBAV(5Q),
SQRC(5P),NBV(SA),ABT(54),3BCTOT,QBVTOT,ABTOY, TBND,GBAL,HED(8),
6KEYPLT,SCALEtU),T1S0(2@),N1S0

DIMENSTON TX(10),FY(10),W(10),ANSF(1Q)

DOUBLE PRECISION R(18)

COMMON/ELFMENT/XLA, A, AKY
COMMON/FACT/AF(SQ)Y . RF(5Q),QF, AXP
COMMOM/ZELEM/NEBR, NECO, NETR, NXX,NXX1,NE}

COMMON /FIT/AR(5Q)

COMMON /FTACP/FUEL,FUELT,RSR,RSRY, TER, TUM, TUR,LRFY,LTFY,TERY
COMMON/GFOX/NX s NNX, NXCOD, NNXCQ,NXSRD,JB
COMMON/GEQY/NY, NNY,NYCOD, NNYBS, NYRRD,NYTRD, NEBS, NYBSD
COMMON/ROCK/TM,DE,DH,RM,RS

COMMON/TRANS/QTOT, AMP,KG,VYP,RE(T7),TQ

INTTIAL
CONSTANTS

XLA=0,00358
XLA=1,QUEw]

XLA =8,91E~3
XLA=S3,34Ew2
FUEL=3$,@ FOR BISO

FUEL=1,
LBFY=1
LBFY=2
LBFY=Y
LBFY=3

FUEL=2,
LTFY=4

$

FUEL=2,@ FOR TRISO

98821
20822
pu823
An8ey
enses
29957
Bad27
Bea28
29829

2R83¢
¢339

I=-131
1»435
TE=132
in133

23




o

24

17

18

LYFY=3
LTFY=a2
LYFY={
FUELT=2, FOR LINEAR MODEL $ FUELTsi, FOR NONLINEAR MODEL
FUELT=2,8
FUELT=',0
IF (FUEL,EQ,1,)4,5
BISO ARKRRRANKAKRARNRARRARKNKRARRRARAKRRRRRARRARKKRAKRRRRRARN
CONTINUE
A =2578,82
AKT==184990,9
TUM=2a73,
TUR=2273,
TX(2)=1723,
TX(3)=1773,
TX(4)=1823,
TX(%)=1873,
TX(6)=1923,
TX(7)=1973,
TX(8)=22023,
TX(9)=2873,
IF (LBFY=3)9,7,8
CONTINUE
TER=2Q73,
IF (LBFY,.EQ,1) 17,18
GASSAR 7/18/75 BISO { YR FUEL T=FAIL 2073«2273 RSR=¢¥,0018
RSR=0,0018
GO T0 21
GASSAR 7/18/7S5S BISO 2 YR FUEL TwFAIL 2073-2273 RSR=0@,0038
RSR=0,0038
G0 TO 2%
CONTINUE
GASSAR 7718775 BISO 3 YR FUFEL T=1693+2073=2273 RSR=8,0054
RSR=0,0054
TER=1693,
TX(1)=TER
FY(1)=0,0054
FY(2)=0,08058
FY(3)=0,807
FY(4)=0,0088
FY(S5)=a,a12
FY(6)=@,023
FY(7)=8,048
FY(8)=28,07
FY(9)=@,0288
GO TO &
CONTINUE
GASSAR 7/18/75 BI1S0 4 YR FUEL T»1683=2073=2273 RSR=9¢,6071
RSR=0,0071}
TER=1683,
TX(1)=TER
FY(1)=0,8071
FY(2)=0,0104
FY(3)=0,047
FY(d)=a,035
FY(5)=8,086
FY(6)=@,16
FY(7)=0,25
FY(8)=0,34
FY(9)=a,44
GO YO 6
BISO ARRRRAARAARKKKARRRAANRRARARARRRRRRAKRNRAKRAARANRNARRAKNARA

8180
B180

{,2B1S0

1,2B180

1YB130

2YB81S0



5

1

2

13

14

TR1SO
CONTINUE
A=7,5957
AKY=‘13823.2
TER1=1473,
TuM=2073,
TUR=2273,
TX(1)=3473,
TX(2)=1554,
TX(3)=1600,
TX(4)=1650,
TX(5)=17@0,
TX(6)=1{750,
TX(7)=1800,
TX(8)=18%0,

GO TO (11i,12,13,14)LTFY

CONTINUE
* {=YRe=TRISO
RSR=0,0015
TER=19449,
{=YR==TR1SQO
Fy(1)=90,08%5
FY(2)=0,24156
FY(3)=0,080159
FY(4)=3,08162
FY(S5)=0,00164
FY(63=0,00168
FY(7)=0,088170
FY(8)=8,00173
FY(9)=0,00818
GO TO 6
CONTINUE
2=YR«*=TRISO
RSR=0,204
TER=1898
FY(1)=0,8040
FY(2)=0,00428
FY(3)=0,00446
FY(U)=0,0B465
FY(5)=9,80485
FY(b)=0,00508
FY(7)=0,A053
FY(8)=0,080554
FY(?)=Q0,08058
GO TO 6
CONTINUE
3=YR«=TRISO
RSR=8,0886
TER=1883
FY(1)=0,006
FY(2)=0,00635
FY(3)=3,080655
FY(4)=0,08678
FY(S)=0,0070
FY(6)20,0072
FY(7)=0,00874%
FY(8)=0,8077
FY(9)=8,0079
GO T0 &6
I=YRe=TRISO
CONTINUE

TR1SO
TRISO
TRISO

TRISO

tYTRISO

25
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OO0

»

»

* [l ) V]

»

