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ABSTRACT

CORTAP (Core Transient Analysis Program) was developed to predict
the dynamic behavior of the High Temperature Gas Cooled Reactor (HTGR)
core under normal operational transients and postulated accident condi-
tions. CORTAP is used both as a stand-alone component simulation and as
part of the HTGR nuclear steam supply (NSS) system simulation code ORTAP.
The core thermal neutronic response is determined by solving the heat
transfer equations for the fuel, moderator and coolant in an averagé
powered region of the reactor core. The space independent neutron
kinetics equations are coupled to the heat transfer equations through a
rapidly converging iterative technique. The code has the capability
to determine conservative fuel, moderator and coolant temperatures in
the "hot" fuel region. For transients involving a reactor trip, the
core heat generation rate is determined from an expression for decay
heat following a scram. Nonlinear effects introduced by temperature
dependent fuel, moderator and coolant properties are included in the
model.

CORTAP predictions will be compared with dynamic test results
obtained from the Fort St. Vrain reactor owned by Public Service of
Colorado, and, based on these comparisons, appropriate improvements will

be made in CORTAP.

Keywords: gas cooled reactors, dynamic response, programs (computer),

neutron kinetics, reactor core.
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NOMENCLATURE

B

area
coefficient matrix

temperature coefficient of reactivity
delayed neutron fraction

specific heat of solid

- specific heat of helium

conductance (in heat transfer equation); delayed neutron precur-
sor concentration (in neutron kinetics equations)

conductance accounting for combination of conductances in series
hydraulic diameter 7

convergence criteria

axial peaking factor

mass flux

heat transfer coefficient

unit matrix

conductivity (in heat transfer equations); or neutron multipli-
cation factor (in neutron kinetics equations)

average neutron lifetime from relgase to loss
mass

heat capacity

neutron density

number of neutron kinetics time steps per heat transfer time
step

heat generation rate density
Reynold's number

radius of fuel stick
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RM - radius of graphite moderator in unit cell

o] - density (in heat transfer equations); or reactivity (in neutron
kinetics equations)

r - distance measured from fuel stick centerline

s - distance measured from fuel stick centerline to outer surface
of a node

t - time

At - time step

T - temperature

% - vector of nodal temperatures
u - viscosity

\' - volume

W - flow rate

2 ~ forcing function vector
Superscripts:

a - axial

F - fuel stick

LR - lower reflector

M - moderator

T - radial

R - reflector

UR - upper reflector

Subscripts:
b - bulk coolant
g, - centerline

F - fuel
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HT

M

IN

INLET

NLR
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graphite

denotes gas temperature used in determining heat flow rate from
moderator

denotes heat transfer time step

inner surface of moderator

inlet to node

inlet to core

radial nodal index (in heat transfer equations); or delayed
neutron group number (in neutron kinetics equations)

outermost radial node in moderator

axial nodal index

lowest axial node in active fuel section of unit cell
moderator

denotes neutron kinetics time step

number of axial nodes representing upper reflector
number of axial nodes representing lower reflector
outlet

denotes value of variable at time = 0.0

reference value

solid






1. INTRODUCTION

CORTAP simulates the core thermal and neutronic response of the
HTGR to normal operational transients and to postulated accident condi-
tions. This response is determined by coupiing'the neutron kiﬁetics
equations to the heat transfer equations for the fuel, moderator and
coélant in én averaged.ﬁowered regién of the reactor cofe. The model
represents a unit cell consisting of a fuél stick, the surrounding
graphite moderator and coolant channels in the averaged powered region.
The code also has the capability to deterﬁine conservative values of
fuel, moderator and coolant temperatures in the "hot" fuel rggion.

The present version of CORTAP has the following features:

a) Up to 60 nodes may be used to représent an average or "hot"
fuel stick, the surrounding graphife and coolant channels the
top and bottom reflector elements andbthe coré support block.
The model includes ;he temperature dependence‘of the fuel and
moderator conductivity, density and specific heat and thé
ﬁelium transport properties.- Tﬁerefore up to 60 first order,
nonlinear, inhomégeneous differential equations are used to
represent the cdre thermal response.

b) Heat transfer from the gréphite to fhe coolant 1s calculated
based on the hélium'flow‘regime (tﬁrbulent—transitional-laminar).

c) The neutron kinetics behavior of the core-is modeled using fhe'
space independent neutron kinetics equations with six groups
of delayed neutrons. The "prompt jump" approximafion is not

made.



d) Fuel and moderator temperature coefficients of reactivity are
considered to be temperature dependent.

e) The neutron kinetics equations afé coupled to the heat transfer
equations through atrapidly converging iterative tecﬁnique 80
that correct fuel and graphite temperatures are used in deter-
mining the feedback reactivity rather than temperatures existing
~at the end of a previous time step.

f) A smaller computational time step is used for the solutién of
the neutron kinetics equations than is used for the solution
of the heat transfer equations since the response of the reactor
power to reactivity changes 1s much faéter thgn the response of
fuel and moderator temperatures to changes in core power.

g) For transients involving a reactor trip tﬁe core heat genera-
tion rate is determined from an expression for power decay
following a scram. |

h) Input to the code includes the coolant flow rate and inlet
temperature as functions of time. Axial relative power peaking
factors are input and assumed constant during transients. The
time dependence of the component of the reactivity change due
to control rod motion must also be input.

CORTAP was developed both as an aid in the evaluation of the General
Atomic system transient analysis code TAP! and as an independent method
of analyzing transients affecting the HTGR core.

This report contains a description of the HTGR core, the techniques

used in the CORTAP simulation, comparisons of CORTAP results with results



obtained by General Atomic, input instructions and sample input. A

deck and a listing of the code are available upon request.
2. DESCRIPTION OF THE HTGR CORE

The Fort St. Vrain (FSV) hexagonal fuel elements and their arrange-
ment within the reactor core are shown in Figs. 2.1 through 2.4. The
FSV core design is quite similar to the large HTGR core design. Each
hexagonal element (Fig. 2.1), which is ~14 in. across the flats and ~31
in. high, consists of fuel sticks, containing bonded_coated fuel parti-
cles, and coolanf channels. During reactor operation helium flows
downward through the channels.

The arrangeﬁent of the hexagonal elements in the FSV corg.is shown
in Fig. 2.3.- A stack of six layers of fuel elements with éévén hexagonal
fuel elements in each layer is referred to as a refueling.regign. The
central hexagonal element in each layer is a control rod element (Fig.
2.2) which contains two control rod channels and a channel for the
reserve shutdown spheres. Reflector elements are located both above
. and below each active fuel column as well as around the circumference
of the active core. The core is Supported on sﬁpport blocks (Fig. 2.3)
which rest on core support posts located in the lower core plenum.

