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Preface

Obsoleteness is a common and often inherent feature found with digital
computer codes. In spite of it a threefold purpose is seen in compiling

a report such as this. One of its objectives is to serve as a manual for
direct application of the codes described to the class of reactors and
problems for which they were indended (see title). Secondly, a description
of the model employed is to give sufficient information for potential
applications and extensions to a range of cases wider than originally fore-
seen. Finally, some methods and techniques are presented which were devel-
oped during the course of this work and which are believed to have general

significance in the field of reactor dynamics analysis.

The model and program described herein evolved from the FORE-code 1'1,2_7.
Therefore nearly all the model features of that code are incorporated as
constituents of the basic model presented here. Abandoned parts are those
which appeared either too restrictive (incompressible coolant) or overly
simplifying (treatment of parallel channels). Many new features have been
added; the most prominent ones concern the hydraulics model now able to
cover any compressible single-phase coolant flowing through the reactor in
two sections connected in series. Each of these sections itself may consist

of an arbitrary number of different flow channels connected in parallel.

In this place the helpful assistance and advise is to be acknowledged of
all those people who contributed to the completion of this work at various
stages. The author is obliged especially to Ing. D. Janssen for valuable

help with digital programming.

Karlsruhe, December 1968
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I. Introduction

Work reported here started as a part of the steam cooled fast breeder
reactor project pursued by the GfK. Its early goal was to make available

a tool for the analysis of the dynamic behavior of the type of reactors
being considered at that time. Although a rather detailed analog model
already existed 1-3_7 it was found necessary to complement it with a
“digital code. Arguments concerning the choice of computational means are

as numerous as they are inconclusive. Extensive experience gained during
this work from comparisons with analog calculations have led to the con-
clusion that neither system is pre-eminently suited for the whole range

of problems posed in reactor dynamics. It appears that reactor stability
and control as well as systems circuit analysis are mainly a domain of
analog studies whereas reactor accident analysis and certain aspects of
reactor stability are suitably studied by using digital techniques. Storage
capacity and computing speed of second generation machinery (IBM 7074/7094)
together with considerations of numerical stability restricts the study

of dynamics models to roughly the same amount of detail as can be accommodat-
ed by models designed for large analog computers (76 integrators, 34 multi-
pliers, 360 pots) where number of components is the only restriction. Only
third generation digital computers (IBM 360) give a lead to digital methods
with respect to handling complex nonlinear problems encountered in accident
analysis. However, the ease of making adjustments to the model which is
afforded by the analog computer cannot be matched on digital machines, a
situation which has remained essentially unaffected by the advent of even

the latest digital equipment.

The model which has been adopted here is characterized by the following

prominent features:

a) The model covers only components of the reactor proper, such as: core,
blankets, bypasses within the pressure vessel, orifices, plenum chambers,
etc. An external reactivity disturbance as well as one out of a choice
of three boundary conditions for the coolant at reactor entry and exit

must be given as functions of time ("driving functions").+)

+) A digital model describing the dynamic behavior of all circuit com-

ponents external to the reactor is being developed by the IRB (Institute
for Reactor Components) at the GfK. Both programs are designed to be
integrated into a single code giving a complete description of the

entire reactor system.



b) The reactor is assumed to remain intact at all times. The only changes
in reactor geometry are those associated with certain feedback mechanisms.
They are assumed to have negligible effects on the thermo-hydraulic

characteristics of the reactor.

c) Fuel elements are assumed to have the shape of solid cylinders (pins)
surrounded by annular cladding and cooled uniformly over the perimeter.
Fuel melting can be handled in good approximation. The coefficient of
heat transfer through the fuel cladding-gap is assumed to be invariant.
Coolant flow within the fictitious annular channel is assumed to be
entirely in the turbulent regime. Any structural components inside
the core and the blankets are accounted for by introducing equivalent

structure along the flow channel.

d) The hydraulic model permits rather accurate treatment of any single
phase coolant (liquid or gaseous) for which the standard relations
of state variables can be supplied. Pressure disturbances are assumed
to propagate with infinite velocity throughout the coolant (extended
version of the integral momentum model 4_4_7). A rather general
formulation of the relation for the heat transfer between channel walls
and coolant permits a wide range of applications. Coolant pressure drops
in orifices and in the coolant channels are treated in the customary
way and allow for integral treatment of turbulence promoters. An arbitrary
number of different parallel flow channels individually orificed may be
specified in both of the two main sections (radial blanket, core and
axial blankets) which in turn are connected in series via an inter-
mediary plenum chamber. Complete mixing and zero residence time are
assumed for all of the three plenum chambers. Flow channels in the

first section (radial blanket) may be treated as bypasses.

e) A special feature of the model is its ability to handle transient pro-

blems where flow stagnation or reversal occurs.

f) The time dependent behavior of the neutron density in the reactor core
and blankets is described by the well known point reactor kinetics model.
In order for this model to be consistent with the models for thermo-
hydraulics and feedback it is consequent to assume time invariant
functions for the spatial distribution of the thermal power density
as well as for the reactivity importance throughout the reactor. The
- implications of these assumptions shall not be discussed in this report.

Simplicity of this model was the guiding aspect in making this choice.
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g) A versatile and comprehensive feedback model is incorporated which
accounts for the Doppler effect, for various causes of density changes
due to thermal expansion of components and for changes in the overall

core geometry due to thermal expansion of certain components.

h) The reactor is assumed to be at an initial state of delayed criticality
operating on a prescribed power level. The entire feedback of reactivity
is thought to be balanced by external reactivity adjustments. (The relative
value of this reactivity at different initial states can be used as a
measure of the aperiodic stability of the reactor /" 5_/.) Furthermore,
the thermohydraulic variables of the reactor also are assumed to be in
a state of equilibrium at this power level. This equilibrium solution
is obtained in a separate calculation but it is consistent with the

set of equations describing the transient behavior.

i) The transient solution is obtained by integration of the pertinent
system of differential equations in discrete steps using explicit first
order badward difference formuli. The size of these steps may be de-
termined from considerations of numerical stability and accuracy internal

to the program.

In addition to these main features and functions of the basic model there
are some contingent areas which have been given special attention as they
are of considerable importance for many problem cases of a general class.

Three of these are listed below.

j) The relations between state variables for superheated steam cannot be
reduced to simple analytical formulations. Rather complex expressions
on one hand and extensive tables on the other do not satisfy the need
for compact and fast algorithms such as required by dynamics calcula-
tions in conjunction with multi-node models. Therefore, a set of
polynomial expansions was generated by means of least squares fitting
to the relations which are concerned and which were supplied accurately
but inefficiently by other subprograms 4—6_7. Since excessive accuracy
is not required here these expansions have proved to be of all important
convenience and this technique is recommended for all coolants where
simple relations for the state variables do not exist in the range of

interest.

k) Since many applications of this model relate to reactor accidents

(excursions)-analyses a rather versatile model for SCRAM functiomns
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(external reactivity vs. time, for emergency shut down) was worked out

in several options to be described in this report.

The computer program based on this model (subroutine REXION) is de-
signed to be integrated with another program describing the dynamic
behaviour of the system external to the reactor. However, there are
instances where such a program does not exist and/or may not be required.

Examples for such cases are:
- stability and dynamics studies of the reactor alone

- analyses of rapid excursions with little feedback from the reactor on

the coolant circuit behavior.

To facilitate such studies the program is provided with a control section
(main program REX) which admits applications independent of any other
program. Of course, in such cases time dependent boundary conditions for
the coolant at reéctor inlet androutlét must be supplied as iﬁput in-

formation to the control section.

Subsequently the model will be described in greater detail. Then a concise

description of the computer program will be given complete with instructions

for input preparation and output listings. The pertinent system of equations

is compounded in APPENDIX A. Further appendices are dedicated to the treat-

ment of several special topics regarding models, methods and codes. An

annotated sample problem is included for illustration in the last appendix.



II. Thermo-Hydraulic Model

II.1 General Lay-Out

The most general configurations that can be treated are skefched in Fig. 1.
The coolant passes the reactor in two sections which are connected in
series, These sections are separated by the inermediary plenum chamber and
terminated by the entry and exit plenum chamber, respectively. The spatial
arrangement of plenum chambers and flow sections is arbitrary and may be

of a kind as shown in Fig. 1. With respect to the sketch on the left it

hust be remarked that the length of both flow sections is assumed to be
equal. Order and nomenclature of these components are associated with the
initial direction of coolant flow which is from the entry to the exit plenum

chamber as depicted in Fig. 1.

The plenum chambers are characterized by complete and instant mixing of all

entering coolant streams, zero residence time and zero pressure drop of the

coolant.
- _ _— entry pl ch. ’ t !
1. flow sect -
Y . ] .
| = \\\\\\> -
_— interm. pl. ch. B ‘r ? |
Yv vl 1/ 2.flow sect. : |
l
——-—] . exit pl. ch.
-+

Fig. 1 Two Possible Configurations of Main Components

The first flow section is thought to represent the radial blanket. Its
thermo-hydraulics are treated in a manner more crude than the one adopted
for treating the second section. It does not contribute to the feedback
of reactivity. It may be skipped entirely in the calculation. The coolant

passes this first section through a number of parallel channels. Channels



with identical parameters are called a radial zone and are represented in
the calculation by only one such channel. The number of radial zones is
arbitrary +Z Either one out of two different types of channels may be
specified for any radial zone of the first section. The first type is to
represent a typical radial breeder pin-channel-structure-combination con-
sisting of a c¢ylindrical pin with a uniform heat source, an equivalent
annular flow channel which may be orificed at the entry, and an equivalent
structural component (see Fig. 2). Neither axial subdivisions of the pin-
channel-structure-unit nor annular subdivisions of the pin are provided
since a rough model appears to be adequate in this place. The second type
of channel is to represent a bypass and consists of two concentric tubes
with coolant flowing in between. The inner tube may have an uniformly dis-
tributed heat source. Both fubes are assumed to be thermally insulated on
their dry surfaces and may be orificed at the entrance. In particular, such
a bypass may represent a single annular flow path outside the perimeter of
the radial blanket.
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k' g \ L]
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“ |
;1/“’- \} ’
R orifice NS
I i }F’/ \k\\\_#////

S
~ - + . - \\\ —ll- B .
radial blanket bypass

Fig. 2 Channel Types of First Section

+)

Here, as well as in all subsequent instances arbitrary numbers of com-.
ponents and zones are restricted only by DIMENSIONS specified in the
corresponding programs. In the present version these are chosen to
accomodate most cases of practical interest and may be extended whenever
necessary.
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The second flow section is in many ways similar to the first one. It is to
represent the core and the axial blankets of the reactor. Only one type

of channel can be specified. Again, anyone such channel stands for a whole
(radial-) zone of identical channels. The number of zones differing in
geometry and/or thermo-hydraulic parameters is arbitrary. A channel con-
sists of a cylindrical pin surrounded by an equivalent annular stream

of coolant and an equivalent structural component. Flow may be orificed

at the entrance. In axial direction (= direction of flow) the pin-channel-
structure-unit is divided into the core section and one axial blanket
section at both ends. Either one or both of these axial blanket sections
may be omitted. The core section alone may be subdivided further into an
arbitrary number of sections of equal height. In the core section the pin
is composed of a cylindrical fuel body surrounded by annular cladding. For
adequate description of the temperature distribution the fuel cylinder

is subdivided by fictitious interfaces into an érbitrary number of con-
centric annuli of equél volume except for the outermost annulus and the

center cylinder having half this volume.
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IT.2 Heat Source Distribution

The reactor power determined by neutron kinetics in conjunction with ex-
ternal reactivity as well as feedback is released as thermal energy in
various components of the reactor. The spatial distribution functions are
assumed to be time invariant and are prescribed. Thus, a fixed fraction of
the total power is released within the pins of each radial blanket zone

and the walls of the inner tubes of each bypass zone. These fractions PB
together with the dimensions of the components involved and in conjunction
with the assuﬁption of uniform heat source distribution determine the
volumetric heat source strength required for the calculation of temperatures

in the first flow section.