0~YR--TRISO
RSR=0,007
TER=1873
FY(1}Y=0,027
FY(2)=03,80722
FY(3)=0,an742
FY(4)=02,00758
FY(5)=Q0,008778
FY(6)=0,00799
FY(7)=2,0081
FY(8)=0,A0835
FY(9)=0,0684

TRISO $§3383 $858%9 38538
CONTINUE

IF (FUEL.EQ,2,) TX(9)=TER
RSRI=FY(9)
M=9
DO { Isi,M
W(I)=1,0
FY(I)=ALOGCFY(I))
CONTINUE
MB=%
MF=S
DO 2 J=MB,IiE
MAXDEG=J
EPS:“'G
CALL LEAST (M, TX,FY,W,EPS,MAXDEG,NDEG,; AR,R)
MTIME=9
DO 3 K=i,MTIME
2=TX(K)
ANS=EVAL(Z,J,AR,J)
ANSF (K)=EXP{ANS)
RIKISEXP(R(K))
CONTINUE
PRINT {702
PRINT SSGH,(R(I),I=10M)
PRINY 1092
PRINT 4Ge2,TX(1),EPS,NDEG
PRINT 10@2
PRINT 4e8t, (I,TX(I),FYCI),ANSF(I),I={,MTINE)
PRINT {0@2
CONTINUE
CONTINUE

* X

CONTROL PARAMETERS

* X

KEYPLT=e{0 $ KAT =i
NEPRNT= 0 8 ITER =5
NEPRNT=Y

NYINC =3 29 $ NPRNT=29
TIME =0,8 $ TINC =728,
CONV = 108,

TYI <=(TIME+TINC )/ 3609,

TL zALOG1a(TTI}

AXP Sl 7S+ TLA(»,208+4TLA(,A059+TLA(~,00465~,0021%TL)))

QF 231Q,x*AXP

DO 109 K=1,NUMEL

31 sNUMEL+ 1=K

MN =MATL(L)

IF (MNJLT,! OR, MN.,GT.9) GO TO 99
GO TO (16,20,50,40) MN

$ CONV =18,



13
2a

34

95
109
C KG

1982
3s¢n
4001
4902

c
C BND
c

TO0=11182, $ GO 70 99
T0=1086, & IF(I,GT,JB) TO=678, § GO YO 99

Y0= 736, $ JF(I,GT,JB) GO 70 20 $ N 3 1
IA=N/NNX¢{ $ IR=N=(TA={)*NNX
IF (IR,LT,NXCOD) GO TO Si

IR = IR=-NNXCO

GO TO 33

CONTINUE

IF (IR,EQ,®) 39,98

CONTINUE

GO TO (35,36;37,38)IR

TO= 736, GO To 99

T0= 721, S GO To 9a

T0= 7¥6, $ GO TO 9@

T0= 692, $ GO TO 9@

T0= 677, $ GO TO 90

T0=1086, $& N=I $ GO TO 34

CONTINUE

IF (TO ,LE. 508) T0=926,

DO 95 J=t,6 $ NNUY =2IX(I, )
TNI(NNU)=TO $ TI(NNU)X=TO

TN (NNU)=TQ

CONTINUE
USED TO IDENTVIFY GAS USED e +{ FOR HE, =1 FOR N2

KG=1

FORMAT(//)

FORMAT (1H, 4(5X,D25,10)/)

FORMAT(IH 1(16),4%,3(3X,E15,6))

FORMAT (fH » * TO0= *F1@,3% ERR= XE{5,6* DEGREE= %x12//)
RETURN

END

SUBROUTINE BNDRY(MN,NB,1,J,IA,JA,HI,HI, TEMI,TEMJ,QFT,QFJ)
COMMON X (1002}, Y(10¢M),00RT(1202),KODECLIAGAY, TN(L1AGA),T1(1308),

fYNIC1200),IX(1020,7), IB(100A,6),MATL(1023) ,NNC1aBA), NUMNP, NUMEL,

2MBAND ,NPROByNIT,NTINC,TINC,TIME,NPRNT, NI, ITER,CONV,CONVRG, NCOV,
INPNCH, NFPRNT , KAT, VOL(S@},0VGI50),0VT(53),QVV(50),QVTI0T(5a),
ATAVE(S5A),VOLUME, TBAR,QVGTOT,QVTITOT,BYVTOT,QVOL, AB(SQ),TBAV(SG),
568C(59),ABY(50),0RT(50),QBCTOT,ABYTOT,QBTOT, TBND,QBAL,HED(8),
6KEYPLT,SCALE(4),TISO0(2B),NISO

COMMON/ELEM/NEBR,NECO, NETR, NXX, NXX1,)NEY
COMMON/GEDX/NX, NNX,NXCOL) NNXCO,NXSRD, J8
COMMON/GEOY/NY, NNY,NYCOD, NNYBS,NYBRD,NYTRD,NEBS,NYBSD
COMMON/ROCK/TM,DE, DH,RM,RS

COMMON/TRANS/QYOT, AMP,KG,VP,RE(T),T0

RY

QF1 =GFJ =0, $ TEMI =TEMJ =0, $ HI=HJ=@, $ IA=JA=x0
IF (NB,EQ,4) RETURN

TEMI =TEMJ =339,

TBA =(TNCI)+TN(J))I*0B,S

IF (TBA,.GT,3666,) TBA=I666,

TBF =(TBA+TEMI )*0,9 =460,

XLAH =0,00397«xTBAxx3,646

XINS =1,732(0,15+1,5E=4*TRF)

FACT =5,67E=B%0,279+«(TBASTEMIIA(TBAXTBA+TEMIXTEM])