The inlet to each refueling region contains an adjustable orifice
which is used to control the coolant flow to the refueling region so
that the power to flow ratios for all refueling regions are essentially
equal. The orifice is positioned based on the value of each refueling
region's outlet gas temperature, which is monitored by thermocouples

located in the core support block. The fact thét the coolant flow to
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each refueling region is controlled by orifices and is directed through
channels simplifies HTGR core modeling compared to LWR core modeling
especially in the calculation of peak fuel temperatures since the un-
certainties in predicting the coolant flow to the "hot" region should

be less for the HTGR.
3. MODEL DEVELOPMENT
3.1 Active Core Heat Transfer Model

As can be seen in Fig. 2.1, except for the deviations around the
fﬁel handling pickup hole and near the edge of the element, the regular
hexagonal elements are composed of an array of triangular cells as
shown in Fig. 3.1-a. For conditions in which there is sufficient
coolant flow so that the heat flow between a refueling region and
adjacent regions is negligible compared to the heat removed by the
coolant through forced convection, the three lateral surfaces of the
triangular element shown in Fig. 3.1-a (and actually the surfaces of
the smaller element bounded by the dotted lines) can be modeled as
surfaces of zero heat flux. If this approximation of an adiabatic
cell is made when determining peak fuel temperatures, conservative
results are obtained since in reality heat flow to adjacent regions
would be away from the hot regionm.

For the coupled neutron kinetics-heat transfer calculations, CORTAP
determines the fuel and moderator temperatures and the.axial coolant
temperature within a triangular unit cell containing an averége fuel
stick; i.e., a fuel stick with a radial relative power density factor .

of 1.0. The temperature feedback components of the core reactivity are
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determined based on changes in the average fuel and graphite temperatures
within this unit cell.

The deviation of the fuel stick and coolant channel geometry from
a repetitive pattern of triangular cells near the edges of the hexagonal
elements and near the control rod and reserve absorber channels results
in a fuel to moderator volume ratio in the triangular cell that is
greater than the fuel to moderator volume ratio on a refueling region

2 To account for this difference, the density of the graphite

basis.
in the unit cell is appropriately increased during long term transients
to correctly depict the heat capacity effects of the graphite. This
modification does not change the steady-state temperature distribution
within the fuel and moderator. For short term transients lasting no
more than approximately 20 minutes, this modification.is not made thus
resulting in conservative predictions of fuel and graphite temperatures.

For calculational purposes it 1is convenient to convert the triangu-
lar cell (Fig. 3.1-a) to an equivalent cylindrical cell shown in Fig.
3.1-b. This equivalent cell consists of a fuel stick surrounded by an
annular ring of graphite which is cooled on the surface by helium flow.
The heat conduction equations can then be solved in two-dimensional
(r-z) geometry rather than three-dimensional geometry. To ensure. that
the equivalent cell representation adequately models the dynamic response
of the triangular element the following modeling techniques are used:

a) The volume of the moderator in the triangular element is con-

served in the cylindrical cell due to the importance of the

graphite heat capacity in transient calculationms.
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b) The film heat transfer coéfficient is modified by the ratio of
the actual moderator to coolant heat transfer area in the tri-
angular element to the moderafor to coolant heat gransfer area
in the cylindrical cell since the actual heat transfer area
is not conserved in transforming to the cylindrical cell.

c) A detailed steady~state temperature distribution is obtained
for the triangular element outlined by the dotted lines in
Fig. 3.1-a. This is done with the ORNL general heat conduction
code HEATING3® using approximately 400 nodal points for the
simulation.

d) The results of this calculation of the &etailed temﬁerature
distribution within the triangular cell are compared with
results of a calculation using the cylindrical model. The
moderator conductance in the cylindrical model is then modi-
fied by a "shape factor" to account for the change from the
moderator's actual geometry. This "shape factor" forces the
temperature drop across the moderator as calculated by the
cylindrical model to agree with the difference between tpe
average moderator tqnﬁeratures at the surface of the fuel
hole and the coolant hole respectively as calculated by
HEATING3. Table 3.1 shows an e*ample of the agreement obﬁained
between the triangular and cylindrical representations for
steady-stéte full power conditioms.

Comparisons of results obtained by the cylindrical model with re-

sults obtained by the detailed HEATING3 representation of the triangular

element for the transient response of fuel stick centerline temperature
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Table 3-1. Triangular cell model
vs cylindrical cell model.

Triangular céll Cylindrical cell
(HEATING3) (CORTAP)
ATFILM (°c) 229 228
ATMODE#ATOR (°c) 113* 114%*
ATGAP (°c) . 56% 53
ATFUEL (°c) 129% 135'
TOTAL (°c) 527 534

*Calculated using average fuel and moderator surface
temperatures.

**Calculated using a "shape factor" forcing agreement
" with the triangular cell calculation..
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and changes of average fuel and moderator temperatures at an axial loca-
tion whose axial power peaking factor is unity are shown in Figs. 3.2,
3.3, and 3.4 respectively for the following transients:

1. A 25% step increase in reactor power from full power condi-

tions.

2. A 139°C (250°F) step increase in bulk coolant temperature

from full power conditions.

3. A 507% step decrease in film heat fransfer coefficient

from full power conditions. |
It is important that the time response of the changes in average fuel
and average moderator temperatures as calculated using the simpler
cylindrical cell model agree with those calculated with the more detailed
HEATING3 representation because these temperature changes determine the
temperature feedback reactivity effects. The good agreement shown in
Figs. 3.2, 3.3, and 3.4 provides verification of the approximations
used in representing the triangular element with an equivalent cylin-
drical cell.

In order to determine the transient temperature distribution in the
fuel and moderator, the two—d}mensional cylindrical cell is divided
radially and axially into nodal volumes. Figure 3.5 shows a typical
node in an axial segment of the cell between z and z+Az. The distance
from the fuel stick centerline to the outer surface of node i is denoted

8- The equation for heat conduction in the solid is

Ve(KVT) + Q = 53? (pe.T) . (3.1)

Neglecting, for the time being, heat transfer in the axial direction
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and integrating this over the volume occupied by node i gives

dT
dT dT - i
+j k ar (2Nsi) dz I k ar (2ﬂst_1) dz + ini = micp-az— ,» (3.2)
outer surface inner surface
of node 1 of node 1

where T s = JTdV ’

volum; of
node 1
and 1t has been assumed that both.the heat generation rate density Q
and the volumetric heat capacity pcp are independent of position within
the nodal volume. The first term in the above equation represents'the
rate of heat transfer from the ith radial nodal volume between z and
z+Az to the i+1st radial nodal volume. Assuming that the rate of heat

transfer per unit area from radial node i to radial node i+1, k(dT/dr),

is independent of z over the outer surface of node 1,

Jk%'f (2ns,) dz = [k g{) Isi (2ms,) Az . (3.3)

outer surface
of node 1

It is customary to define a radial conductance Ci from node 1 to i+l
such that this rate of heat transfer [Eq. (3.3)] is equal to the product
of Ci and the difference in volume average temperatures of the ith and

i+1st radial nodal volumes, i.e.,

&)

c, = — . (3.4)
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It is possible to obtain an expression for C,, defined above, in terms

1’
of geometrical quantities and conductivity by considering the steady-

T1+1 and T1 in Eq. (3.4). 1In addition to

the assumption of uniform heat generation rate density, if it is assumed

state values of (dT/dr)|Si,

that the conductivity is independent of radial position, the steady-
state radial temperature profile within the ith nodal volume in the frel

stick is parabolic, 1.e.,.