In the second flow section fixed fractions PBE and PBA of the total power
are assumed to be released within the first and the second axial blanket,
respéctively., Distribution over radial zones and components of the axial
blankets conform with those of the core. The remaining power (= total -
(radial bl. zones + bypass zones) - l.ax. bl - 2.ax. bl) is distributed

over the core in the following way (see also Fig. 4):

a) The axial distribution is specified by fractions corresponding to in-

dividual axial subsections. Note that:

- these fractions may be relative since normalization is carried out by

the program;

- these fractions are proportional to the average linear rod power of

each subsection as these subdivisions are of equal height;

- the same axial distribution applies to all parallel flow channels (rad.

zones) in the second flow section.

b) The radial distribution is specified by fractions corresponding to the
relative thermal power of each channel representing a radial zone. Note

that:
- these fractions may be relative since normalization is carried out by
the program;

- these fractions are proportional to the volumetric radial power dis-
tribution (averaged within each radial zone) only if the radial core

zones have equal geometry;

- the radial distribution specified by these fractions applies to all

axial core sections and to the axial blankets.
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c) The power distribution over the core components is specified by fractions
giving the relative volumetric thermal power density in each component
(fuel, clad, coolant, structure). Note that:

- these fractions may be relative since normalization is carried out by

the program;
- uniform power distribution is assumed in each of the four components;

- these fractions apply to all radial zones and axial sections of the

core;

~ in both, the radial and the axial blanket all power is assumedly re-

leased in the pins only.

\%/// \ /// §\ bypass
N W AN -~ rad. bl
\/é \\ DN %‘\2 bl
\//{\&\ | W \,\\\\"\\ . N\\ . ax. bl.
E;/// AR \\\\Q\\Y\\\s\%&“"m core
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Y

PC+PBE+PBA +3 PB; = |
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a) Power Distribution: Core-Blankets-Bypasses
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1 1

b) Radial and Axial Power Distribution in Core {(and Axial Blankets)
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/1/ component power
| distribution

fuel

cladding
< * > coolant
MN structure

c) Power Distribution in Core-Components

Fig. 4 Power Distribution

II1.3 Heat Flow and Temperatures

For the calculation of the temperatures in the fuel pin the customary

assumptions of

- uniform heat release within the entire fuel pin volume of any axial

section and
- no heat conduction in axial direction of the fuel pin

are made. The cylindrical fuel body is subdivided by fictitious interfaces
such as described before. The temperature distribution in each axial section
of any such annulus is represented by a single temperature and heat transfer
as well as heat storage is computed in terms of this temperature ("nodal
model", ”lumped model" ). Under steady state conditidns this temperature is
equal to the volume average temperature of the annular cell; for the central
cylinder it is the central (maximum) temperature and for the outermost
annulus it is the fuel surface temperature. If the thermal conductivity

of the fuel is a function of temperature these statements are no longer »
accurate since the program evaluates the conductivity for each annulus at

the temperature of the adjacent outer annulus.

In addition to the thermal conductivity the specific heat of the fuel also

may be a prescribed function of the fuel temperature.

Fuel melting is treated in an approximate form: if the representative

temperature of any fuel node reaches the melting point upon rising, it is
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kept constant until the net influx of heat into the volume equals the

latent. heat of fusion.

Recrystallization is treated in a similar manner upon a temperature drop
through the temperature of recrystallization. Both, the temperature as well
as the heat of fusion and recrystailization are taken to be equal. The pro-
gram also admits the case that a part or all of the cells (nodes) in the

fuel are molten at the initial equilibrium.

The nodal model which was selected here is one out of many possible choices.
It 4is distinguished by yielding a correct steady state solution when the
nodal temperatures are identified with the volumetric averages. This is
significant especially with respect to calculating the reactivity feed-

back associated with the Doppler effect in the fﬁel. Regarding the transient
solution one only can state that heat is conserved in the system of equations
and that an increasing number of-subdivisions will make the solution converge
asymptotically to the correct solution. The resulis of a special study
carried out for this purpose are described in APPENDIX B. and may serve

as an aid in the selection of an adequate number of annular subdivisions

for any particular case as a function of fuel parameters and accuracy re-

guirements.

Heat transfer through the gap between fuel and claddihg is assumed to be a
function of the difference between the interface temperatures of fuel and
clad only. The coefficient of heat transfer through the gap thus is a pre-
scribed constant. More sophisticated models relating to this part may be

introduced as they become available.

The annular cladding is treated as a thin slab and is subdivided by a
fictitious interface into two annuli (slabs) of equal thickness. The nodal
temperatures associated with these two annuli coincide with the temperatures
at the inner and outer surface at steady state. In contrast to the fuel, the
material parameters of the cladding are taken to be invariant. A heat source
may be specified for the cladding and is assumed to be distributed evenly

over the volume of each axial section.

In order to account for the effects brought about by the presence of structur-
al components in core and blanket it is assumed that each channel also com-
prises a rectangular body of structural material extending over its full
length (core + ax. blankets). This body is to be equivalent to the actual

structure with respect to thermo-hydraulic characteristics. Three faces of
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the prismatic body are assumed to be thermally insulated, the remaining

face is in contact with the stream of coolant and permits exchange of heat.
Only in the core region heat sources may be specified for the structure,
which then are distributed uniformly over the entire volume of an axial
section (the axial distribution being the same as in fuel, cladding, and
coolant). The nodal temperature representative for the actual temperature
distribution of each axial section coincides with the volume average tempera-

ture at steady state conditioms.

Heat transfer between the coolant and either the cladding or the equivalent
structure 1s computed following a slightly generalized form of the Nusselt
equation as proposed by Sutherland / 7_/. It is based on the assumption of

a coolant wholly in the turbulent flow regime+

AL3
N% = CH - ReALl . PrALZ, (.T3 + 273016) (l)
- TW + 273.16

y¥ - (H3 - AL4).DH ()
FLAM

Re = E__‘ﬂ (3)

ETA

Pr = CP3 - ETA (4)

FLAM

CH, ALl, AL2, AL3, AL4 ... prescribed parameters

Solving equation (1) for the film coefficient H3 we get

(1-a12) CPSALE)

CH ALl ,FLAM
H3 = ALL4 + (N) . ( =
*SETI:kLl) ETA(ALl AL2)
AL3
. (33 273.16) (5)

W + 273.16

The additional constant AL4 is introduced in equation (2) for convenience
of specifying an invariant film coefficient H3 = ALL while at the same

time setting ALl = AL2 = AL3 = 0.

+) see APPENDIX A for nomenclature
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A1l of the intensive parameters in equation (5) refer to the coolant with
exception of the wall temperature TW. These parameters are evaluated at

the midpoint of each axial section.The state variables of the coolant are
taken to vary linearily over the length of each section. The occurrence

of TW in equation (5) necessitates an iterative procedure for determination

of TW at the initial equilibrium. This is described in APPENDIX D.

The energy balance of the coolant is computed in terms of its enthalpy.
Contributions of kinetic and potential energy are neglected. The coolant
pressure is obtained from hydraulics calculations described in the next
chapter. These two state variables are sufficient for obtaining all of

the remaining coolant properties required in equation (5) by way of state
relationships(i.e. temperature, specific heat, specific volume, viscosity
and thermal conductivity). For the energy balance in the transient case

it is assumed that heat storage in the coolant of each axial section is
associated with the value of the exit enthalpy. This particular choice of
a nodal model is not gquite as accurate as the one employing the enthalpy
averaged along the chamnnel length of each individual section. However, the
error in the transient may be kept small by increasing the number of axial
sections. On the other hand, this nodal representation is particularily
suited for handling the case of flow reversal during a transient, which

is a major objective of this work. For further details concerning the treat-

ment of flow stagnation and reversal see APPENDIX E.

Much of what is said above also applies to the calculation of temperatures

in the radial and axial blankets as well as in the bypass(es). However, there
the calculation is simplified by prescribing invariants for all material
properties as well as for the film coefficient of heat transfer to the
coolant and by lumping the pin temperature .distribution of each section

into one node. In the case of the blanket pin the nodal temperature coin-
cides with the maximum temperature on the center axis for stéady state con-
ditions, when the coefficient of heat transfer is specified so as to in-
clude also heat transfer through cladding gap and breeder pin, which are

not accounted for separately +). For the nodes associated with equi-

valent structure and/or bypass walls the nodal temperatures agree with the

+)For the case indicated above the coefficient of heat transfer can be
obtained from:

1./HFS = R1/R2.(R1/C4*C@1)+1./HGP+(R2-R1 /£ 22+RIAR2H23))
if the blanket pin is of a design similar to the fuel pin.
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volume averaged temperatures under the same conditions as before. It is
recalled that the model does not provide axial subdivisions for any of
the blankets and/or bypasses. Fig. 5 sketches the nodal representation

of the reactor, on which the thermo-hydraulic model is based.

In solving the ordinary differential equations resulting for this nodal
model (see APPENDIX A) a single explicit backward difference scheme is
applied. It is known that in this case the step size for integration over
time must comply with certain criteria in order to ensure numerical stabil-
ity of this method. Since these criteria are prohibitively complex in the
underlying case approXimate criteria were developed, which yield con-
servative estimates of the maximum step size for stable integration of the
thermo-hydraulic equations. Details on this subject are compiled in
APPENDIX H,

initial flow direction
/en'try pl.ch. /exit pl.ch.
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ter wall / \ / A / / 2. axial bl.
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Fig. 5 Nodal Representation of the Reactor for Thermo-Hydraulic Model
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II.4 Coolant Hydraulics

Three kinds of pressure losses are distinguished in each flow channel.

a) Pressure loss at the channel entrance:

2
N .V -
ApE = 1.5 - m Z at_7 (6)

It is assumed that no pressure recovery occurs at the channel exit. Note
that this pressure loss will occur at the other end of the channel in

case of flow reversal.

b) Pressure drop through orifice:

N2.V

[ at_7 (7)
2.g.10

ApT = FT.