GO T0 (10,20,308) NB

BOTTOM

00861
00862

88935
8@936
Q0937
AR9I3Aa
@939
22942
ga94y
pa%42
gesns

2994%
08839
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o000
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18 XINS =1,73%(0,625+3,75E=4+T8F)
HGAP Z(FACT +XLAH/1,96 )
HINS =XINS/8,254
RHP =8,005
HI=HJ=1/({/HGAP+1/HINS+RHP) $ RETURN

SIDE
20 HISHJI=1/(1/(FACT+X{.AH/@,381)+0,1016/XINS+02,80367) 8 RETURN

ToP

30 HI=HJ=1/(1/(FACT+XLAH/2,684 )+0,1016/XINS+3,005 )
RETURN
END

SURROUTINE POWER(N,I,J,K,0X)

COMMON X(1243),Y(1000),Q0RT(1028),K0DE(1009),TN(1¢00),T1(10608),
{TNIC1360),1X(1000,7),1B(180¢,6),MATL(103€E),NN(10BA), NUMNP, NUMEL,
2MBAND, NPROB,NIT,NTINC, TIMNC, TIME,NPRNT,NI, ITER,CONV,CONVREG,NCOV,
INPNCH, NEPRNT, KAT,VOL(508),0QVG(53),QYT(50),3VV(53),8VT0OT (54},
UTAVE(S®),VOLUME, TBAR,QGVGTOT,QVTTOT,QOVVTOT,OVO0L,AB(SO), TRAV(SA),
SERC(50),0BY(5¢),RBT(5A),RBCTOT,RBVTOT,QBTOT, TBND, GBAL,RED(B),
6KEYPLT,SCALEC(H4),TISO(2B),NISO

COMMON/FLEM/NEBR,NECO, NETRs NXX,NXX1,NE1
COMMON/FACT/AF(SQ),RF(SU),QF, AXP
COMMON/GEDX/NX, NNX, NXCO{T, NNXCO,NXSRD,JB

COMMON/GFOY/NY, NNY,NYCOD,NNYBS,NYBRRD,NYTRD, NEBS,NYBSD
COMMON/TRANS/QTOT, AMP,KG,VP,RE(7),TO

DATACPF(IY, 1=1,14)/0,83,0,83,1,1651,16,1,16,0,96,0,96,08,96,8,96,
1 1,07,1,07,1,07,98,990,08,92/7
DATA(AF(I)'I=118)/.67'.9'.9711lglli|17'1.14'1008r1Q03/

POWER

ax 20,0 $ PR =1,

IF (MATL(N),NE,1) RETURN

QX  =B,4E6

1A = (N=NXX1)/NNX+{

IR =(N=NE1)= IAANNX

Qx SAX*RF(IRYAAF(TA) $ 0X sQX*QF
RETURN

END

SUBROUTINE TRANS

COMMON X(1A2@),Y(100@),00RT(1098),KODECIVAR), TN(LABN),T1(100),
LINTICINAR), IX(1820,7)IB(10A0B,6),MATLLIABH),MNCLAANA) , NUMNP, NUMEL,
2MAAND, NPROB,NIT,NTINC,TINC, TIME,NPRNT,NL,ITER,CONV,CONVRG, NCOV,
INPNCH, NEPRNT, KAT,VOL(58),0VG(58),aVT(54A),0VV(50),aVT0T(%0),
ATAVE(S50)Y,VOLUME, TBAR,BVGTOT,RVTIYOT,QVVTOT,QVOL, AB(SA), TBAV(5D),
SNBC(S5N),QBV{5A),AB8T(50),WRCTNT,QBVTIQT,RBTOT,TBND,GBAL,HED(8),
6KEYPLT,SCALE(4),T1S0(2R),NISO,NMAT

COMMON/CH/R,VBAR,FTE(350),F1(350),FXE(3583),TNC ,FR
COMMON/ELEM/NEBR,NFCO,NETR)NXX, NXXLpNEY
COMMON/ELEMENT/ZXLA, A, AKT

COMMON/FACT/AF(50),RF(5@),QF ,AXP

COMMON /FIT/AR(50)

COMMON /FTACP/FUFL,FUELT,RSR,RSR1,TER, TUM, TUR,LRFY,LTFY, TERY

00865
00866
00867
00868
80869
0879
00871
20872
20873

pR83ad

80952
6953
78954
20953
nAa956
38957
80958
20959
00969




OO0 0

COMMON/GEGX/NX ) NNX, NXCOD, NNXCO,NXSRD, JB
COMMON/GEOQY/NY,NNY,NYCOD,NNYBS,NYBRD,NYTRD, NEBS, NYBSD
COMMON/HKCAL/HCAF(50)
COMMON/RESULT/ETIM(S0) ) AVET(50),HEAG(S5®),TRFI(58),FUFF(50)

COMMON/ROCK/TM,DE,DH,RM,RS 82962
COMMON/TRANS/QTOT,AMP,KG,VP,RE(7),TO 20830
DIMENSION LMX1{58),{.MX2(50),LMX3(50),LMX4(50)

DIMENSION TMX1(50), TMX2(5R),TMX3(S58), TMX4(50)

DIMENSION TMX(SB),LMX(50),75(10@),Q2S(¢180) 86963
DIMENSION ARF(142)

DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION

NCORE(112)

TMXE(112,29),TIMC(29)

ALPT(6),QLAT(1000)

FFI(1000Q)

FI11(1800)
TIMEL(58),NI1(5R),CONVL(5B),NCOV1(5Q@),RF11(50)