2
T(r) = T, — a1 .
g g

Substituting for (dT/dr)lSi, Ei and Ti+ in Eq. (3.4) gives

1
8kﬂsi Az
C:l. = T—_—Z . (3.5)
S141 7 511

If equally spaced intervals are used to define the nodal surfaces, i.e.,

if

i+1 = s1 + Ar ,

]
!

and

s s, — Ar ,

-1 i

Eq. (3.5) reduces to the more familiar form

kA
C, = 1

iyt (3.6)

where

A, = 2mus, Az .



20

Therefore, if the user selects nodal surfaces which have a constant
spacing Ar, the heat transferred radially from the ith nodal volume to

the i+lst nodal volume can be written as (kAi/Ar)(E;-—- ).

E:i+1
A similar technique is used to determine the conductances in the
bulk moderator. However, it is aséumed for conservatism that all of
the power is generated in the fuel stick and none in the bulk moderator.
Therefore the steady-state temperature distribution in the moderator
is logarithmic rather than parabolic, i.e.,
2

QR .

T(r) = T(Rp,) —-27(—“— La(r/Rp) »
so this form of the temperature profile is used in Eq. (3.4) to obtain
conductances for moderator nodes. For transient problems, CORTAP uses
conductances obtained by the above technique allowing the conductivity
to vary witﬁ temperature during the transient.

For conservatism, axial conduction between refueling blocks is
allowed only in the moderator portion of the unit cell. CORTAP results
indicate that under full flow conditions, axial conduction within the
moderator portion decreases peak temperatures in the average powered
region at 100% power conditions by only ~2°C out of ~850°C and therefore
could be neglected. Also, conservative results are obtained by neglecting
axial conduction. However, axial conduction within the moderator por-
tion of the unit cell may be included in CORTAP at the option of the
user. The conductance between axial nodes is C = (kA/Az) where A is
the area of the axial conduction path, and Az is the axial nodal spacing,

taken to be the height of a hekagonal element.
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Thus the cylindrical cell is represented by a mesh of nodal points
representing the masses associlated with concentric rings of the cell.
Each node is coupled to neighboring nodes according to the equation

of heat conduction in nodal form (j increases in the downward direction):

r r
Coa,1 Tia,y T8, + Cp 001 Tyeg,y ~Ty,4)
a . a
o1 T 7T T O Ty T Ty
dT
= - i ! .
QYT Py T (3.7

where thé terms representing axial conduction are omitted for fuel
stick nodes, and the term containing Qi,j is omitted for moderator
nodes. At the option of the user, a value for radial gap conductance
between the fuel stick and moderator may be input and is included in

the appropriate conductance terms. The nodal heat generation rate

density in the fuel stick is computed from

*Q_, (3.8)

where Qo is the initial average heat generation rate density in the

Z
1,3

during transients) and [n(t)/nO] is the ratio of neutron density at

fuel stick, f is the input axial peaking factor (assumed constant
time t to that at time zero. The calculation of n(t) 1is discussed
in section 3-2 of this report.

For the outermost moderator‘nodes in the cylindrical cell, the
second term in the conservation of energy equation [Eq. (3.7)] is

replaced by the appropriate expression for heat transfer to the coolant
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resulting in

r

Cra,1 T,y ~ T,y 6 (Tgés,j ~ Ty
+ ¢ g1 Ty TP ey gn T g T Ly
dT. . :
= (e )y gt . (3.9)

where I is the number of radial nodes in the representation, and C; is

3

the combined conductance from node I,j to the surface of the moderator
and the film conductance over the axial length Az. The method of

relating Tg to nodal inlet and outlet gas temperatures is the same

as,j
as is reported in ORECA-1." The change in helium temperature with

distance along the jth axial segment of the cylindrical cell, which is

located axially between (j—1)*Az and j*Az is determined by the equafion:

-

P C
We dT(z ) — __l [T

p,He dz~ bz - T(z9)1 , (3.10)

1,3

P

where T(z”) is the helium temperature at z~, and (j—1)*Az < z”~ < j*Az.
Solving the equation to obtain the outlet helium temperature from the

, in terms of the segment's inlet gas tempera-

jth axial segment, Tout,j’
ture, TIN,j’ and the solid temperature, TI,j’ gives
—(C:/Wc ) —(C7/We ) '
= i’ p,He + [ _ j° p,He
TOUT,j e TIN,j 1.0 e . TI,j . (3.11)

Note that this technique assumes that the solid temperature TI j is
’

constant over the entire length of the node, and that the helium

transport time is negligible compared to the thermal time constant of}
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the solid node. The conservation of energy for the helium associated
with the jth axial segment is represented by

c; (T

171,37 Tgas,i” = Vo, e

TOUT,j —-TIN,j),° ‘(3.12)

The helium flow in eacﬁ axial node 1s assumed equal to the channel in-
let flow thus neglecting mass storage effects in the helium. Substi—

tuting Eq."(3.il)‘into Eq. (3.12) gives

—(C;/We )]
- —_ = —_ j P,He
Cj (Tgas,j TI,j) wcp,He[l'0 N TIH,j
[ —(C{/We )]
- — j° p,He
We He 1.0 — e TI‘?j (3.13)
However, from Eq. (3.11)
—(CcT /Wc '
T =T =e(31/cp’He)T
IN,j OUT, §—1 IN, j—1
—(C;_, Ve )]
— j—-1 ‘p,He
+ [1.0 e : | TI,j—1 . (3.14)
Substituting this into Eq. (3.13) gives
- ’ —(CiMe_ V] —(Ci_ /e )
Cci(T —T. ,) = VWe [1.0 —e 1 p,He e 1" " p,He T
j gas,j L3 p,He™ IN,j—1
—(C;/WC )][ —(C;_,/WC )]
_ ,He _ j—1 p,He
+ WCp,He [1 0—e 1.0 — e TI,j—l
—(C;/We )]
_ - j° p,He
ch’He 1.0 — e TI,j . ‘ (3.15)
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When the right-hand side of the above equation is substituted for the
second term in the conservation of énergy equation for the solid node
I,j, i.e., Eq. (3.9), it is obvious that the solid node I,j is coupled
to the solid node I,j—1 through heat transfer to the coolant (second
term in the above equation) as well as through heat transfer axially
through the moderator [third term in Eq. (3.9)]. In like manner, the
coupling between the solid nodes I,j and node I,}—2 can be derivgd by
(=T )