The coefficient FT may be chosen different for each radial zone and is
both purpose and means of controlling the distribution of coolant flow

through the various flow paths in parallel.

c¢) Pressure loss due to friction along the wetted surface of the channels

(cladding + equivalent structure) and to acceleration:

2
Ap, = N | IR AH Ly (ya - vE) /Tat 7 (8)
R g0 2« DH -7

In the present model pressure loss associated with flow of coolant through
the plenum chambers is neglected. The condition determining the distribu-
tion of coolant mass flow through parallel channels is that of equal
pressure drop in all of these channels. For the initial steady state

an iterative procedure is used to achieve this. In the transient calcula-
tion a scheme of delayed correction is applied to satisfy the criterion

of equal pressure drops without need for iterations. APPENDIX C gives

a rather detailed account of the pertinent procedures. APPENDIX E is
referredto for more information about the calculation of pressure drops

in the case of flow stagnation or reversal.

I1.5 Coolant Boundary Conditions

There are three links by which this model representing the reactor is coupled

to the remaining system. These are:
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a) state of coolant at the entrance
b) 1 1" 1" " 31 exit

c) disturbances of external excess reactivity (control rods - control system)

Items a) and b) are not entirely independent of each other. In any case it
appears practical to prescribe the enthalpy of the coolant as it enters the
reactor. The exit entha%py then is determined directly by the balance of

energy. Regarding the hydraulic boundary conditions there is no such unique

choice. Therefore, the model was made to accommodate three different choices:

B.C.1 Prescribe: - pressure at entry, as a function of timejy

/ s
- coolant mass flow rate through reactor, at initial
steady state;

- pressure at the exit relative to the initial value,
as a function of time.

Obtain: - pressure at the exit, at initial steady state;

- coolant mass flow rate, as a function of time.

This particular set of boundary conditions is advantageous in connection
with the integration of this model with a corresponding model for the ex-

ternal coolant circuit.

B.C.2 Prescribe: -pressure at exit, as a function of timej

-coolant mass flow rate, as a function of time;

Obtain: -pressure at entry, as a function of time.

B.C.3 Prescribe: - pressure at entry, as a function of time;

- coolant mass flow rate, as a function of time;

Obtain: ~ pressure at exit, as a function of time.

For B.C.2 an iterative procedure is required to find the initial steady
state solution since in all cases the calculation starts at the entrance
where coolant pressure is unknown in this particular instance. For the

transient calculation of the same case a scheme of delayed correction is

applied thus avoiding time consuming iterative procedures (see APPENDIX C).
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III, Neutron Kinetics and Feedback Model

For the description of the transient reactor power the well known point
reactor kinetics model is employed. Its solution requires integration of

a coupled system of ordinary linear differential equations with time
dependent coefficients. This integration is carried out using a semi-
analytic method taken over in main parts from the FORE-code Z-l_7 and
described in APPENDIX F, The basic scheme of integration outlined in the
appendix is augmented by two other schemes. One of them is applied in the
vicinity of prompt criticality since the basic scheme is singular at this
point. The other scheme corresponds to the prompt jump approximation and
is a more efficient scheme of integration which applies when the system

is well below prompt critical. Decisions about selecting the proper scheme
out of these three are based on the results of certain tests carried out

at each step of the step by step-integration. Among other criteria the size
of such a step is limited by the relative change of the reactor power during
a step,for which upper and lower limit may be prescribed. The step size
will be decreased or increased respectively until the actual value of the
relative change falls within these limits. A correlation between both,
accuracy and stability of this method of integration and this criterion

for selection of step size could not be established in the framework of
this effort. On the other hand, practical experience gained from its success-
ful gpplication as well as successful applicatidn of the same criterion in
other methods of integration of point kinetics equations have given enough

confidence to validate this approach.

The feedback model, too, draws main features from the FORE-code but it is
implemented with a number of significant additions and modifications. In
spite of the already great amount of details included in this feedback
model it is felt that much more refinement might be required in certain
cases. However, at this point such refinement must be left with further

development efforts.

Presently, all feedback of reactivity accounted for is associated with
temperature and/or density changes in the core only. The reactivity feedback
from the Doppler effect is taken to be proportional to the weighted average
over the fuel volume in the core of the natural logarithm of the fuel temper-
ature in °K. Both, axial and radial weights may be specified. These weights

may be relative as normal-
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ization is carried out in the program. The normalization is such that an
isothermal temperature rise AT = Tl - To throughout the fuel in the core
will result in a Doppler reactivity change of AkD = RCD-ln(Tl/Tb), where
RCD is the Doppler constant specified in the input. The basic formula

for calculating the Doppler feedback reactivity is
fARD.Axn.ln((TF+273.16)/(T?0+273.16)-dvf

/@RD « AXD . 4V

Ak.. = RCD (9)

D

1

T °‘/TF dVZ «.s fuel temperature averaged over the pin
z volume VZ of an axial section
(10)

R1Z . T . AH

<
"

The effects on reactivity of changes in the density of any core component
are treated correspondingly as weighted averages over the component volume
in the core of the respective temperatures multiplied by their linear ther-
mal expansion coefficient. As in the case of the Doppler feedback, the
weights are assumed to be separable into functions of the axial and radial
coordinate (index) respectively (normalization not required). Thus, the
product of feedback coefficient times expansion coefficient of each com-
ponent is equal to the total feedback from this component if a uniform
temperature change by 1 °c is imposed throughout the core. Here the basic

formula is

k. = =RC. (11
1

where the index i refers to the three solid components: fuel (F), cladding
(C), structure (M). For the coolant density changes can be computed directly
as the specific volume V is available:

JARS + AXS « (1/V).qV_

k = RCS — (12)
5 / ARS « AXS . dV_

The effects of changes in the overall core geometry (height and radius)
are also comprised in the feedback model. Increases in the core height
are associated’with thermal expansion of the fuel and radial increases
with lateral expansion of the structural components of the core. Weighting

functions have not been incorporated in this part of the model as yet. The
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pertinent formuli are:

_/hEF‘o TF . dVf
k, = RCH - (13)

H
Jave
faEM - TH . dVé

7o

(14%)

~
"

RCR -

Vy = AH + AN (15)
With the general formulations used for the temperature and density feed-
backs on reactivity (equation (11), (12)) it is possible to include
mechanisms other than the change of smear density of a component caused
by a change in its temperature. For instance, one may account for the
effect of coolant displacement by cladding expansion and for effective
density changes of all components caused by dimensional bhanges in the
supporting core structure due to thermal expansion or contraction. In
such cases, the reactivity coefficients (RCi), the weights (ARi’ AXi)
and the expansion coefficients (AEi) appearing in equations (11) and (12)
must be determined by superposition of the various effects to be included.

This is illustrated by a typical example presented in APPENDIX G.
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IV. Program Description

IV.1 General Code Structure

Flexibility in operation and application of any complex program is
furthered by employing modular programming techniques. This principle was
followed here to a large extent. One of the most prominent exceptions is
the feedback calculation, which is attached to the thermohydraulic calcu-
lations. The reason for this is a gain in computational speed and reduc-
tion in storage requirements since all contributions to the feedback
originate from changes in thermo-hydraulic variables and may be computed
efficiently along with these variables. Another exception is the calcula-
tion of the film coefficient of heat transfer to the coolant in the core.
Here, too, the calculation is tied in strongly with thermo-hydraulics and

an integrated treatment appears advantageous.

The programming language used in all parts is FORTRAN IV compatible with
FORTRAN IT if all READ and WRITE and COMMON statements are adjusted to
comply with FORTRAN II rules. The program has been tested out successfully
on the following computers: IBM 7074, 7094, 360/65. The version for IBM 7074

computers requires OVERLAY structure.

Fig. 6 lists all routines required by this program together with their
major functional characteristics. Fig. 7 shows a logic flow diagram de-

picting the interconnections between these routines.

The main program REX is intended for independent application of the model,
i.e. for cases where the boundary conditions of the coolant are known
functions of time. Provisions are made for linking the present program

with a compatible digital program describing the dynamics of the external
circuit. In such a case the program may be used without the main program

REX as a subroutine called by the name REXION (level 2 in Fig. 7). Guide
lines and examples for such applications are given in APPENDIX J. Calls of
this subroutine with different values for the last argument (IX) in the list
causes execution of various operations such as: reading of input, calcula-
tion of initial steady state solution, execution of one step of the trans-
ient integration, output of variables. Some of the remaining arguments serve
for input of coolant boundary conditions to the subroutine, others return
information concerning: actual transient time after last step of integra-
tion, size of last step, power, energy and the compliment of coolant boundary

conditions upon completion of the last step. Problem termination is also a




Name Type ‘ Called Subprogram(s)
REX MAIN controlling program for indep. applications, input
and evaluation of coolant boundary conditions, out- REXI@N, ZEIT
put freguency control
REXI@N SUBROUTINE controlling program, input of parameters for and PREP, Cg1l, CPl, P@WER, STS, TRS,
execution of step size-~ and termination control STEPC, @UTPUT
PREP - " - input of parameters concerning geometry, thermo-
hydr., feedback, iteration, output volume control,
preparation of const., coefficients
STS - " - solution of initial steady state problem TPE1l, HDV, FLAM1l, ETAl, C#l
TRS - - " "  transient problem TPEl, HDV, FLAM1, ETAl, Cgl, CPl
STEPC - " - calculation of max. step size for stable integra-
tion of thermo-hydr.
GUTPUT - " - output of thermo-hydraulic variables and feedback
reactivities
PEWER - " - input of point kinetics parameters, integration of RCRE
point kinetics
RCBE FUNCTION external (controlled) reactivity disturbance, input
of pertinent parameters
TPE1 SUBROUTINE temperature and specific heat of coolant from
; enthalpy and pressure
HDV FUNCTION specific volume of coolant from temperature and
pressure :
FLAM1 - "o thermal conductivity of coolant from temperature
and pressure
ETAL - " dynamic viscosity of coolant from spec. vol. and
temperature
Cg1 - " - temp. dep. thermal conductivity of fuel, input of
pert. parameters
CpP1 - "o~ temp. dep. specific heat of fuel, input of per-
tinent parameters
ZEIT - 1 - computer clock

Fig. 6

List and Major Functions of all Routines Comprised by the Complete Program
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function of this routine and is signalled to the calling program via the

argument IX.

REX LEVEL 1
REXION LEVEL 2
T
— |
PREP| [STEPC| |QUTPUT| |POWER| |STS - | |TRS LEVEL 3
' [ -

RCBE | |TPE 1| |HDV| |FLAM 1| |[ETA1| |CQ1||CPI||ZEIT| LEVEL 4

Fig. 7 Logic Flow Diagram

Instead of giving a detailed description or listing of all the routines
involved it is considered to be both sufficient and helpful to include
flow diagrams of these routines (APPENDIX I). The subprograms of level k&
should be considered non-standard since certain applications may deménd
individually supplied routines. Guide lines for the construction of such
routines are given in the APPENDICES K, L, M, N together with descriptions
of the particular versions of those routines which were developed in con-
Junction with studies for the steam cooled fast breeder project 4_8_7. For
the sake of completeness the input required by these specific program

rsions alsc is included in the subsequent input description.