DATA(FFI(I),1=1,1000)/1000+1,0/
DATA TSUB,QSUB,FACT/36b64,65,E6,1913,5/
DATA GLAT/10002a,0/
DATA (FII(I),1=1,1000)/1000* {,2/
DATA ALPT/S,65,4,18,3,55,3,10,2,7552,47/
DATACTS(1),1=1,109)/100%0,/
DATA RFI,RFYE,RFFI,RFXE/ZU4rB,/
DATA SRSI,Si:i1/2%0,8/
* x * 4 * *
RANS
* * L1 ~ w L 4
F,P, IS RELEASED FROM THE FAILED FUELwPARTICLES ONLY
FR = FUEL FAILURE FRACTION
FFI(N) = FRACTION QF ISQTQPE INVENTORY IN ELEMENT N DUE YO THE FAILED FUE
RS1 = SUM OF RELEASE FROM ALL ELEMENTS IN A TIME INCREMENT (FAILED FUEL
INITIAL VALUES
NC=¢
FR =1{,9

» 4 »

$ RTE=0,0
Vvt =0,0 $ RXE=0,0
R1 =9,0 $ RS1=0,0
VARIABLES AND CONDITIONS
TNC =TINC/ 3602,
DO 528 N=i,NUMNP
IF (TN(N)Y,LT,TSUB,OR.QLAT(N),GT,aSUBY GO TO 524
QLATIN) =QLAT(N)+2,*FACTA(TN(N)=TSUB)
TNEN)=2,xTSUB=TN(N)
CONTINUE
TMX(N) =¢,9 $ COUNT=FSUM =0,0
DO 55@ N={,NUMEL $ M sMATL(N)
IF ( M NE,1) GO YO 48}
NC=NC+1
NCORE(NC) =N
1A S(NaNXX1)/NNX+t
IR =(NeNE{ )=TA®NNX
IF (FFI(1),EQa1) FFI(N)=AF(IA)IARF(IR)
ARF(NCI=AF(TA)xRF(IR)
781 1 =IX(Ns 1) s J
DY =(Y(J)=Y(I))»xB2,S $ DX
ve B(X(J)xx2= (X (J)mDX)A%2)#DY*3 14159
Vi SOXCIYeDX)222nX (1) 222)ADYX3, 14159
TBAR S({INCI)Y#TN(I=1))AVI+(TINCII+TINCI+L)Iny2
VBAR =(Vi+Va)x2, $ TBAR =TBAR/VBAR
TNI(N)STBAR $ VT =VT+VBAR
TMXE(NC,NIT)=TBAR
CALL POWER (N, 1,J,J,0Q0X)

$ OVG(1) =0,0
$ TAVE(1)=0,0

520

530

=2IX(N,3)
s(X(N=x(1))*a,5
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Cex
c
c
1
c
c
C
L3
C
C
C
2
3
4
5
b
7
32
C
c
c
1o
c
c
11
C
38
39
i3
1y
12
C
4e
5@
C
c

30

QVGCE)=QVG(1)+AXaVBAR $ TAVE(1)=TAVE(1)+TBARAVBAR

FUFL FAILURE FRACTION

AKDTY =AKT/(TBAR)

R = AxEXP(AKDTH)

FUEL.=1,B FOR BISO § FUE({=2,8 FOR TRISO

If (FUEL.EQ,1,) 1,10

CONTINUE
BISOAAAXARERARRAARAARKKRRARAARKRANKRARRRRRRANRARAKRARKRARRRRRRAKARRRAANKRN
LBFY=1,2 LINEAR MQDEL

LBFY=3,4 NONLINEAR MODEL

YF (LBFY,GE,3) 31,32

IF (TBAK,LT,TER)?2,3

NON=LINEAR MODEL

GASSAR 7/18/7S B1lSO0 3 YR FUEL T=1693»2073=2273 RSR=0,0854
GASSAR 7/18/75 B1S0 4 YR FUEL T-1683«2873+2273 RSR=0,087}
FR=8,0

Go TO 4@

IF (YBAR, LT TUM) 4,5

FR=EVAL(TBAR,S5,AR,S5)

FR=EXP(FR)

G0 T0 S0

IF (TBAR,LT,TUR) 6,7

FR=(TRAR=TUM)/ (TUR»TUM)

FR=RSR{+FR*({,*RSR1)

GO TO ¢

FR ={,@

GO TO 4@

FR=1,0

LINEAR MODEL

GASSAR 7/18/75 BISO ! YR FUEL T=FAIL 2073-2273 RSR=@,0d18
GASSAR 7/18/75 BISO 2 YR FUEL T=FAIL 2073~2273 RSR=8,0838
IF (TBAR,LT,TUR) FR=2(TBAR=TER)}/(TUR»TER)

IF (TBAR,LT,TER) FR=0,0

G0 T0 4@

CONTINUE
TRISOAKARAkFAAARAKARKALF R KRS ARRKAN AR RARARKRRAKANARA RN RRANARXRRRRAKRRRARA N
FUELT=2, FOR LINEAR MODtlL § FUELT={, FOR NONLINEAR MODEL
IF (FUELT,EG,1,) 11,12

CONTINUE

NON=L INEAR MODEL

FR =1{,0

IF (TDAR,LT.TERL) 38,39
FR=0,@ $ GO TO 49

IF (TBAR,LE,TER) 13,14

FR=EVAL(TBAR,S5,AR,5)

FRzEXP(FR)

GH TO SO

IF (TBAR,LT,TUR) FR=(TBAR=TER)/(TUR=TER)
FR=RSRiI+FRa (1 ,=RSR1)

G0 TO S9@

CONTINUE

LINEAR MODEL

FR =1,0

1F (TBAR,LT,TUR) FR=(TBARTER)/(TUR=TER)