IN,j1 OoUT, j—2
in the first term in Eq. (3.15). By using this technique, CORTAP in-

replacing j by j—1 in Eq. (3.14) and substituting for T

cludes the coupling, which 18 due to heat transfer to the coolant, of
each of the outermost moderator nodes to all of the moderator nodes
axially above it. This technique alsb couples each of the outermost
moderator nodes to thé core inlet temperature and flow rate.

The unit cell in the active fuel is represented in more detail
than the upper and lower reflector elements and support block primarily
due to the need for accurate fuel and moderator temperatures for the
reactivity feedback calculations. The extensions of the unit cell
through the upper and lower reflectors are divided into axial nodes, the
number of which is determined by the user (generally two or three nodes
each). The unit cell in the reflector elements is not divided radially.
Therefore the conservation of energy equation for the jth upper or lower

reflector node, when axial conduction is considered, is

c, (TI;_I - T;‘) +cC
j »j—1

5 (T§+1 - Tl;)
j,itl

—(C, /We ﬂ
_ _ 3 p,He R
ch’He[l.O e Tj
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- —(C, /Wc )1
- j" " p,He
+ ch,He[l.O e TIN,j

art

vt (3.16)

= (pch)

The coupling of reflector nodes to other solid nodes which transfer

heat to the coolant through the T term in Eq. (3.16) is accomplished

IN,j
in the same manner as has been described for the segment of the unit
cell in the active core.

The unit cell is not extended into the core support block (Fig.
2.3) due to the much larger coolant channels in the support block. The
support block is modeled with two nodes. The upper node represents one-
sixth of the mass of that portion of the block which contains six coolant
channels (see Fig. 3.4) and the lower node represents the mass of that
portion of the block which contains one large coolant channel. The
upper‘node transfers heat with one-%ixth of the region's coolant flow
while the lower node transfers. heat with the total flow through the
region. The heat transfer coefficients and heat transfer areas are
based on the appropriate flows and channel dimensions.

CORTAP also models the heat transfer to the coolant flowing through
the control rod channels as discussed in Sect. 3.4. The fraction of
core power supplied to the coolant in thése channels as well as the
fraction of total core flow which passes through these channels are
assumed to remain equal to thei; initial steady-state values during
the transient. The outlet temperature ffom these channels and the

outlet temperature from the unit cell calculation are weighted by

flow rates to obtain a mixed mean gas temperature. This mixed
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mean temperature is then used as the inlet temperature for the core
support block (see Fig. 2.3).
The film heat transfer correlation used by CORTAP for turbulent

flow (Re > 4000) is a Dittus-Boelter type correlation:
h = (0.02) & (0.88)(re)*"®

where 0.88 is approximately the 0.4 power of the Prandtl number. For
laminar flow (Re < 2100) CORTAP uses the correlation given in Reference
5.

Ge He

h = (0.656) 667 °

(Re)

A

where G is the mass velocity of the helium in lbm/ﬁr-ftzi In the tran-
sition region (2100 < Re < 4000) the value of h is obtained by inter-
polation on the Reynolds numbér between the value of h{(laminar) at

Re = 2100 and the value of h(turbulent) at Re = 4000.

The physical properties of helium are represented by

0

po=5.9178 x 10 % %7 (1bm/ft-hr) , (Ref. 6)

k = 1.29 x 103 70-674

+8.15 x 10°% (P — 14.69)%°28 (Btu/hr-£t-°R) , (Ref. 7)

c_ ... = 1.2425 (Btu/1bm-°F) ,

p,He

where T is in degrees Rankine, and P is in psia.
The fuel and moderator conductivities may be input to CORTAP

through user supplied subroutines as functions of temperature. CORTAP
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presently contains subroutines representing the temperature dependence
of the volumetric specific heat, pcp, for the fuel and moderator based

on information presented in Ref. 8:

Fuel

—T/1000 —2T/1000

be, = 48.265 — 41.121e + 9.6347e Btu/fto-°

F,

t

Moderator .

—T/1000
e

pc, = 55.605 = 41.059 Btu/ft3-°F ,

where T is in °F, and 400°F < T < 2800°F.

The equations representing heat transfer in the fuel and moderator
and heat transfer to the coolant [Eqs. (3.7), (3.9) and (3.15) ] as well
as the equations representing heat transfer from the upper and lower

reflector .elements to the coolant (3.16) can be written as

T,w)T + 2(Q,W,T,T at (3.17
A( ’ ) (Q’ Rl J INLET) dt ? . )
where T is a column vector whose components are TUR eesy T T cee
1° > "NUR’ 1,1 ?
. . LR LR
TI,l’ Tl,2""’ TI,2"°°’ Tl,J""’ TI,J’ Tl ses ey TNLR' Als a

matrix whose elements are determined by temperature dependent fuel

and moderator conductivities and volumetric specific heats, helium

flow rate and film heat transfer coeffiéients. z 1s a vector determined
by nodal heat generation rate densities 6, helium flow rate, temperatufe
dependent volumetric specific heat, film heat transfer coefficient and
core inlet helium‘tanperature. During the tramsient, thé elements of

A which are temperature dependent due to the temperature dependence of

fuel and moderator conductivities and specific heats and which are flow
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rate dependent are recomputed whenever a nodal temperature or the flow
rate changes by a given amount, supplied by the user. The components
of Z are recomputed after each time step.