IV.2 Input Description

Data input to the program is arranged in blocks. Each block is headed by a
card carrying the block number IP (column 3) and a commentary (columns 4 -
75) which will be reproduced in the output. There are nine blocks of data

as follows.
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IP Block Significance Input for
1 system data REXION
2 coolant enthalpy at entry REX

3 boundary condition parameter "
L pressure

5 initial coolant mass flow rate and pressure "
change

) coolant mass flow rate

7 initial reactor power n
8 output control- and clock termination

parameter "

"

9 end of job-card

Data blocks 2, 4, 5, 6, 7 contain the information concerning all the ex-
ternsl conditions (boundary conditions) required@for independent appl;ca-\
tion. The only other external condition needed is the external réactivity
disturbance, which is specified as part of the system data in block IP = 1,
Besides this block 1 contains all the characteristics of the reactor as
well as control parameters concerning the computation, output volume,

and termination. For convenience block 1 therefore is subdivided into sub-
blocks, each of these headed by a card carrying the subblock number IPT
(column 7) and a commentary (columns 8 - 79) which will be reproduced in

the output. There are eight subblocks as follows:

IPT Subblock - Significance

1 geometry and thermo-hydraulic properties

2  temp. dep. fuel properties

3 point kinetics paraﬁeters aﬁd external reactivity
L feedback parameters

5 iteration- and output volume control parameters

6 step- and termination-control parameters

7 (not used at present)

8 end of subblock-card
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Any particular set of boundary conditions out of the choice of three is
specified by the boundary condition parameter IBC (block 3) which may
assume one of the values 1, 2, 3 accordingly. In either case the three

subsequent blocks have to be used in the following way:

IBC = ' 1 2 3
block 4 entry pressure exit pressure entry pressure
block 5 initial mass flow omit omit
rate, exit pressure
change
block 6 omit coolant mass coolant mass
flow rate flow rate

A job may consist of several transient problems to be solved successively.
For the first problem of any job a full set of data for blocks 1-8 must
be supplied in the order indicated by the block numbers. In any further
problem only those blocks and/or subblocks need to re-occur in which new
data are to replace old values. As an exception to this, the data block 8
must be the last block in the complete set of data for anyone problem.
After the data set for the last problem in a job block 9 must appear. An
example for block sequence pertaining to a feedback parameter study is

given below (subblock numbers in parentheses).

l(l’ 27 3’ Ll" 5, 6’ 79 8’)? 2’ 3’ l+§ 6’ 7’ 81 1(4? 8’)’ 8’ 1(4, 8’)’ 89 9

(- J o\ J - J
Y v v

problem No. 1 problem No.2 problem No.3

Note, that in each case subblock 8 must appear last in block 1 and block 8

must appear last in each problem.

In an effort to make input as well as output consistent with respect to
dimensional units all quantities are measured in terms of the following

basic units:

mass: kg pressure: at
length: m energy (therm.):  kcal
time: sec reactivity: g

temperature: °c power: MW
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Power could be measured in units of kcal/sec; however, this is not at all
a customary unit for reactor power and MW are used for this variable in-
stead. The same holds true for pressure which is measured in at (kp/cmz)
instead of kp/mz. It is possible to apply an entirely different set of
basic units for input and output (as long as the set is selfconsistent)
after adjusting four conversion factors which are required and defined

in subroutine PREP (Cl, C3, CL4) and subroutine RCBE (C6). They have the

following significance:

Cl = 238.89 (kcal/MWsec)

C3 = 9.81~101+ (kg m/kp seca)-(kp/m2 at)
Ch = 1296.C3 (kg m/kp h°)

C6 = 9.81 (kg m/kp sec?)

Uniform-formats are used for all input data: -

integer : IP, output volume control parameters ... I3

8l]l Others seecececesssccscasaccsssessas L7

real D teresessesescscescesscecsasesssennssesves B 114

Restrictions listed in parentheses are imposed by DIMENSIONS specified in
the program and may be altered if necessary. In the present version the

following values are used:

NRBD = 4, NRD = 5, NXD = 10, NND = 10, NDD = 10,NYD = 50.




card variable format units significance restrictionsg

System data (block 1)

1 IP _ I3 - block identification, columns 4-75 free for commentary =1

Geometry and Thermo-Hydraulics (subblock 1)

2 IPT 17 - subblock identification, columns 8-79 free for commentary =1
3 NRB 17 - number of radiai zones (incl. bypass zones) in first
flow section (= O ... no first section) O¢NRB€(NRBD )
NBE L - first axial blanket (entrance) (= O ... no first axial
blanket) 0,1
NBA " - second axial blanket (exit) (= O ... no second axial
blanket) 0,1
NR " - number of radial zones in second flow section (core+ax.bl.) |O<KNRZ(NRD)
NX r " - number of axial sections in core O<NX€(NXD)
NN " - number of annular zones in fuel pins 2¢€NNZ(NND)
4 HC E 11.4 m height of core
HBE " m height of first axial blanket
PBE " %/100 fraction of total reactor power released in first ax. bl.
HBA " m height of second axial blanket
PBA " %/100 fraction of total reactor powér released in second ax. bl.

For a type 1 channel of the first flow section card 5 is as follows:

5a BP " - indicator for channel type = 0
R2 " m breeder pin radius
R3? " m outer radius of equivalent anﬁular flow channel
D4 " m thickness of equivalent structure component
WP " m wetted perimeter of equivalenf structure component

AN " - total number of identical pins having these specifications




For a type 2~channel of the first flow section card 5 has an alternate meaning as follows

5b BP E 11.4 - indicator for channel type =
R2 " m inner radius Qf’annular flow channel
R? " m outer radius of - " " "
Dk " m 1thickness of outer wall
WP " m n " inner "
AN " - number of identical channels having these specifications
6 PB " %/100 fraction of total reactor power released in this radial zone
HA " kcal/masecoc equivalent film coefficient of heat transfer to coolant
Cv n kcal/m3°C equivalent volumetric specific heat
FR " - friction factor for channel walls
FT " - orificing factor

Cards 5 and 6 have to be repeated NRB times for each radial zone and/or bypass zone of the first flow section.
If NRB = O cards 5 and 6 must be omitted.

—AZ—

7 R1 " m radius of fuel (inner radius of clad)

R2 ‘ " m radius of pin (outer radius of clad)

R3 " m outer radius of equivalent annular flow channel

DL " m thickness of equivalent structural component

WP " m wetted perimeter of equivalent structural component

AN L - number of identical channels having these specifications
8 R@F " kg/m3 density of fuel‘

R@C " kg/m3 density of clad

RZM " kg;/m3 density of structure

AEF " OC-l |linear coefficient of thermal expansion of fuel




AEC E 11.4 linear coefficient of thermal expansion of clad
AEM " °¢-t " " " " " " structure
9 cgc " kcal/m sec’C thermal conductiﬁity of clad
CgM " " " B " structure
CPC " kcal/kg °c specific heat of clad
CPM " " o """ gtructure
CHC " - coefficient for heat transfer relation: clad-coolant
CHM " - " " " " | " ¢ structure-coolant
10 HGP " kcal/mzsecoC film coefficient for heat transfer through fuel-clad gap
T™ " °c melting point of fuel
WM " kcal/m3 latent volumetric heat of fusion in fuel
FR " - friction factor for channel walls
FT " - orificing factor
11 AQR " - relative channel power for this radial zone
AQF " - relative volumetric power density in fuel
AQC " - " . o " A " clad
AQS " - " " " " " coolant
AQM " - " n 1 " " structure
12 ARD n - relative weight‘of this radial zone for Doppler
reactivity effects
ARF i - relative weight of this radial zone for reactivity
effects from fuel density
ARC " - relative weight of this radial zone for reactivity
effects from clad density ‘
ARS " - relative weight of this radial zone for reactivity
effects from coolant density ,
ARM " - relative weight of this radial zone for reactivity

effects from structure density




13 HFS " kcal/mzsecoC first axial blanket, equivalent film coefficient of heat
transfer pin-coolant
CVF " kcal/mBOC first axial blanket, equivalent volumetric specific heat
of pin
HMS " kcal/masecoc first axial blanket, equivalenti film coefficient of heat
transfer structure coolant
CVM " kcal/mBOC first axial blanket, equivalent volumetric specific heat
of structure. '
14 HFS " " second axial blanket
CVF 1" 1" _on o
HMS 1" 1"
CVM " "

Card 13 is omitted if NBE

0., card 14 is omitted if NBA = O. Cards 7-14 are repeated NR times for each radial

zone of the second flow section (core).

15

AQX
AXD

AXF

AXC

AXS

AXM

E 11.4

1"

n

relative power density of this axial section

relative weight of this axial section for reactivity
effects from Doppler effect in fuel

relative weight of this axial section for reactivity
effects from fuel density changes

relative weight of this axial section for reactivity
effects from clad density changes

relative weight of this axial section for reactivity
effects from coolant density changes

relative weight of this axial section for reactivity
effects from structure density changes

Card 15 is repeated NX times for each axial section of the core.




16 ALl E 11.4

kcal/masecfﬂ

lexponents in heat transfer relation (see eq. (1))

constant in heat transfer relation (see eq. (2))

Parameters Pertaining to t

he Temperature

Dependent Fuel Properties (subblock 2)

17 IPT 17 subblock identification, columns &-79 free for commentary = 2
- ‘
18 CK1 E 11.4 | BTU/ft hr°F
" 0.2 coefficients for polynomial representation of thermal
cke BTU/ft hroF7 > conductivity of fuel (APPENDIX K)
CK3 n BTU/ft hr F~ , ~
O N

19 CcC1 " kcal/kg F

' n 052 coefficients for polynomial representation of

cc2 keal/ke OF3 specific heat of fuel (see APPENDIX K)

CC3 " kcal/kg F

Cards 18 and 19 refer to the specific form of subroutines COl and CP1l described in APPENDIX K.

Parameters for'Point Kinetics and External Reactivity Function (subblock 3)
20 IPT 17 - subblock identification, columns 8-79 free for commentary = 3
21 gv | E 11.4 sec™t B/A

ND 17 - number of precursor groups € (NDD)
22 FY T 11.4 - B/8 )

LA " sec™! A . . . '

1 relative fractional yield and decay constant for

FY " - . BZ/B precursor groups 1, 2, 3

LA " sec Az

FY " - B./B

-1 3
LA "
sec AB J

Card 22 is to be repeated as

necessary to accommodate all parameters for the ND precursor groups.

-Og-
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This card (plus eventual following cards) contains param-
eters required as input to subprogram RCBE defining the
external reactivity function. A set of such cards required
for the particular version described in APPENDIX L is
described in that place.

Feedback Parameters (subblock &)

24 IPT I7' - subblock identification, columns 8-79 free for commentary
25 RCD E 11.4 2 Doppler constant
RCH " 2 reactivity coefficient related to changes in core height
RCR ; " ’g 1" 141 1" 1" 1" " 1" radius
RCF " ,g 1" " n n n " fuel temp.
RCC 1 ,g " 1" n " " n clad "
RCS " S-mB/kg " " " " " " coolant density
26 RCM " 4 " " " M " " structure temp.
RC " - coefficient for feedback reactivity ( = O. for elimination

of feedback, = 1.0 for normal calc.)