IF (TBAR,LT,TER) FR=Q2,0

CONTINUE

FR =RSR + FRx({,0=RSR)

COUNT =COUNT + 1,0 $ FSUM  xFSUMsFR
RELEASE FROM THF FAILED FUEL = FFI(N)&(§,P=B)¥FR
B SFFI(N)XEXP( =R*TINC/3608,)

SUM RELEASE FOR ALL ELEMENTS



RSI=RSI+(FFI(N)=B Y*VYBARAFR

REVISE INVENTORY IN EACH FUFLED REGION

R SReXLA

LOSS INCLUDES RELFASE PLUS DECAY

R =FFI(N)*EXP(= R#«TINC/3608,) $ FFI(N)=R+(1,«FR)%(FFI{N)=8)
401 CONTINUE

NS sNN(N)m»2

DO 4@ L={,NS

1 =IX(N,§)

J =IX(N,L41)

K sIX{N,L+2)

1F (TNCI),LE,TMX(M)) GO TO Séi

TMX (M) = TN(CI) $ LMX(M) =Y
561 1F (TNCJ),LETMX{M)) GO TO Se62

TMX(M) = TN(J) S LMX(M) =3y
562 IF (UNCK),LE,TMX(M)) GO TO 5S40

TMX(M) = TN(K) $ LMX(M) 8K
549 CONTINUE
553 CONTINUE

MM=NT INC»{

1F (NIT.EQG . MM) 541,542
544 CONTINUE

PRINT 5088, (NCORE(I),ARF(I),I=1,112)
542 CONTINUE

TIMC(NIT)=TIME/ 3600,

ICOUNT=IFIX(COUNT)

TAVEC1) = TAVE(1)/VT

AVET(NIT)=TAVE(})

HEAG(NITY=QVG({)

FFI(i1)=@,0

RFISRFI4RSI/VT

TRFI(NIT)=RF!
667 CONTIMUE

FSUMzFSUM/COUNT

FUFF(NIT)Y=FSUM

TMXLE(NTITY=TMX(L)

TMX2(NITI=TMX(2)

TMXZ(NITI=TMX(3)

THXS(NITY=STMX(4)

LMXTINITYISLMX(L)

LMX2(NIT)={MX(2)

LMX3(NITI=LMX(3)

LMXG(NIT)=LMX(Y)

TIMEJ(NIT)=TIME/ 3600,

NI1TCNTITI=NT

CONVI(NIT)=CONVRG

NCOVI{NIT)=NCOV

RFILC(NITI=RFI

IF (TIMF,EQ,1448,) TINC=368,

IF (TIME,EGQ, 187@,) TINC=t80d,

IF (TIMF,ER,25200,) TINC=36Ud,

TTI=(TIME+TINC)/ 3600, $TTI=TTI

ETIMINITISTIMEL(NIY)

TL SALOGLE(TTI)

AXP Sol o TO#TLA(», 2484 TL*(,8059¢TL*(=,080465=,00214TL)))

OF=10,x%xAXP

OF=QFAa1,

TIMESE=TTJ«3600,

IF(NITEQ NTINC) GO TO 6008
5903 RETURN A1a10
6002 CONTINUE

PRINY 4080
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PRINT 4601, (NIT,ETIMI(NITY,AVETI(NITY,TMXL(NIT)»TRFICNIT),FUFF{NIT),
{HEAGI(NIT)Y,NIT=1,NTINC)
PRINT 7000
PRINT 7@01,(NIT, TIMEI(NIT), LMXT{CNIT), TMX{(NIT),LMX2(NIT), TMX2(NIT)
1)LMXI(NIT), TMXZ(NIT) ,LMX4CNIT) ) TMXU(NITI,NIT=1,NTINC)
PRINT B8Q0G0
PRINY 80A1, (NIT,TIMEL(NITI,NIJ(NIT)Y,CONVL(NIT),NCOVLII{NIT),RFILC(NIT
t),HCAF(NIT),NITS§,NTINC)
PRINT 30@0, ICOUNT
DO 508a7,1=1,112
PRINT S5006,1,NCORE(LI),ARF(I)
PRINT 5002, (TMXE(I,J),J=1,29)
PRINT 2000
WRITE (15),ARF(IY, (TIMCCJ),TMXE(I,J),J=1,29)
5pP7 CONTINUE
1082 FORMAT (1FS,1,5X,2(F6,9,4X))
1¢3 FORMAT(S(E15,3))
2000 FORMAT (/27)
3GBE FORMAT (/% NO, OF CORE=ELEMENT = #15/)

4003 FORMAY ({Hi,» NIT TIMEmHR AVE CORE TEMP MAX CORE TE
JMP  FRACTION REL FUEL FoF, HEAT GEN, *///)

4081 FORMAT(17,3X,6(E15,7))

5021 FORMAT (% TIME = » FS,2/)

Saf2 FORMAT (i1 »16(F8,8))

SaB6 FORMAT (3H ,2(13,2X),F18,5//)

SAR8 FORMAT(LH ,7(13,2X,F1@,4,2%Xs))

TA8A FORMAT (fH1, * NIT TIME=HR NODE MATL=f MAX TEMP NODE MATL»
12eMAX TEMP NODE MATL=3 MAX TEMP NODE MATLw4 MAX TEMP &)

70“1 FORNAT (Ia'3X,F5.2|2X,2(1605X'E12.S)lSX’Z(IblsxpElans)) .