Assuming that the elements of A and the components of z can
change only at the end of a time step, At, and therefore remain constant
during a time step, Eq. (3.17) becomés an inhomogeneous constant coef-
ficient first order differential equation during that time step and

its exact incremental solution is
Te+ar) = BTy + (2t —p a1 2 . (3.18)

The incremental solution %(t + At) is obtained using the MATEXP® code.
It is important to note that the inverse of A need not be calculated by

MATEXP since

2 2,3 1,k
(eMt—I)Al=I(At)+§%P T TR o R

(3.19)

The advantage of the MATEXP integration technique compared to techniques
such as Euler integration is that the only approximation is in the choice
of the truncation integer, k in the above expansion. Unless the compo-
nents of A must be recalculated at t + At (based on the user input for
the allowable change in nodal temperatures and core flow), the solution

AAt

at t + 2(At) can be computed without recalculating (e~ —-L)A_; since

Tee + 20e) = M T + ae) + (ME— 1) A F(e +ar) . (3.20)
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3.2 Neutron Kinetics Model

The neutron kinetics model used in CORTAP ié a point (space inde-
pendent), one energy group kinetics model with six groupé of delayed
neutron precursors. The importance of space and spectral effects in
HTGR neutron kinetics analyses has béen investigated in Reference 10.
The conclusion presented is that a point kinetics model with one energy
group 1s sufficiently accurate for slow reactivity ghanges such as those
resulting from fuel or moderator temperature changes and/or slow rod
removal transients. Théllatter transients have reactivity insertion of
~$2.0 at a rate of <2¢/sec. However, for transients.such.as a fast rod
removal transient (rod ejection) with a reactivity insertion of ~$2.0
in 0.1 sec the point kinetics model does not necessarily give conserva-
tive results. Transients considered credible in HTGR safety analyses
involve reactivity changes of less than one or two cents per second
and are therefore within the range of applicability of a sface inde-
pendent, one energy group model.

The poinf kinetics equationé with six groups of delayed neutron

precursors are

dci nk
F=—>‘1Ci +T Bi > i.= 1,..., 6 » (3.21)
dn _n 6 ‘
3¢ = glk@ —B) — 11 + ) ACy s (3.22)
: i=1
where
C = delayed neutron precursor concentration for group 1,
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Ai £ delayed neutron decay constant (sed_l) for group 1,

Bi £ delayed neutron fraction for group i,

n = neutron density,

k = neutron multiplication factor [k = (1.0 —-p)_i, where p
1s the core excess reactivityl,
6

By = ! By

i=1

2 = average neutron lifetime from release to loss.
It is convenient to select a unit volume for Ci and n such that for
the initial steady-state, n is numerically 1.0. Thereforg as n changes
during a transient, the reactor power can be obtained by multiplying
the initial steady-state power by n(t).

Equations (3.21) and (3.22) can be written és

X

-
APX =32, . (3.23)

where i is a column vector whose components are Cl""’ C6’ n. Note
that certain_components of A will change with p. A smaller time step

is used for the solution of the neutron kinetics equations than is used
for the solution of the heat'transfer equations since the response of
the reactor power to reactivity changes is much faster than the response
of fuel and moderator temperatures to changes in core power. The time
steps will be referred to as the neutron kinetics time step, AtNK’

and the heat transfer time step At At ., is obtained by dividing

BT’ “°NK

A by N where N, supplied by the user, is the integer number of

uT
neutron kinetics time steps per heat transfer time step. CORTAP
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éssumes that p is constant over the heat transfer time step, AtHT’ and
changes after each of these time steps.

To begin the iterative coupling procedure between the heat transfer
calculation and the neutron kinetics calculation, CORTAP estimates the
temperature at each node in the unit cell at t + (AtHT)/Z given the
nodal temperatures at preceeding time steps. Then the corresponding

mass average fuel and graphite temperatures TF and Té are obtained as

follows:

T \'
zz: i, 1,3
all fuel
T - stick nodes - S (3.24)

vfuel stick

M) F)
Z Ti,alPe  Vy,gl t Z Ti,3lPc " Vi3l £

3

all moder- all fuel
Eé _ ator nodes o SE%;R nodes ,
' Pe Vmoderator + Pe £ vfuel stick - :
where

Ti,j = nodal average temperature from t to t + At.. for node i,j,
Vi,j = volume of node i,j},

p((;M)- = density of graphite ig the moderator,

qéF) = density.of graphite in the fuel stick,

f = volume fraction qf'graphite in fuel stick.

The above formulation for Té allows the faster response of the tempera-

ture of the graphite in the fuel stick, as opposed to the graphite in
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the bulk moderator, to be accounted for in the reactivity feedback'

calculation.

Next, the reactivity feedback due to temperature changes is

determined from

Ef TG
P feedback ~ { - ap(Tp) 4T + i ay(Ty) 4Ty, , (3.25)
TF,Ref TG,Ref-
where
aF Z the temperature dependent fuel temperature coefficient
of reactivity (Ap/°F),
Oy £ the temperature dependent moderator temperature coeffi-
cient of reactivity (Ap/°F),
T. = ﬁhe reference fuel temperatﬁre, i.e., when p = 0.0, °F,
F,Ref . .
T& Ref = the reference graphite temperature, i.e., when p = 0.0,
t4

°F.
The temperature dependent coefficients of reactivity are determined by

user-supplied subroutines. The total reactivity is determined from
P = Pfeedback * Aprod g (3.26)

where
Aprod = the change in reactivity due to contrel rod motion.
Since the value of p used in Eq. (3.23) is assumed to be‘constant
from t to t + AtHT, that equation can be coﬁsidered to be a censtant

coefficient, homogeneous first order differential equation for the N

neutron kinetics time steps from t to t + AtHT. Thus the exact solution

is



33

X(t + 1A )—éAtNK* A

t tNK = e X[t + (1 — 1) tNK] , where (i=1,..., N). |
(3.27)

The solution is obtained using the MATEXP® code. Now that n(t + iAtNK)

is known for i=1,..., N, CORTAP determines the average neutron density,

denoted as n, from t to t + AtHT from

- ft n(t)de . ' (3.28)

This value of T is then used to determine nodal heat generation rate

densities Qi j from
L4

" 4,550 V06 -

9,3

That is, the terms in the 'constant over AtH " Z vector of Eq. (3.18)

T
which depend on‘nodal heat generation rate densities are determined by
the average values of these nodal heat generation rate densities over
the time step.AtHT. The heat transfer equations are now solved to yield
nodal temperatures at time t + AtHT which are then used to improve the
estimate of nodal temperatures at t + (AtHT)/Z upon which the reactivity
feedback calculation is based. The eﬁtire procedure is then repeated
until convergence on pfeedback is achieved. Convgrgence is rapid because
fuel and moderator temperatures change sloﬁly due to the large heat
capacity of the core. The iterétion_procedure is outlined iﬁ Fig. 3.6.
Following a reactor trip, the neutron kinefics calculations are

omitted, and the nodal heat generation rate densities, Q , are deter-

i,]

mined from
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t=00

y

N=0

ORNL-DWG 76-19439
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‘FUNCTION AVGN
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LERV/. S f n{t)dt
t

Fig. 3.6. 'CORTAP iteration procedure for determining feedback re-

activity.
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e - q . 1 ft+A tHT
i,3 i,j,o0 AtHT t

f(t7)de” , (3.29)

where f(t) 1is an expression for power decay following a scram: !!