Parameters for Controlling Iteration in Finding Initial Steady State Solution and for Output Volume

Control (subblock 5)

subblock identifications, columns 8-79 free for commentary

27 IPT I7 -
28 EST E 11.4 - ratio of proposed step size to step size estimate for stable
integration (APPENDIX H) A
Ev " - fractional change in spec. vol. of coolant at which) o
steady state iteration is terminated. m
=]
ETC " - fractional change in clad temperature at which S
steady state iteration is terminated \ g
_ ETM " - fractional change in structure temperature at E
which steady state iteration is terminated %
EP " - absolute change in pressure drop at which g
steady state iteration is terminated J o

..'[g..



9 IRBN I - ini .
2 3 minimun of loop parameter for output of thermo~hydr.

IRBX " - maximum variables, concerning radial zones and/or < NRB

IRBD " _ increment bypasses of first flow section

IRN n -

IRX " - . - "o sveas , concerning radial zones of second Z NR
IRD " flow section (core + ax.bl.)

IXN " -
IXX " " <.+, concerning axial sectioms of core ¢NX

IXD n -

" - . . ‘
IRIN minlmum of loop parameter for output of fuel temperatures

IR1X " - maximum concerning radial zones of second flow ZNR
section (core + ax.bl.)

IR1D " - increment
IX1IN " -
IX1iX " - -1
IX1D " _ concerning axial sections of core < NX
INN " -
INX 1" - -
IND " - concerning annular subdivisions of fuel ¢ NN
pellet
Parameters for Step- and Termination Control (subblock 6)
30 IPT 17 - subblock identification, columns 8-~79 free for commentary = 6
31 NTE " - number of steps after which approx. calculation of max.

stable step size is repeated

NCX " - number of steps to which integration is limited

_Zg._
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XMA
XIN

XIX
PIN

PIX

(reactor-) time limit for integration (start at time X = 0.)
minimum step size admitted for integration,
maximum 1" 1" 1 1" 1"

minimum relative‘change in power during step, propose
doubling of step size if actual change is less.

maximum relative change in power during step, halve step
size if actual change is higher.

Parameter space available for purposes as yet undefined (subblock 7)

33 IPT 17 - subblock identification, columns 8-79 free for commentary = 7
If no such parameters are needed card 33 may be omitted. If parameters are specified in accordance with
alterations in subroutine REXION they have to be given on cards inserted after card 33

End Card for block 1 (subblock 8)

234 IPT 17 - subblock identification, columns 8-79 free for comments, =8

this card indicates the end of the system data -

Inlet Enthalpy (block 2)

35 1P I3 - block identification, columns 4~75 free for comments = 2

36 NY I7 - number of points given to define coolant inlet enthalpy (Y)

as function of time (X) ¢ (NYD)
27 X E 11.4 sec = O.
y " kcal kg coordinates of f}rst point
X " sec " " second "
Y " kcal/kg
‘X " SecC 1A} 1" third 1"
Y " kecal/kg

Card 37 has to be repeated as to accommodate the coordinates of all NY points.

_gg_



Coolant Boundary Condition

(block 3)

28 IP 13 - block identification, columns 4-75 free for comments = 3
39 IBC 17 - indicator for choice‘of set of boundary conditions = 1,2,3
Pressure (block &)
40 Ip I3 - block identification, columns 4-75 free for comments = 4
b1 NY3 I7 - number of points given to define pressure (Y) as a
function of time (X) ¢ (NYD)

42 X E1l.4 sec }-coordinates of first point = 0.

Y " at

x ! sec " " second "

Y " at

x " sec 1 1" third "

Y " at

Card 42 has to be repeated as to accommodate the coordinates of all NY points.

Initial Coolant Mass Flow Rate and Deviation of Exit Pressure from Steady State Value as Function
of Time (block 5)
43 IP 13 - block identification, columns 4-75 free for comments =5
Lk GO E 11.4 kg/sec coolant mass flow rate at initial steady state > 0.

NY 17 - number of points given to define exit pressure deviation

(Y) as function of time (X) £ (NYD)

45 X B 11.4 sec ~Lcoordinates of first point = 0.

¥ " at J | |

X " sec } " " Second 1

Y " at , ‘

X " sec "o, " third "

Y 1" at .

-ﬁg-



Card 45 has to be repeated as to accommodate the coordinates of all NY points. The coordinate Y of the first
point may be different from zero when step changes in the exit pressure are to be studied.

Cards 432-45 are omitted if IBC # 1

Coolant Mass Flow Rate (block 6)

L6 IpP I3 - block identification, columns 4-75 free for commentary = 6
L7 NY 17 - "jnumber of points given to define coolant mass flow rate P
(Y) as function of time (X) ‘ < (NYD)
48 X E11.4 sec } coordinates of first point = 0.
Y " kg/sec ‘ > 0.
X " sec } 1" n second 1"
Y " kg/sec
X " sec
Y " kg/sec " " third " !
- : W
Card 48 has to be repeated as to accommodate the coordinates of all NY points. T
Cards 46-48 are omitted if IBC = 1
Initial Reactor Power {(block 7)
Lg Ip I3 - block identification, columns 4-75 free for comments = 7
50 PO E 11.4 k MW initial reactor power
Output Frequency Control and Clock Termination Control (block 8)
PSS
51 IP 13 - block identification, columns 4=75 free for comments, indicates
start of computation = 8
52 NPR I7 - number of steps between printed: output
NCL I7 - " " "o " interrogation of computer clock
CLM E 11.4 - maximum computer running time of this.problem, in units of
computer c¢lock ‘
End of Job Card (block 9)
53 IP 13 - block identification, columns 4-75 free for comments,
indicates end of job ‘ = 9
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IV.3 Output Description

The first part of the output is a complete and annotated listing of all
input data as well as all eventual comments given on block and subblock

identification cards.

Next the steady state feedback is printed out (in g units) which needs to
be balanced by external reactivity in order to make the reactor critical
at its initial staté. The absolute value of this number has no real signif-
icance but rather its value relative to values at states with other initial

<

conditions.

The followiﬁg part of the output gives the time dependent behavior of the
most important system‘vafiable. A set of values of these variables is
printed out every NPR (card 52) steps of the integration, the amount of
variables in the output may be controlled by the parameters specified on
card 29. Units of all varialbes in the output are consistent with the in-
put and are the same as listed previously. The first set of values always

refers to the initial steady state at time X=0.0nly in this first set the
absolute values of all contributions to the feedback reactivity are given.+)
In all further steps the feeaback contributions printed out are the devia-
tions from the initial values printediout in the first set referring to

time X - O. Values of the’state variables of the coolant at the reactor
boundaries (entrance, exit) are printed both, in the first and in the last
line of each set. Whenever these may be different, the values in the last
line refer to time X given with this set whereas the corresponding value

in the first line refers to the time at the beginning of this step. (Note,

that X marks the time at the end of a completed step of integration.)

Notations used in this part of the output are listed in the subsequent table.

It may be convenient to refer to Fig. 8 for locating most of these variables.

+) These absolute values of the individual contributions may be used in

the same sense as mentioned with the total steady state feedback for

stability investigations.
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Other

Variable Units Notation Significance
X sec t time (transient calculation starts at time = 0.)
sec At time increment, as used for last step completed. Initially (t = 0.):I = increment
computed and proposed for first step to be taken.
P MW ¢ total reactor power
MWsec =°/?-dt total energy released since beginning of transient
T 3 Bkq, external (controlled) excess reactivity

PEX - at coolant pressure at reactor entrance (first plenum chamber)

PAX at " " n " exit (third " " )

WEX kcal/kg " enthalpy " L entrance (first " ")

WAX kcal/kg " " " " exit (third " U '
G kg/sec coolant mass flow rate ‘ P
K 4 AkK total feedback reactivity !
D 4 AkD feedback reactivity from Doppler effect
H Z AkH " " " change in core height
R 3 AkR " " " " " " radius | .

. : e | C o m v el tem. siandy state (X = 0.): ab-
C g Ak " " ! " " clad temp. transient (X # 0.): relative
S 4 Ak, " " " " " coolant density values

M 4 Akﬁ " " n " " structuré temp.

IRB - - index for radial zone and/or bypass in first flow section

IR - - o n " " in second flow section (core + ax.bl.)

IX - - " " axial section of core |

TEB °c coolant temp. at entry to radial zone and/or bypass, after orifice

TAB © " "moM exit from " L




WEB
WAB
PEB
PAB
TFB
TMB

TZ
PZ
WZ
TEl
TAL
TA2
PE1
PAl
PA2

TF1
TF2

TFO
TFN
TCl
TC2
™
TA

WA
PA

kcal/kg
kcal/kg
at
at
°c
C
2
kg/(sec m“)

0

coolant enthalpy at entry to radial zone and/or bypass
1" 1" 1" exit fI‘Om 1 1" " "
" pressure " entry to n " " ", after orifice
" 1" 1 exit from 1" i 1" 1"

central temperature of pin in rad. zone or inner wall of bypass, resp.

temperature of structure " " "t " outer " " " "
area flow rate of coolant " " """ bypass

temperature

pressure of coolant in intermediary (second) plenum chamber
enthalpy

coolant temp. at entry to first axial blanket, after orifice

" 1" 1t 1A} 1" " 1 Section Of core

" " " exit from second axial blanket

" pressure at entry to first axial blanket, after orifice

1" 1" 1" 1" 1 1" 1" section Of core

" n " exit from second axial blanket
central temperature of pin in first axial blanket

1" " 1" 1 " Second " L]
area flow rate of coolant in this radial zone of the core
central fuel temperature 3
fuel edge temperature
. > taken at midplane of axial section IX
clad temperature, inner edge

i " , outer

structure temperature
coolant temperature

" enthalpy

> taken at exit of axial section IX
" pressure

1t

spec. volume

_62_



NC
CL

step counter
computer time consumed since beginning of this problem
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At the end of each problem the total number of steps and the (reactor-)

time at the end of the transient are printed in the output.

Other messages:

A certain check on input data is carried out by way of the block- and
subblock identification parameters IP and IPT, respectively. If the block
(subblock) identification card required at the beginning of any block
(subblock) is missing or if the parameter IP (IPT) is incorrect (out of
permissible range) a message: INPUT ERROR is printed out together with the
incorrect value of IP (IPT). After this the job is terminated.

If the step size required by the criteria for numerical stability and/or
limited relative power changes is smaller than the specified lower limit
XIN a message appears: STEP SIZE TOO SMALL, together with the last value of

the time variable X. After this the job is terminated.

If the reading of a computer clock is made available through the function
ZEIT (see APPENDIX N) a message appears (COMPUTING TIME CONSUMED) at the
end of the output only if termination of the problem was caused by com-
putation time exceeding the specified value CLM. After this computation

continues with the next problem (if any).

If the specific version of function RCBE is used, which is described in
APPENDIX L, a message will appear (SCRAM AT X =,,,) whenever a scram situa-
tion is encountered; the current value of the time parameter is printed
after the equal sign. A scram situation arises when at any step the actual
reactor power exceeds for the first time the scram level PSC = PO - SCR. The
message is printed at this event and comes before any other eventual out-

put with this step.