80203 FORMAT ({H!, * NIT TIME=HR ITERATION MAX CONVERGENCE AT NODE
{ NUMBER RELEASE FRACTION HCAP «)

82301 FORMAT (13,3%X,FS,2,4X,17,5%X,E15,7,5%,14,2¢(9%X,E15,7))
IF(NIT,EQ,NTINCICALL EXIT

END 21011
SFM
GASSAR 7/18/75 TRISO § YR FUEL T=FAIL 1948«2273 RSR=z@,00!5 Ie133
{t =18 p1o13
SEJ
APPENDIX B

MAXIMUM HEAT REMOVAL BY NATURAL CIRCULATION
OF HELIUM AT ONE ATMOSPHERE PRESSURE

An upper 1imit for the heat removal can be based on the assumption that the
entire buoyancy force is balanced by the pressure drop in the reactor coolant
channels. Further, a loop for the natural circulation is assumed such that the
hot helium can be cooled to room temperature and establish a column of 300 K gas

which must be balanced by the hot helium, plus the pressure drop in the channels.
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Buoyancy Pressure Drop

At about 10 h, the core is above 2000 K average temperature, and the 1311

release is nearly complete., The pressure difference due to buoyancy for two

isothermal columns at different temperatures is:

PH
AP = ﬁ—(%- - %—) : (B-1)

where P = average pressure,
H
R

height of columns,

gas constant, and

Tl’TZ = the temperatures of the columns,

At 1 atm pressure and 10-m column height (Fig. 1), the pressure difference
is 1.4 N/m” (2 x 107%

through the core with the Reynolds number in the laminar range, the maximum flow

psi). Equating this with the frictional pressure drop

rate that can be sustained is 0.26 kg/s. With a temperature difference of 1700 K,
2.3 MW can be removed from the core which is 0.07% of full power, or approximately
% of the decay power at 10 h, The above is an upper limit for a number of
reasons not mentioned., This, the fact that the percentage is much lower at
earlier times in the heatup, and the fact that to neglect natural circulation is
conservative, justifies omitting it in the analysis model. However, natural cir-
culation may still be a significant factor in determining the maximum temperature

of metallic components external to the core.

APPENDIX C

PARAMETERS USED TO OBTAIN EFFECTIVE CONDUCTANCE
FROM REFLECTORS TO PCRV

I. General equation:

_1 1 1
= H;'+ ot E e (c-1)

:rlw

e
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Me 2 2
IT. h_=x+—+ e'o(T,” + T,O)(T, + T.). (C-2)
g 3 1 2 7Y 2
He
Mje = helium conductivity = 0.00397 (1,)0"%4€,
6He = helium gap thickness,
= 2,64 m (104 in.) - top,
=19 m ( 77 in.) - bottom,

= 0,38 m ( 15 in,) - side.

e' = effective emissivity,
1 1 1
Tt -1, (C-3)
€ € €y

e, = graphite = 0.8,

1
€, = steel = 0,3,
2 8 2.4
6 = Stefan-Boltzman constant = 5.67 x 10 wW/m" K",

T1 local temperature of the outer surface of the graphite reflectors.

~3
1}

local temperature of the PCRYV,

A
4 (C-4)

S,
i

—
-
[ o}
L]
=
He
n

>
n

conductivity of thermal barrier = a + b Ti (W/m*K),

a = 0.26 ~ top and side,

1.08 - bottom,
2.6 x 1074 - top and side,

6.49 x 10'4 - bottom.,

o’
i

n

Ti = average temperature of thermal barrier (°F).
The average temperature of the thermal barrier can be estimated from a local heat

balance at the previous iteration. The result is:

=1
T, =5 (T, + T, (C-5)

where Ts = surface temperature of the thermal barrier
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he hy
T, = [TZ + (B—l—) Tl]/(l + q) . (C-6)

§. = thickness of the thermal barrier,
= 0,10 m ( 4 in.) - top and side,
=0.25m (10 in.) - bottom.

IV. h_ = PCRV cooling water heat transfer coefficient,
= 204 W/m2°K - top and bottom,
= 273 W/mZ'K - side.

APPENDIX D
THE MATHEMATICAL FORMATION OF A MODEL DECAY SCHEME

I. INTRODUCTION

Fission products existing in an HTGR core include many atomic species--some
of which are stable, while the others are radioactive. To evaluate the time-
dependent release of the fission products from the reactor core, one has to know
the genetic relationships of the nuclides, in addition to many other factors such
as the core temperature, the fuel age, etc. The genetic relationships for the
fission products that are of importance to safety analysislo can be found in
Ref, 9, Since there are so many different genetic relationships which have to be
considered in evaluating the time-dependent fission product release, it is desir-
able to seek a model decay scheme that represents all the genetic relationships
of interest. We have constructed a model decay scheme which is capable of dele-
gating all those genetic relationships whose transformations do not involve
neutron absorption processes, When it is incorporated into the AYER code,2 this
model will be able to compute the time-dependent release of fission products in
any one of the many different decay chains in consideration. The mathematical

formation of the model decay scheme is presented in this appendix.
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II. THE DESCRIPTION OF THE MODEL

The schematic representation of the model decay chain is shown in Fig. D-1.
The model consists of eight types of elements which are denoted by Sl, 82’ ooy
88. It is assumed that every type of element can decay by two processes with a
pair of branching ratios, Bi,i+1 and Bi,i+2’ except the last two. The atoms of
S7 decay directly to form 88 which is a stable element. By assigning the appro-
priate pair (or pairs) of branching ratios to have values from zero to one, the
model will become identical to one of the many decay chains that are of impor-

tance to HTGR safety analysis.