£(t) = 0.128(t + 3.796 x 10 H 261 | (3.30)

where t 1is in seconds.

3.3 Heat Transfer in Control Rod
Channels and Side Reflector

The heat transfer to the helium flowing through the control rod
channels and to the helium flowing through the side reflectors 1is not
treated in as much detail as the heat transfer to the helium flowing
through the coolant channels associated with the unit cell. Nor does the
heat transfer in the control rod channels and the side reflector have
any effect on the neutron kinetics calculations since the reactivity
feedback effects are based only on the fuel and graphite temperatures
determined by the unit cell calculation. The effects ofvheat transfer
in the control rod channels and side reflectors are included primarily
to determine a core mixed mean outlet gas temperature. The control rod
channel heat transfer calculations are discussed below; the side reflec~
tor calculations are done in a similar manner.

The fraction of total core power supplied to the mass of graphite
which transfers heat with the coﬁtrol rod channels and the fraction of
total core flow which passes through these channels are assumed to remain

equal to theilr initial steady-state values during the transient. This
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avoids the difficulty of defining an equivalent conductance from an
average fuel stick to the control rod channel in order.  to determine
the heat deposited in the coolant. The mass of solid transferring heat
to the coolant flowing through the control rod channels is divided
axially into nodes. The temperatures T of the solid axial nodes

S,
are determined from

dT :
—S.] . -
Moy —gg = ByA(Ty o =T ) +Q (3.31)

where Tb j is the bulk temperature of the coolant associated with the
?

jth axial solid node. Integrating from t to t + AtHT and assuming that

t+AtHT 1
jt ‘Ts’j(t )dt” = -2-[Ts’j(t + Atg) + Ts’j(t)] Bty » (3.32)
glves
Mcj[TS,j(t + AtHT) - Ts,j(t)]
[T .(t+At Y+ T ()]
- r __S5, HT S,] = .
= thjAtHT{Tb,j 2 | .+ (AtHT) Qj , (3.33)
where
' t+At
e 1 HT »
= T dt” ,
b,] AtHT t b,]

wifh

Qj = Qj(t =0) e ﬁYno ,

or, 1f the reactor has been tripped
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_ P -
e

Q, = Q. (t = 0) =~ £(t7)dt” ,
i 3 Bty

with f(t”) determined from Eq. (3.30). Using

( ) = h,A (T T. ), (3.34)

Weo me'Tour,3 7 Tin,g? T PyA4(Ts,3 T Th g

and

T = 0.5(T

Ty, 0UT, § + TIN,j) . (3.35)

S, 3 s,3¢8 O

Due to the assumption [Eq. (3.35)] that Tb 3 1s the arithmetic
]

average of TIN,j and TQUT,j’ the user must be careful to select the

Eq. (3.33) can be solved for T, , (t + AtHT) in terms of T and

TIN5

number of axial nodes representing the graphite associated with the

control rod channels or with the side reflector such that (hA/We ) < 2

p,He

is satisfied.!? If the core inlet temperature, vs time from t

TINLET

to t + AtHT is known, it is possible to determine T. If is

IN,1°
Then T

TINLET

known only at time t,.f is set equal to T (t + AtHT)

IN,1 INLET®

and TOUT,l(t + AtHT) can be calculated. The calculation then proceeds

to the second axial node with TIN,Z being determined from TOUT,l(t) and

(t + AtHT) from the control rod channel is

s,1

T (t + AtHT)' Once TOUT

ouT,1
known, the inlet helium temperature to the core support block 1s deter-
mined by appropriately mixing this helium with the helium exiting the
smaller diameter coolant channels through the active fuel as determined
from the unit cell calculatioﬁ. A similar calculation to that described

above is done to determine the outlet temperature from the core support

block. Helium with this outlet temperature is then appropriately mixed
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Y

with the helium’exiting the side reflector to determine the core

mixed mean outlet helium temperature.
3.4 Comparison with General Atomic Company Calculations

As a first step in the verification of CORTAP, comparisons were
made with General Atomic Company (GAC) results. Figure 3.7 shows steady-
state axial temperature profiles computed by CORTAP and by GAC as re-
ported in The Preliminary Safety Analysis Report,13 for an average fuel
region in the Summit reactor (Delmarva Power Co.) at 100% power., Each
of the circles in Fig. 3.7 representing the fuel centerline and mgximum
graphite temperatures calculated by CORTAP’should be considered as
-fepresenting averages o§er eachvone-eighth of the active core'height;
Considering this, the results compare favorably with those reported by
GAC.

Results for both steady-state and transient conditions obtained
using CORTAP to simulate the Fort St. Vrain reactor core have been
compared to results obtained at ORNL using BL@@ST-5,'" a GAC coupled
heat transfer, neutron kinetics code. Both codes model the core with
a single average channel and represent the neutron kinetics with the
space~-independent model. Therefore, they can be expected to give
qﬁite similar results. The steady-state comparison was made for 100%
power conditions. Although a much finer mesh approximation was used
for the BL¢¢SI-5 calculations, for the steady-state the two codes agreed
to within less than 6°C on fuel centerline temperatures in the average
fuel stick. (Fuel centerline temperatures range from ~566°C to ~900°C

in the average fuel column, depending on the axial location.) The
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transient case considered for the BL@@ST-5 comparison was a one cent
step increase in reactivity at full power conditions. "Beginning-of-
cycle-one”" neutron kinetics parameters and reactivity coefficients

were used. Figures 3.8-a, b, and c compare the normalized power, core
excess reactivity, and average channel outlet temperature obtained by
the two codes. As can be seen, the agreement is qui;e favorable. The
above comparisons provide an analytical verification of CORTAP. Further
verification of CORTAP can be achieved when results of test on the FSV

reactor become available.
4. FUTURE APPLICATIONS OF CORTAP

In addition to transient analyses of postulated accidents performed
for both ERDA and NRC, CORTAP has been coupled with codes which simulate
the HTGR helium circulator and circulator turbine, reheater and steam
generator (BLAST!%) and the turbine generator plant resulting in the
ORTAP code. ORTAP is being used initially to analyze the effect on
the core of the postulated system transients, outlined in reference 16,
for the Fort St. Vrain reactor.

Because CORTAP uses a cylindrical cell model, it could be used as
a coupled heat transfer-neutron kinetics simulation of the GCFR core,
or any other core involving cylindrical fuel pins, with only minor

modification.
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APPENDIX
CORTAP INPUT INSTRUCTIONS AND SAMPLE INPUT LISTING

The input instructions .and a sample input listing for a Fort St.
Vrain simulation with CORTAP follow. The instructions can be more
easily understood by referring to the sample input listing.