IV.4 Storage- and COMMON-Requirements, Computing Time

COMMON-storage is required by five of the subprograms on level 3. These are
PREP; STS; TRS; STEPC; @QUTPUT. In the case of integrating the program as
subroutine REXION with another program already having its own COMMON re-
quirements it is suggested to use block-common-statements whenever FORTRAN
IV is available. Otherwise collation of the COMMON-requirements of both

program sections is necessary.
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Storage restrictions of the IBM 7074 require @VERLAY structure of the pro-
gram. The following structure is suggested (structure A):

RUTSEGMENT: REX, REXI@¢N, P@WER, RCBE, STEPC, @UTPUT, ZEIT,
TPEl1, HDV, FLAM1l, ETAl, Cgl, CPl

@RIGIN A : PREP
@RIGIN A : STS
@RIGIN A : TRS

In case @VERLAY procedures do not permit back-references to the next higher

level,a differént structure should be used (structure B):

RPUTSEGMENT: REX, REXI@N, P@WER, RCBE, STEPC, @UTPUT, ZEIT,
cgl, CP1

@RIGIN A : PREP

@RIGIN A : STS, TPEl, HDV, FLAM1, ETAl, C@l

@RIGIN A : TRS, TPEl, HDV, FLAMl, ETAl, C@l, CPl

The present version of the program has the following approximate total

storage re

10 K with @VERLAY (structure B)
21 K without @VERLAY

Computing times of individual problems depend on the number of nodes,
output volume and frequency, complexity of subprograms on level k4, step
size and range of integration. The following example (see also APPENDIX @)

should give an indication of typical computing times.

Problem: see APPENDIX ¢ (subprograms as in APPENDICES K, L, M)
Number of nodes: NRB = 2, NR = 2, NBE = NBA = 1, NX = 5, NN = 4
Output frequency: NPR = 5, 10, 20
Stable step size: 0,5 - 5,0 milliseconds
computation time per step (average): 0,9 sec IBM 707k4

| 0,2 sec  IBM 709k

0,07 sec  IBM 360/65 (F@RTRAN
; @gPT = 1)
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V. Comments, Suggestions for Further Development

The models, methods and codes described in this report have proved to be
useful and efficient tools for fast breeder analysis. Even though a
relatively short time has elapsed since completion of the program a number
of applications to accident analysis has provided significant results.
Among these. are:
¢

- calculation of power reactivity coefficients for various reactor states

of equilibrium; k
- calculation of transient reactor behavior in blow down accidents

(rupture of main steam pipes);

- parametric studies relating to scram characteristics, applied to blow

down accidents.

Aside from these applications to specific systems many other studies can be
~envisaged including also investigations of a more general nature. The. de-
tailed and realistic features of the hydraulic model could - for example -
serve as the basis for studies concerning both, design and analysis of

reactors.

This report shall be not complete without pointing out weaknesses and areas
which will require further development in order to improve efficiency. and
applicability of this analytical tool. The remainder of this section is

dedicated to a discussion of the more important ones of these items.

The Model

The main deficiency of the model is the fact that it does not cover the
coolant circuit and other pertinent components external to the reactor.
Although certain analyses can be carried out with such a restricted model
(for example: fapid'excursions extending over a few seconds only) most
practical cases will require an integral treatment of the whole reactor
system. Therefore, the development of a consistent dynamics model and code
for the external circuit is an essential implementation needed and is an

immediate goal for further efforts in this area.

Another shortcoming of the model is seen in the treatment of the feedback.
The great variety encountered in reactor core designs entails an almost
equal variety in feedback mechanisms and virtually precludes the estab-

lishing of a general feedﬁack model covering all possible cases. Feedback
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mechanisms which cannot be accommocdated by the ones already inciuded in the
present model will have to be added in individual cases, preferrably in

the form of subprograms.

A third part of the model potentially requiring additional development is
channel orificing. The orificing coefficients FT are determined by criteria
related to channel temperature rise, channel power, channel pressure drops,
e.t.c., all of these being characteristics of the static reactor design.
Since most of the static design calculations do not yield directly the co-
efficients FT trial and error procedures have to be used with the present
program which turns out to be quite time consuming. This could be avoided

by developing a program consistent with the underlying model and code, which
would calculate these coefficients on the basis of the pertinent criteria

mentioned above.

Further areas for development of the model are identified with heat transfer
through the fuel cladding-gap and with the plenum chambers. Provisions have
already been made for a more sophisticated treatment of the gap coefficient

as it might become available.

Methods

The approximate nature of the criteria determining the step size for integra-

tion may require special caution in certain cases such as

- during rapid changes in the coolant boundary conditions;

- reactor power near prompt criticality.

Similarily, the nodal representation of the fuel and the treatment of fuel
melting need consideration when temperature dependence of thermal conductiv-
ity of the fuel and fuel melting are of importance. In all of these cases

recourse may be taken to either one or both of the following means:

- increasing the number of nodes;
- limiting the step size to values considerably below the

stability limit.

In either case the associated penalty in computation time has to be con-
sidered and may be severe. To overcome these problems different methods
of treating fuel melting, thermo-hydraulics and point kinetics will have

to be devised. Some available methods [f9,10_7 which feature good numerical
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stability as well as high accuracy were discarded because of the cémplexi-
ties introduced by them. However, there is sufficient incentive to develop

new and efficient methods for treating the problems mentioned above:

- fuel heat transfer;

~ fuel melting;

- coolant thermo-hydraulics;

- integration of point kinetics;

- determination of max. step'size for numerically stable

integration.

At this point it cannot be clear to what extent any such innovation might

be incorporated in the present program.

Program

Experience gained up to date has indicated that computation time will not
be a limiting factor with normal cases. The calculation of a typical trans-
ient arising with a reactor accident as described in APPENDIX @ requires
about one minute computer time on an IBM 360/65 system to cover a range of
interest of about 10 seconds of reactor -time..Systems with a greater number
of nodes will increase computation time accordingly as will be the case
when using slower compﬁters (IBM 7O§4irca.73 minutes; IBM 7074 ca. 12
minutes for the same problem). Computer storage practically does not im-
pose limitations; COMMON and DIMENSION statements are formulated in such

a way as to facilitate adjustments in special cases.
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VI. APPENDICES

APPENDIX A : Notation Equations

The following list of notations is complete only in conjunction with the

lists for input and output given in sections IV.2 and IV. 3.

AEi linear coefficient of thermal expansion ]
ARi heat source density, coefficient for rad. zone- component i
. - . }

distribution (= F, C, M)

AXi heat source density, coefficient for axial ‘section-
distribution »

C; precursor concentrations (i = 1, 2, ... ND)

Cl = 238,89 kcal/MWsec

co1 thermal conductivity of fuel (function)

CP specific heaf (at constant preésure)
CP1 specific.heat of fuel (function)
“CP3 "specific heat of coolant, aveérage over axial section
CPA R IR n , exit of axial section
CPE. , " U " " ,,éntrykof axial sectién
DH hydraulic 'diameter, wetted surface includes cladding + structure
DH2 " ", wetted surface of cladding only
DHL4 " " , wetted surface of structure only
DP (coolant pressure drop in axial section
DX step size, time increment (= I)
ETA ) . . - 2 5
} dynamic viscosity of coolant / kps/m~_/
ETAl
¥FC factor, indicator for flow direction
FLAM .} thermal conductivity of coolant /"kcal/m h °c 7
FLAM1 - B
FQ net area for coolant flow in a radial zone

g 9.81 m/sec% acceleration of gravity



GF
AH

H3

Hos T

H3h
HT
IR

IX

Iv

Ak

AkT

AkK

Ak

AkH

Ak
Ak
Ak
Aks

AkM

K
o

N

NRBD

NRD

NXD

NND

NDD

NYD

PC

PE
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net flow rate per unit area of coolant in channel (= N)
height of axial section

film coefficient of heat transfer between coolant and channel walls

g e e cladding_
" " o " " " " structure
total core height

index, for radial zones

index, for axial sections

argument, mode control of subroutine REXION

argument, " " "  function RCBE

excess reactivity

" n , external, (=T)
" " , feedback (total), (= K)

" " , Doppler effect, ( = D)

" n , change in core radius, ( = R)

" " , change in fuel density, (=F)

" " o, " " clad n . ( = C)
" " . il " ecoolant " i (=8)
" " s " " structure density, (= M)

total steady state feedback (relative value, output)
generalized Nusselt's number

dimension, maximum value for NRB-

" . 1" " " NR
1 . " " 1 NX
" . "o 1" " NN
" , 1 " " ND
1 , 1" " " NY

fraction of total reactor power released in core

coolant pressure at entry of axial section




PI
Pr
PS
P3
Ap
ApT
ApR

ApA

RC.
i

Re

T™M1
TM2

TSB

TwW

UH

VA

VE
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= 3,14 15 927
Prandtl's number
power level for reactor scram
coolant pressure
coolant pressure loss due to entry

" " n due to orifice

" " " due to frietion

" " " due to acceleration
heat source density
feedback coefficient, component i ( = F, C, S, M)
Reynolds number
temperature in component i ( = F, C, M)
coolant temperature, exit of axial section

" " » entry of axial section

i " s average over axial section
fuel temperature
structure temperature in first axial blanket

" " " second axial blanket

temperature of structure in rad. bl. } first flow section

" " outer wall in bypass

channel wall temperature
variable, representing heat of fusion assoc, with a node
hypothetical change of enthalpy during a step of integration
coolant velocity
specific volume of coolant, exit of axial section

" " " n s entry of axial section
volume of component i ( = F, C, M)
total volume of fuel in core

total volume of coolant in core



WA

WE

WI

WA

> >
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enthalpy of coolant, exit of axial section

" " n , entry of axial section

" n " y average over axial section
enthalpy of coolant at channel exit
axial coordinate of core geometry
reciprocal of generalized friction factor
total fraction of delayed neutrons
dynamic viscosity of coolant l_kps/m2_7
thermal conductivity of coolant / kcal/m h °C_7
prompt neutron generation time

density of coolant (= 1./V)
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Equations

Balance of total power:

PC + PBE + PBA + PB = 1.0

PB = % (PB)
IRB

Heat source density in various components:

radial blanket: pin ROM = R2
bypass : inner wall 2.0-WP
q P Cl - PB
BB~ AN.PI.R2.R2M.HT
radial blanket: structure
coolant no source
bypass: outer wall
axial blanket: pin
first blanket
_ P . Cl . PBE . AQR . 1
91 ~ PI - HBE % (AQR-AN) R22
IR
second blanket
_ P . Cl1 . PBA AQR . 1
98 = T PT - HBA L (AQR-AN) Rl

. ~N
axial blanket: structure L
no source

coolant

Core:

_P.cCl.pPC 1
9 T HC/NX §AQ-ZTAQX) - Z(AQR-AN)

SAQ = AQF + AQC + AQS + AQM

fuel:
o = q AQF . AQX - AQR
F~E  p2. pr1

clad:

AQC+AQX - AQR
B

(R22-R12).PI
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coolant:
AQS-AQX-AQR
de = dp*
S E (R32-R2%).PT
structure:

. AQM-AQX°AQR
qM = qE WP-D

Steady State Temperatures

core:
R1°
fuel: TFn___1 = TFn+ qp* Q-NN‘C¢1(TFn) n=1, REEEE N
R1
TFN = TF, = TCl + qr———o——
N % 5> Hep
o Rl R2-R1  _ (R2-R1)°
cladding: TCl = TC2 + ap Th2 *®oarl Y 9 ~2.C92
| m2 (R2°-R1°)
IC2 = T3 + ap* sRzvmss * 9% 2.R2-H23
, D4 1
structure: TM = T3 + Uy TR where H34' = H34 ——ruu
- , e L, Di-H3h
- B.ngi
f 2 2 2
coolant: WA = WE + ZfMX (g 4q s BB, -—3%?32%;—— )
: (R3%- R27) R3"-R2 (R3°-R27)-PI

WI = (WA + WE).O0,5
TA = fT(PA,WA).