1I11. MATHEMATICAL FORMATION

To obtain a set of equations which will describe the time-dependent release
of the fission products in the model decay chain, the following assumptions are
used.

e No neutron absorption process is associated with the decay chain.

e The fission products are released only from those fuel particles whose
pyrocarbon and/or silicon carbide coatings have failed.

e The temperature distribution in the reactor core and the core-temperature
history are determined by the AYER code, which is based on the finite
element method11 as the computation scheme. The process of releasing
fission products from each of the finite volume-elements is considered
as an independent event. During a time interval, the total amount of
fission products released is the sum of the releases from all the finite

volume-elements in the reactor core.

Be,g_

Sg

&Y

Fig, D-1
The schematic model decay chain,
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e At a given time, the atoms of each element in the model decay chain may
be partitioned into two groups. Those atoms which have been remaining
inside the coatings of the fuel particles form one group; those which have
been released and exist outside the coatings form the other, For the jth
element in the chain, the number of atoms of the "inside group" will be
denoted by Nj(t), while the nunber of atoms of the "outside group" will
be represented by Rj(t).
With these assumptions, the equations describing the rate of change for ele-
ments in the chain within a given volume-element may be derived. For each type
of nuclei there are two rate equations--one for the inside group and the other

for the outside group. For the starting element of the chain, the rate equations

are:

dN, (t)

—_ - By o A Np(8) = B oA N () - 1) (8) £(1) Np(8), (D-1)
and

dR, (t)

— " - By 24 Ri(B) =By o2 Ry(B) + (1) £(1) Ny(1), (0-2)

where Al and rl(t) are the decay constant and release constant for the element,
respectively; f(t) is the failed fuel fraction in the volume-element considered
at time t.

The other notations have been defined above. Because the release constant
and failed fuel fraction are functions of the local core temperature which is a
function of time, so they are also functions of time., The rate equations for

the second element are:

aN, (1)

=B, , A Nj(t) - B

—ar 1,2 12 Nz(t) - B A Nz(t)

2,3 2,4 2

- 1, (1) £(1) N, (1), (b-3)

and
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dR, (1)
dt " Br,2 M B8 - By g Ay Ry(1) = By Ay Ny(B)

+ 1, (1) £(t) N, (t). (D-4)

The first term at the right-hand side of Eq. (D-3) is the rate of production for
Nz(t) due to one of the branching decays of Nl(t). The second and third terms
are the depletion rate for Nz(t) by disintegration. The last term represents

the rate of decrease of Nz(t) through release. The terms in Eq. (D-4) have simi-
lar meanings except that the last term now denotes the rate of increase of Rz(t)
due to release from failed fuels.

Likewise, for any other element in the model decay chain the rate equations

are.
dN. (t)
at " 8G-2,5 -0 @ N ® * B,y Ao Ng-np )
"By A N 7 By ey Ay (0 (0 £ Ny (8, (0-9)
and
dR. (t)
& " B-2),5 *g-2) Rg-2™® * By, Ag-n Rg-np
B G 5 R0 7 By ey My Ry (8 (9 FLR) Ny(05 0 (D-60)

with j = 3, 4, ..., 8.

The constraints on the branching ratios and decay constants are

B =1, B

7,8 =0, for j =7 (D-7)

7,9

and

=0, A, = 0, for j = 8, (D-8)
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The meaning of the terms in Eqs. (D-5) and (D-6) is precisely the same as
that just described for Eqs. (D-3) and (D-4), except there are now two production
terms due to the activities of both precursors. Thus, there are 16 rate equa-
tions for the model decay scheme. These equations, plus the appropriate initial
conditions, will be able to determine the 16 unknowns, Nj(t), Rj(t) (j =1, 2,
«ees 8). The solutions to the system equations which are capable of determining

the time-dependent fission product release are given in the next section.

JV. SOLUTIONS FOR RATE EQUATIONS
The rate equations for the model decay scheme are a set of 16 coupled equa-
tions. Their solutions can be obtained in sequence. For a dual decay process,

the sum of the pair of branching ratios is unity; that is

%5,G00) T P,y THI T B e T (0-5)

Therefore, the system of rate equations reduces to

ff%éfl-= - A N (8) - T (8) £(8) Ny (1), (D-10)
Efééfz-= - A R(8) + (1) £() Nj(8); © (1)
E§§é33.= Bl .2 AN (R) = A, NG (1) - T, (1) £(E) Ny (D), (D-12)
EE§£21-= 31,2 A RI(E) - A, R(E) + 1y (t) £(1) N, (1); ' (D-13)
dNéit) " 83G-2,5 M- Voot Bgan,s rgen N ™

- Aj Nj(t) - rj(t) f(t) Nj(t), (D-14)
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dR. (t)
T " B2, *G-2 Ro-a® T BhGan,s Ag-n Rag-n®

- Aj Rj(t) + rj(t) f(t) Nj(t); (D-15)

where j = 3, 4, ..., 8.
The solutions to the simplified equations can be obtained as follows:

a. By combining Eqs. (D-10), (D-11), (D-12), (D-13), (D-14), and (D-15) in
pairs, a set of equations in which the release constants and failed fuel

fraction are absent is found. The combined equations are:

N + RO = - A N (®) * R(D)], (D-16)
LN, (0) + Ry(0)] = By, A N (8) + Rp(D)] = A, [N (1) + Ry(0)], (D-17)
d )

o MO+ RO = Bi55 5 M-y M- * Ry @

*B(5o1y,5 2G-0 M- ® * Regopy (9]

- Aj[Nj(t) + Rj(t)]; (D~18)

where j = 3, 4, ..., 8.