Card No. 1 (FORMAT 20A4)

Title card.

Card No. 2 (FORMAT 10X, 3I5)

IPOWER - Flag indicating how core power will be determined.

1 = core power vs time information is supplied by user.
Note: A subroutine is available which allows the
user to supply power, flow rate and inlet temperature
vs time for "hot stick" calculations. For these
calculations the power vs time function should be
obtained from an average fuel stick calculation with
IPOWER = 0.

0 = core power is calculated from neutron kinetics equa-
tions or. from decay heat curve depending on whether

- the reactor has been tripped or not.

IROD - A parameter specifying whether control rod motion will

introduce reactivity during the transient or not.

0

no control rod motion.

1

control rod motion.
If IROD = 1, the user must supply a subroutine to be

called from the main program specifying the reactivity
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change due to rod motion as a function of time.

Note: If IPOWER = 1, this option 1s ignored.

IPPNCH - Flag indicating whether power vs time is to be punched

on cards for a subsequent "hot stick" calculation.
1 = punch.

0 = do not punch.

Card No. 3 (FORMAT 10X, 5D10.4)

Card

CORPWR

FPC

FPSR

FPGT

FPAFS

Initial thermal power level in MW.

Fraction of total thermal power deposited to coolant
flowing through coolant channels in active core.
Fraction of total thermal power deposited to coolant
flowing through side reflector elements.

Fraction of total thermal power deposited to coolant
flowing through control rod channels.

Fraction of FPC*CORPWR that is ggnerated in the entire

axial length of an average fuel stick column.

No. 4 (FORMAT 10X, 5D10.4)

FLOW

FFC

FFSR

FFGT

Initial total core flow (1bm/hr). If total core flow is
time dependent, the user should provide a subroutine to
be called from the main program which expresses this time
dependence.

The fraction of the total core flow which flows through
coolant channels.

The fraction of the total core flow which flows through
side reflector.

The fractioh of the total core flow wﬁiéh flows through

control rod channels.
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FFACC - The fraction of FFCXFL@W which flows through the average

No.

NATR

NABR

NGTN

NSRN

coolant channel.

5 (FORMAT 10X, 7I5)

Number of axial nodes in the active fuel portion of the
unit cell.

Number of radial nodes in the fuel stick.

Number of radial nodes in the moderator.

Number of axial nodes in top reflector.

Number of axial nodes in bottom reflector.

Number of axial nodes representing mass of graphite
transferring heat with coolant flowing through a control
rod channel.

Number of axial nodes in side reflector.

" The restrictions are

No

RPF

RFF

JMAX* (NF+NM) + NATR + NABR < 60
NGTN < 8
NSRN < 8

Card . 6 (FORMAT 10X, 2D10.4)

Radial power peaking factor. If RPF = 1.0, calculation
is for average stick. If RPF = maximum radial peaking
factor, a "hot stick" calculation will be performed.
Note: For. this case, the user should use IPOWER = 1 on
card 2 and supply power vs time from an average fuel
stick calculationm.

Radial flow factor for coolant in cell being simulated.
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Card No. 7 (FORMAT 10X, 4D10.4)

RF -

GAP -

HEIGHT

Card(s) No. 8

Radius of the fuel stick (in.).
Width of gap between fuel stick and moderator (in.).’
Note:. This is used to determine gap conductance,

o = (h___*A) /GAP,

gap gap A

Outer radius of graphite annulus in cylindrical cell
simulation (in.). This should be calculated to conserve
the graphite volume in the triangular cell.

Active core height (in.).

(FORMAT 10X, 7D10.4)

AXZ(J), J=1, JMAX - The axial location of the centers of the nodal

Card(s) No. 9

volumes in the active fuel (in.). By definition z=0
at the top of the active fuel column increasing in the
downward direction.

(FORMAT 10X, 7D10.4)

R(I), I=1, IMAX where IMAX = NF + NM.

Distances from the fuel stick centerline to the radial
surfaces of the nodes in the Cylindrical representation

of the unit triangular cell (in.).

Card No. 10 (FORMAT 10X, 2D10.4, 2I5)

SRH

SRAREA

NCCSRE

NSRC

The height of the side reflector (in.).

The cross-sectional area of a side reflector symmetry
element (1n.2).

The number of coolant channels in a side reflector element.

The number of side reflector columns.



No. 11

Card

No. 12

Card

No. 13

Card

No. 14

Card

TRT

HDGT

NGT -

VOLGTT

RHOFUL

RHOMOD

DENRAT

RHOGT

RHOSR

NOTE:

CPFUEL
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(FORMAT 10X, D10.4)

- The thickness of the top reflector (in.).

(FORMAT 10X, D10.4, I5)

- The hydraulic diameter of the control rod channels (ft).

- The number of control rod channels.

(FORMAT 10X, D10.4)

- The total volume of graphite which the user allows to
transfer heat with the average control rod channel (in.3).
This is used for heat capacity effects.

(FORMAT 10X, 6D10.4) -

- The density of the fuel stick (1bm/ft3), See note.

- The density of the bulk moderator (1bm/ft3). See note.

- The ratio of the density of the graphite in the fuel
stick to the density of the graphite in the bulk modera-
tor.,

- The volume fraction of the graphite in the fuel stick.

- The density of the graphite in the mass transferring
heat with coolant flowing through the average control

. rod channel (1bm/ft3). See note.

The density of the side reflector (lbm/ft3). See note.

If the temperature dependent heat capacities in subroutines

and CPMOD have units of Btu/ft3-°F, the corresponding

- "densities" (RHPFUL and RHPM@D) should be input as 1.0. If it

i1s desired to account for the larger graphite to fuel stick mass

ratio in the refueling region than in the unit cell, the value

input for RHOMOD can be used to account for this.



Card No. 15
BRT

BRCHAN

NCCEIM
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(FORMAT 10X, 3D10.4, I5)

The thickness of the bottom reflector (in.).

The radius of the coolant channel through the bottom
reflector (in.).

The cross-sectional area of the triangular graphite
symmetry element in the bottom reflector (in.z).

The number of coolant channels in the active fuel feeding

the bottom reflector channel.

Card(s) No. 16 (FORMAT 10X, 7D10.4)

AXPF(J), J=1, JMAX - The axial power peaking factors for the fuel

stick.

Card No. 17 (FORMAT 10X, 3D10.4, I5)

TZERO

TFINAL

DELTTH

NINC

Card No. 18

Problem beginning time (sec).

Problem end time (sec).

The time step for heat transfer palculations (sec).
The number of neutron kinetics time steps per heat

transfer time step.