T3 = (TA + TE).0,5

first axial blanket (second ax.bl. correspondingly):

R2

pins TFl = T3 + ag) STHFS

oy

structure: TM1 = T3
coolant: WA = WE + 9g; ° HSE'Rgz
(R3°-R27).GF
WI = (WA + WE).0,5
TA =

fT(PA,WA)

T3 = (TA + TE).0,5

[}
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radial blanket 1 R2M

bypass J l2-wp

pin: TFB = T3 + apg* R2M

inner wall: 2.HA

structure: }TSB - 13

outer wall:

coolant: WA = WE + agp HTéRZ.SZM
(R%2°-R2°).GF

WI = (WA + WE).O,5

TA = fT(PA,WA)

T3 = (TA + TE).0,5

Transient Temperatures

Core:
, _ DX I 4. NN [
fuel: TFO = TFO + RFTCPL(TFO LqF + —;Ig
- (TFo-TFl)-cm (TFl)]
DX L .NN [
= _ . . -0.5)+(TF_ . -TF_)-
n L R1
. C¢1(TFn)-(n+O.5)(TFn—TFn+1)~C¢1(TFn+l)]j}
n = l, e e o0 N"l
DX . 4. NN [ SNN-1).
TFN = TFN + m {qF+ Rlz _(2 NN-1)
(TFy_,-TFN)-C@1(TFN)-(TFN-TC1).R1-HGP :]}
. DX A [
: = — <HGP. (TFN-TC1)-
cladding TC1l = TC1 + Zz5 cps ~{ qc+ RN R1.HGP. (

- (TCl-TCZ)-ET%%%¥%T7 -cgzj}-

DX 4 [ _Ra+R1
TC2 = TC2 + Tz eps {qc + Y »[2.(32-121)

.(TCl_Tcz).Cﬁz-(Tcz-TB)'R2-H23:]}
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structure: ™ =
WP
coolant: WA = WA+ DX .V .<qq+ 2- H23 Ra (TC2-T3)4 H2%
R32-R2° P1-(R3"-R2 )
. GF 1
(TM-T3)+ oy (WE-WA) ]
WI = (WA + WE). 0,5
TA = £,,(PA,WA) g
T3 = (TA + TE). O

first axial blanket (second ax.bl. accordingly):

pin: TF1 = TF1 + E%% -{qu- 2£2FS .(TFl-TB)}-
DX HMS
; - DX g « (TM1-T
structure: TML = TM1 + &y 5% ( 3{}
2.HFS.R2 HMS - WP
coolant: WA = WA + DX - V-{ -3;——7?-'(TF1-T3)+ > 5 .
R3“-R2 , PI.(R3“-R2°)
« (TM1-T3)+ ﬁgﬁ (WE-WA)41
WI = (WA + WE)+0,5
TA = f£,(PA,WA)
T3 = (TA + TE)+0,5
radial blanket i =_I WP
bypass [ 2-Rr3-PI
pin . TFB = TFB + 2% J’q 222 (TFB-T3)
) o1 RB™
inner wall
structure L. qyp . oM 4+ 2% - E& (pMB-T3) :}
CV DL
outer wall
.HA*R2 HA-WPM
coolant: WA = WA + DX - V iLiﬂL——— (TFB-T3) + ———5—— -
R3 -R2 PT(R3“-R2°)

+ (TMB-T3) +~—— (WE- WAi}
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WI = (WA + WE).O,5
TA = fT(PA,WA)
T3 = (TA+TE).0,5

Orifices: conservation of enthalpy when passing orifice is assumed.

Plenum Chambers:

zero pressure loss of coolant
zero residence time of coolant in chamber
instantaneous mixing of all entering streams of coolant:

% (FQ.GF.WA
v o L

»E (FQ.GF)

where: FQ = PI-(R32-R2°).AN

Fuel Melting

The basic model‘for treating fuel melting and recrystallization is the

same as in [-1;7, However, the computational technique differs and admits
all possible cases (fuel partially or entirely molten at initial steady
state, partial and/or total melting and/or recrystallization during trans-
ient). Melting point and recrystallization point are assumed to be iden-
tical (TM) as are the values of heat of fusion and heat of recrystallization

(UM, {'kcal/m3_7).

In the calculation a variable U is associated with each fuel node, which

is a record of the latent heat of fusion of this node:

U=0. «.e..... wsolid

U=0UM ........ moiten
O<U<KUM ...... pafti'aliy molten

If in the steady state calculation the temperature of any fuel node TF

is such that

TF> TM U = UM
TF £ T™ U = 0.

During the transient calculation fuel temperatures first are calculated

according to the equations given before. Then a hypothetical enthalpy
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change is calculated:

UH = (TF - T™) . Rg1 - CP1 (TM)

which may be 2 O depending Onfm?z TM. This enthalpy change if added to
U yields a new quantity UN

UN = U + UH

which is subject to decisions on further procedures:

UN<L O J. U = O... the node was solid and remained sdlid, set TF = TF

U> O... the node just solidified entirely, TF = TF+U/(R@1+-CP1(TM))
U = 0.
UN> O J UNS UM ... fuel is partially molten, set TF = TM
‘ ’ U =UN

UND>UM ... U = UM the node was molten, set TF = TF

U < UM the node just melted entirely, set
TF = TF-(UM-U)/(R@1-CP1(TM))
~ U = UM

Fig. Al should help to illustrate this scheme.

{

UH=(T-TM)-R@1-CP1

UN=U+UH
=z
UN 0.
<.
K~
@
=
w2
J]lo
33
_ — UM-U i U
I=TM =T~ Ro1-CPI T=T-Ro1-CPT
U=UN U=UM U=0.

Fig. Al Flow Diagram for Calculations Regarding Fuel Melting
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Film Coefficient of Heat Transfer to Coolant:

from cladding:

).

H23 = ALL + CH2 (GFYALL, FLAM(l-ALZ).CPBALZ).
i Dz (L-AL1) ) ora (ALL-AL2)
(I3+273.16 M
TC2+273.1
from structure:
H34 ALY CHA4 '(GF)ALl.(FLAM(l-AL2)°CP3AL2
s ' Dizk (1-ALT) g (AL1-AL2)

(I3+273.16 )AL3

TM+273.16

- 2~(R32_R22) DHY4 = 4-PI-(R32_R22)
R2 WP

with DH2

FLAM = f, (PA,T3)

ETA = fn (v,T3)

CPA = f (PA,TA)
cp

CP3 = (CPA + CPE).0,5

Hydraulic Model

Pressure Losses:

pressure loss at channel entrance (¢ = 1/V):

= Vl 2 2 9
APE =L(‘?f) —(Vo) _]EE

with: v = 0.
o .
m
. =——=GF
v F
1°¢ a
1
_E = 1,5
q
)
App = 1,5 - -—EQL-E -V /at 7
2+g-10

pressure loss through orifice:




2
GF -
Ap,, = FT ° -V lat_7
T 2g+10

pressure loss in channel due to friction and acceleration

channel length AH = J HT ...... radial blanket

HT ...... bypass

HBE ..... first axial blanket
HBA ..... second " "

HC/NX ... axial section in core

hydraulic diameter:
2

.PI.(R3°-R2°)
DH = yPMyp.PI-R2

wetted perimeter:

WPM = WP ...... radial blanket
2+R3.PI.. bypass

WP ...... first, second ax.bl., core

2
bpp = —=— .[ SR8E -V 4 (VA-VE) ] [at 7
g-10
VA = fV(PA,TA)
V = (VA+VE)-.0,5
Feedback Equations
subscript x = O ... steady state value

L T ... transient value

Doppler feedback:

z - g(ADX-ADR-AN-Rlz'ln (fo+273.16))

T . (ADX). T (ADR-AN-R1%)

D = RCD
X

— 1
F,= 7w & (TF)

core height feedback:
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. 20 C—T-i‘-
H = RCHe g - ﬁ(AN R17+AEF x)

NN. E.(AN-Rlz)

core radius feedback:

] . AEM«TM
R, = RCR- Z -z (AN <’

NN. E (aN)

fuel density feedback:
s . T (AXF-ARF+AN-R1Z.AEF-TF )
1X IR X

F_ = ~RCF 2

cladding density feedback: ‘
Z .z (Axc.ARc~AN.(R22-R12)-AEC.TEX)

X

C_ = =RCC

x z (Axc): % (ARC-AN- (R2°-R12))

TC, = (TClx + Tczx)-o,s

structure density feedback:

. (AXM-ARM-AN-WP.DkAEM.TM_)

M = -RCM -
x T (AXM). z (ARM+AN-WP.D4)

coolant density feedback:

z .z (Axs.ARS-AN-(R}a—Rzz)/Vx)

5 (aXS)- & (ARS.AN. (R3°-R2°))

S_ = =RCS
X

Total steady state feedback:
K =(D +H +R +F +C +S_ + M)
o o o o o o . o o
This total steady state feedback is assumed to be compensated by ex-

ternal reactivity.

Transient feedback

D=D -D = F -F M=M-M
X o X (o] X o
H=H -H C = C =C
X [o] X (o]
R=R -R S =8 -5
X o] X o]
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Total transient feedback

K=(D+H+R+F+C+8S + M)+ RC
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APPENDIX B : Decay Time Constants
Cylindrical Fuel Pin

Taking fuel temperatures relative
edge of the cladding we can write

fuel temperatures as follows:

R¢l-CP1- d TFO = qu + 4-Cgl-NN
ax F 2
R1
dx F 2
R1
pg1.cp1. L TEN o, LeCPL-NN
ax F R12

for Nodal Temperatures in

to the temperature TCl of the inner

the system of equations for the nodal

[

[ (1-0.5)- (28, ) -TF )-(n+0.5). (¥ -TF_ | )]

- (TFo-TFl)]

1, N-1

TFNJ

¢ 0 0oy

R1.HGP

“cgr

Ez-NN-l)-(TFN_l_TFN)-

All parameters except for volumetric heat source qp are assumed to be

invariants for this consideration.

Fictitious subdivisions separate the

cylindrical fuel pin into NN-1 concentric annuli of equal volume, as well

as a central cylinder and an outer most annulus having only half of this

volume. In the case of steady state the temperatures TFl, TF2, ees TF

N-1

represent the volume average temperature of each annulus, respectively.

TFO and TFN represent the temperature at the center axis and on the

surface edge, respectively.