These combined equations describe the disintegration processes for the
atoms of the elements in the model decay chain, disregarding whether they
exist inside or outside the coatings of the fuel particles. Assuming the

initial values at t = 0 given by

N.(t=0) = N.(0),

5(£=0) 30

R.(t=0) = 0;

J

j =1, 2, eoes 8, (D—lg)

the equations can be integrated successively.*

*In the present case, it is assumed that the values of all the decay constants
are distinguishable,

40




The results are

i
Nj(t) + Rj(t) =kzl cj,k exp(-\,t); § =1, 2, ..., 8. (D-20)
The coefficients, Cj x are given by the recursion formulas.

3

For j = k,

(3-1)
C. . =N.(0) - C. .5 =1, 2, ..., 8; D-21

5.5 = N5 izl 50370 2 s, (p-21)

for j > k,
C 1

3.k T TR Bo-0Ls YGen GenLk

*Beiay,5 M3-2) Cg-2y,k VORI

j=2,3, «esy, 8, k=1, 2, vu., (3-1); (D-22)

where the unit step function, U(Z) is defined as

0, when Z < 0;

uez) 1, when Z 3 0. (D-23)

[B1)

By integrating equations (D-10), (D-12), and (D-14), successively,

one finds
t
Nj(t) = Nj(O) exp [~ Mt - £ dr rj(t) £(1)]
t
t ' a
P Latt By 5 Mgy Ngenp @D e
t
' a
sl By Mg N (D ©
j =1, 2, vee, 8, (D-24)

41




42

where
t
a= [~ A (t-t") - [ dr r.(1) £f(0)]. (D-25)
J tl J

The constraints on Eq. (D-24) are that if j = 1, both integral terms which
integrate over the variable t' vanish; and if j = 2, only the first of
these integrals exists. The physical meaning for the right-hand side of
Eq. (D-24) can be visualized as follows. The first term represents a por-
tion of Nj(O) which has survived disintegration and is being released up

. . AL, N.. t?!) dt!
3-1),3 *g-n Ngen D 9t
is the amount of jth element created in a time interval between t = t' and

to time t. In the second term, the quantity [B(

t = t' + dt' due to the activity of its precursor, the (j-1)th element,
The multiplication of this quantity with the ''survival probability func-
tion,"

t
exp [- xj(t-t') - {' dt rj(T) (1)1,

gives the portion of these created atoms which have neither decayed nor
migrated during the period from the '"birth time'" t' to time t. Consequently,
the integration of the product over all the birth time from t' =0 to t' =t
yields the total amount of the created and survived jth type atoms due to
the activity of the precursor. The third term has the same physical mean-
ing as the second term except that the precursor for the third term is the
(j=2)th element in the decay chain. Therefore, the sum of thesc three terms
represents the number of jth type atoms which still exist inside the coat-
ings of the fuel particles at time t.

Using Eq. (D-24) for Nj(t), Eq. (D-20) can be written as

j
Rj(t) = ) c:j’k exp (-A t) - Nj(t); i =1, 2, eee, 8. (D-26)
k=1

The set of equations in Eq. (D-26) describes the amount of each element in

the model decay chain which has been released, but has not decayed up to



time t. The coefficients Cj are given in Eqs. (D-21) and (D-22), while

the Nj's are given by Eq. (D:§4). Incorporating these results with the
AYER code, the time-dependent release of fission products that are impor-
tant to safety analysis can be evaluated numerically., A process for this
numerical evaluation is currently being investigated. Two numerical
examples which consider only the disintegration processes for the atoms

of elements in a decay chain are given in the next section.

V.  NUMERICAL EXAMPLES

The model decay scheme developed above possesses two features--one indicates
the release process and the other relates to the decay process. As an initial
step in the verification of the model, the following special case is being con-
sidered. In the special case, only the decay aspect of the model is investi-
gated, This is accomplished by setting the failed fuel fraction equal to zero.
As a result of this condition and the assumption (b) of Sec. III, Eq. (D-24)
reduces to Eq. (D-20) with Rj(t) equal to zero. This is

It D1

Nj(t) = C. K €XP (—Akt); j=1, 2, «ev, 8, (D-27)

kl J’

where the coefficients Cj K are again given by Eqs. (D-21) and (D-22). To

b
reduce these results to those given in Ref. 12, further changes are necessary:
a. Branching processes are absent.

b. Initially, only the first element of the decay chain is present. That is

Bl,2 = 82,4 = 83’4 eee * B7,8 =1, (D-28)

81’3 = 32’4 = 33’5 ces = Bs,s = 0; (D-29)

and

N (0) =N, N = 0) = ... =N = 0. D-30
1() 0° 2(0) N:s() 8(0) 0 ( )

Under these conditions, the coefficients C.

3,k which are given in Eqs. (D-21)

and (D-22) simplify considerably:
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j-1

C. . =N.(0) &, . - C. .57 =1, 2, eee, 8; D-31

5,5 = N5 8y 5= L G559 =1, 2, (D-31)
i=1

For j > k,

6 1)

J,k (}\]_Ak) (J'l)’k’

32,3, eee, 8, k=1, 2, 0, (G-1) (D-32)

where the Gl,j is the Kronecker delta. These simplified results are equivalent
to those of Ref, 12, Two numerical examples were computed using the model decay
scheme with input data taken from Ref. 12. The computed results are plotted in
Figs., D-2 and D-3. These are identical to Figs. 10-6 and 10-7 of Ref. 12, except
that the ordinate in Figs. D-2 and D-3 is the fractional number of initial atoms

rather than number of atoms which was used in P 12,
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A linear decay chain with three ele- A linear decay chain with four ele-
ments; only the parent is present ini- ments; only the parent is present ini-
tially. tially.
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