(FORMAT 10X, 4D10.4, 315)

DELTMP - The maximum amount that any nodal temperature can change

without recalculating the components of the A matrix

[Eq. (3.18)] (°F). Some experimentation on this parameter
by the user is advisable to minimize computer time while
maintaining sufficient accuracy. In general, the "weaker"
the temperature dependence of fuel and moderator con-
ductivities and specifié heats, the larger this value can

be.
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DIMDOT ~ The maximum amount that the total core flow rate can
change without recalculating the components of the A
matrix [Eq. (3.17)] (lbm/hr). No single value for this
parameter can be recommended since the value which would
maintain sufficient accuracy while keeping computer
time as low as possible depends on how low the core
flow becomes in any given transient. Some experimenta-
tion on this ﬁarameter by the user is advisable to
minimize computer time Vhile maintaining sufficient
accuracy.

DTOPTT - Should be input greater than DELTTH (Card 17) unless

Mty
user desires printout of the A matrix, the e matrix
AAt -
and the [e HT —-1I])A 1 matrix for Eq. (3.18) calculated

by MATEXP (sec).
DTOPTN - Should be input greater than DELTTH unless user desires
AAtNg
printout of the A matrix and the e matrix for Eq.
(3.27) calculated by MATEXP (sec).
NOUPDT - Flag for updating the A matrix [Eq. (3.17)] due to tempera-

ture dependence of its elements after each iteration on

feedback reactivity.

0 update A.

1 do not update A.

This option is somewhat obsolete and NOUPDT = 1 is recom-
mended. If NOUPDT = 0 is used, problem execution time 1is
greatly increased with essentially no improvement in

accuracy.
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NPT - Number of heat transfer time steps between printouts.
IPUNCH - Flag for punching nodal temperatures and coolant tempera-

tures existing at end of execution.

1 punch.

0 do not punch,

No. 19 (FORMAT 10X, 3D10.4)

HGAP - The heat transfer coefficient of the gap between the

fuel and moderator (Btu/hr-ft2-°F).

‘D - The hydraulic diameter of a coolant channel (ft).

Card

TINLET - The initial inlet temperature (°F). Note: If inlet gas
temperature is time dependent, the user should provide a
subroutine to be called from the main program which

expresses the time dependence.

No. 20 (FORMAT 10X, I5, 2D10.4)

NG - Number of groups of delayed neutron precursors.

EPSLON - The convergence criteria for reactivity feedback.
Recommend 1.0D-9.

RLSTAR - The average neutron lifetime [£ in Eqs. (3.21) and

(3.22)] from release to loss (sec).

No. 21 (FORMAT 10X, 7D10.4)

Card

Card

BETA(I), I=1, NG - The delayed neutron fraction for precursor

group I.

No. 22 (FORMAT 10X, 7D10.4)

RIMBDA(I), I=1,..., NG - The decay constant for precursor group

1 (sed_l).



53

Card No. 23 (FORMAT 10X, 2D10.4)
TMREF - The reference graphite temperature for reactivity feed-
. back [Eq. (3.25)] (°F).
TFREF - The reference fuel stick temperature for reactivity feed-
back [Eq. (3.25)] (°F).
Card No. 24 (FORMAT 10X, D10.4, 5X, I5, D10.4)
This card contains information pertaining to the MATEXP integration

technique. For further details see reference 9.

P -~ Precision of eAAt and [eAAt —-L]Q_l . Recommend 16—6 or
less.
AAt
ITMAX - Maximum number of terms in series approximation of e~ .
The value of 64 for this parameter is sufficient.
VAR - Maximum allowable value of largest coefficient matrix

element %At (Recommend VAR=1.0).

Cards No. 25 (FORMAT 10X, 7D10.4)

XICT(1), I=1,..., NET, where NET = IMAX*JMAX + NABR + NATR
Initial nodal temperatures in upper reflector, active
fuel cell and lower reflector (°F). If a steady-state
solution is desired, these are reasonable guesses at
the nodal temperatures; if a tfansient calculation is to
be performed, these are the results of a previous steady-
state calculation with IPUNCH = 1.

Cards No. 26 (FORMAT 10X, 7D10.4)

- TBULK(J), J=1, JEND where JEND = NATR + JMAX + NABR
Gas temperatures corresponding to each solid nodal incre-

ment in the upper reflector, the active fuel cell and the
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lower reflector. These are the temperatures from which
the temperature dependent helium transport properties are

obtained (°F).
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RESPONSE TO FLOW REDUCTION FROM 100 X POWER CONDITICNS (FORT
o 0 0
842.0 . 9415 0. 01090 « 04T .20685E-4
USER MUST 3,39E+6 «87316 0. 0354 « 09145 0.4137E-4
SUPPLY 6 4 2 3 3 4 8
SUBROUTINE 1.00 1.00
IN MAIN 0.245 0.005 0. 42143 177.0
EXPRESS ING 14.75 44.25 73.75 103.25 = 132.715.
INLEY FLOMW «0€125 «1225 «18375 « 245 «33635
VS. TIME 210.6 0.56 108 66
0.3333 T4
4820.0 : .
1.0 1.0 1.0 0.6 1.0
46,8 0.309 l.1227 1
0.74 1.08 1.35 1.15 0.99
0.0 235, 0.l 20
20. 1000 1000000, 1000000, 1 50
400.0 « 0515 748.0
END OF EQ. 6 1.00-10 3.410~-4
CYCLE 0.000222 « 001099 «000961 «001619 «00043
NEUTRON 0.01251 0.03164 0.1199 0.3068 1135
K INETICS 1390.1723 1506, 7677
DATA 1.0D0-6 64 1.0
INTT IAL 148.0000 748,0000 748.0000 1104.8443 1097.8612
NODAL $T79.8318 953.7352 1358.9014 1348.7220 1328.3%32

TEMPS ARE 1138.6314 1620, 7499 1608.0339 1582.6022 1544.4552
FOR FLOW 168849788 1678,1465 1656.482]1 1623,9861 1495.0702

OF 1742,1021 1723,4489 1695.,4697 1586.4726 1549.6210
3.39E+6 1708.2193 1688. 7113 1611.3205 1587.0208 1482.6854
LBM/ R 748,0000 748,.0000 748.0000 793.3721 904.8824

1337.5954 1440.4373 1482.6854¢ 1482.6854 1482.6854

ST VRAIN)

162.25
«42143

1.0

J .69

«000179
2.859

1283.8950
1297 .8 249
1393.1200
1454.5923
1727.7276
1482.6854
1053.6351

1062.9453
1176.6718
1345.6028
1751.4288
1721.2248
1482.6854
1206.6256
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