We assume that starting from a steady state equilibrium the heat source

I
drop to the reference level (TFO

vanishes at time x = O. Consequently, all temperatures eventually will

TF = TFN 2 0.). The asymptotic solution

of the temperature transients may be found by means of Laplace transforma-

tion as follows:

2

R1 R@1-CP1 ~. o~ o~
TN ~CPT s « TFO = - (TFO—TFl)
R12 Rgl‘CPl ~ —~ ~ o~
LW Togr C s TF, = (n-0.5)+(TF__ -TF )-(n+0,5)(TF -TIF _,)
n = 1,2000 N‘l

2 — ~ —~ R1+HGP —~

R1 R@1-CPl . -TFN)- - TFN
. TFN = (2.NN-1)+(TF

L.NN © Cgl S ( N-1 cg1

This is a linear and homogeneous system of equations for the temperatures

TFn with all negative Eigenvalues s -

The asymptotic behavior is characterised
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by the'Eigenvalue SN with the smallest magnitude. It is evident that

this Eigenvalue as all others is a function only of three parameters:

R1.HGP 2, R 1. CPl)

5, = SN(NN, —EET——y R1

N

where the last parameter appears as a scaling factor only.

On the other hand the solution of this particular problem may be ob-
tained analytically without discretization /11 /. The Eigenvalue with

the smallest magnitude is given by:

2

R1,“, R@1-CP1
S0 = () ‘gag—l—

where a is the smallest value satisfying the transcendental equation

Jy() B HeP

o * Jo(a) = C¢l

In much the same way as above the Eigenvalue Sep 1S a function of two

parameters:
R1-HGP 2 R@1.CP1
Sq0 = ( Cﬁl » R17 Cﬂl )

Fig. Bl is a plot of the function Sy and s (multiplied by the scaling
HGP

factor Rl2 R éggp ) versus B%ai“'. These were obtained numerically using

a separate program written for this purpose. ‘

As may be expected, the function s is the asymptotic function to Syr @s
‘NN goes to infinity. Thus, for any given set of values for the characteris-

tic parameters one may obtain from this plot

—-~
of ‘the correc

b) the asymptotic behavior of the approximate solution
resulting for NN+1 nodes,

c) the required number of nodes to obtain a predetermined accuracy
in the asymptotic solution for this case

Although vanishing of the heat source in conjunction with the simplifying
assumptions made constitute a rather specific case of transient behavior,
it may be considered typical for fast transients. The simplicity of the

diagram in Fig. Bl renders this a useful tool in selecting a proper mesh

for a variety of pertinent problems.
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Fig. Bl Asymptotic Time Constants for Temperature Decay in Cylindrical Fuel Pin
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APPENDIX C : Predictor-Corrector-Schemes Applied in Solving the

Hydraulics Problem.

The general expression for the pressure drop in a flow channel (index i)
is

Ap; = ApEi + ApTi + ApRi + APAi

1
1 l.5+FTi FRi
= -é- GFi‘ o VE + -é-.-ﬁfg z Avaij_(VAi_VEi)

The first term in parantheses represents entry and orifice losses, the
second term frictional losses and the last term acceleration loss. If one
assumes the specific volume to be constant throughout the channel and

moreover to be the same in all (parallel) channels

E = Vij
one may write the total pressure drop in a simpler form:

1.54+FT. FR,.HT
1 1

1
50  *t3eoA V=% %
1

.V

1
Ap.= EGF?

L

i 2
o,

1

where

J 1.54+FT, FR,-HT
.1_- —_—1 ——
> = 5.0 T 2.+ DH,
. L 1
1

is a generalized coefficient of friction associated with each channel. The

second relevant equation is obtained from the mass balance of the coolant:

______

where

2 .2
FQi = ANi (R3i_Rzi)-PI

a) Steady State Equilibrium

Calculation of flow distribution in parallel channels:

The condition that all Api‘be equal in all parallel channels, together

with the approximate expression for Api and the mass balance yields the
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predictor formula:
%4
OFy = &7 $ (FQ..a.)
i i 7i
With these estimates for the area net flow rates GFi the associated
pressure drops Api may be calculated. A correction formula is obtained
by assuming that the correct pressure drop Apx is related to the correct
net flow rates GF? by
, GF; 2
Ap? = Api' (Ef;

Combination of this relation with the mass balance yields the correction

formula: -
G/ VAp.
GF? = GF, =
;(FQi.GFi/ Api)
1

This correction is applied iteratively until the maximum difference
between any two values Api is less than a specified number DP. When this
condition is satisfied one may compute a pressure drop 35 from the re-

lation:

= . - x. = Q—A_L-.
G = T (GF,+ FQ;) = Z(GFI-FQ;) = 3 (GF, vApi FQ, )

[

as (GF, *FQ. ) °
i i

(cF, .FQ./|ap, )

This pressure drop ZE will be a good approximation of the actual pressure

Ap =

[ S I L

drop between the two plenum chambers.

Calculation of the entry pressure (B.C.2):

From the predictor formula and the approximation for the pressure drop

Api, both given previously in this appendix, we can derive:

Ap =Apz-lv-—G———2.—V—
i € |z (FQ. «.)'
§ Ry oy

For the case of two flow sections connected in series (radial blanket,

axial blankets + core) the corresponding formula is:



b)
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(?(FQi“i))RB+(§(FQiai))AB+C

A good estimate for V is obtained'by taking the average of VE and VA
which in turn are determined by enthalpy and pressure at entrance and
exit. Since the entrance pfessure is not known an iterative procedure
might be applied. This is not done here in the light of the fact that
the expression for Ap is itself only an approximation. This pressure
drop Ap and the given exit pressure Piut are combined to give the entry

pressure pin: '
= pr A
pin Pout * 2P

Using this entry pressure we proceed to compute pressure drops as indica-
ted., Finally, we obtain an exit pressure Pout? ih general, will differ
from the given value P:ut' The difference is used directly and iteratively

for a correction of the entry pressure:

¥ o=p. - (p - pr L)

Pin in out out

until the magnitude of the difference becomes less than a specified number
DP.

Transient Calculations

The dominating requirement of short computing times together with the
experience obtained from applications of this model to many practical
cases have prompted the scheme of deferred correction as regarding the
calculation of transient hydraulics. It implies that all necessary
corrections are deferred to the consecutive step of the integration. The
accuracy of this scheme shall not be discussed here but has been found

satisfactory in all cases.

The correction is carried out in two consecutive parts. The first cor-
rection consists in a proportional change of all area net flow rates

GF. so as to affect the total flow rate of coolant G but not the relative
di;tribution through parallel channels. This correction is applied in
order to meet the boundary conditions across the reactor(prescribed
pressure drop, or prescribed total coolant flow rate)., Thus, for the

latter case of prescribed total coolant flow rate the correction obvious-
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1y is:

g )

GF? = GF. . (
% (GFi.FQi)

whereas in the case of prescribed pressure drop Apx‘the corresponding

formula is:

*x

GFE = aF, - ([AR)
1 1 —_—
Ap

where
2

¥ (GF, -FQ,)
P =|=

I (GF; -FQ,/|ap;

in analogy to the corresponding equation derived for the steady state
calculations. For the case of two flow sections in series the pressure
drop Ap is computed for either section from this formula and added to

give
Ap = Apl + Ap2

The second correction is such that the channel net flow rates GFi are
altered while the total coolant flow rate G remains constant. This cor-
rection is applied in order to achieve equality of pressure drops in
parallel flow paths. It is derived directly from the mass balance

equation and the relation for the correct pressure drop Ap;E given earlier:

GF** - gr¥ . Véﬁ—
i i Api

where
[3 (ar*-FQ.) 12
- 1 1 1

Ap = - J

The logic flow diagrams presented in Fig. Cl1 and Fig. C2 illustrate the

procedures described in thisrappendix.
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Flow Diagram for

Transient Hydraulics Calculations
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APPENDIX D : Other Iterative Procedures Applied in Solving the Steady

State Problem

a) Pressure Drop

ACalculating the pressure drop from the given formuli requires knowledge

of the specific volume of the coolant at the exit of the section under
concern. Since this is a function of pressure (as well as enthalpy) the
following iteration is devised for obtaining the steady state solution:

' 2
(GF) FR+AH . 4
DP = =52 *9 3-7R (1.+ 0.5 - € ) + e >VE

&

PA = PE - DP
TA = fT(PA,‘WA)

VA = fV(PA,TA)

e = VA - VE
v VE
The starting guess for €, is zero; the termination criterion is on the

magnitude of the difference between two consecutive values of ev being

smaller than a prescribed quantity EV..In the transient calculation the

. specific volume at' the exit of the section is taken from the preceeding

b)

time step.
Heat Transfer and Channel Wall Temperatures

Determining the channel wall temperatures TC2 (cladding) and TM (struce
ture) from the equations given in APPENDIX A requires another iterative
procedure since the film coefficient itself is a function of the wall
temperature. For the temperature TM of the structure we have:

AL3

o 1
H34 o (——=————) + ALL4

1+ CT

H3k4

it

1
1, DL-H3h
3 .Cgh

I3 + qy - 52%7

H34! H34 .

™

_ ™ - T3
T T T3 ¥ 273.16
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Initialization and termination are done similarily as in case a) using

the prescribed quantities ETC and ETM respectively for the wall tempera-
ture of cladding and structure. For the transient cal&ulation the values
of these two temperatures from the preceeding step are taken to calculate

the film coefficients.
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APPENDIX E : Stagnation and Reversal of Flow

Although there is only one minor modification required to adjust the model
for accommodating flow reversal the numerical methods are affected extensive-
ly. The adjustment in the model concerns the shift in location of the entry
pressure loss with flow reversal. This applies to both the radial blanket
flow section as well as the core flow section. Thus, reversed flow ex-
periences pressure losses from entry, friction and orificing, in this

order.

Many of the numerical procedures used in similar context elsewhere are not
suited for the treatment of flow reversal as they are numerically uastable
at reversed flow direction. Also, it appears desirable to maintain the orig-
inal sequence in which the calculation computes enthalpies and pressures,
the sequence thus being independent of the direction of flow. This sequence
was chosen to coincide with the initial direction of flow which was also
used as a basis for the nomenclature and sequence of the various flow
sections in series (entrance plenum chambers - rad. bl. - intermediary
plenum chamber - first ax. bl. - core - second ax. bl. - exit plenum
chamber). For both of these reasons - stability and simplicity - the method

selected here is well suited.
a) Hydraulics

Aside from the adjustment for shift in location of entry losses there
is no significant change required in the hydraulics-model and -calcula-
tion in the program. Reversed flow is indicated by a negative coolant
flow rate. All other pressure losses (friction, acceleration) may be
computed by the original formuli if the change in sign is accounted

for by a factor FC = £ 1 as in the following example.

2
Ap = 1 -Nn., = FCo(GF) FM V. + (V =V.)

i - Pia17Py 2g L 2-DH i T Yi+lT i’
where

FC = { + 1 for normal flow

- 1 for reversed flow

and i,i+1 refers to two consecutive axial nodes along the flow path the
order of which does not change with change of flow direction. In case
of stagnation of flow(G = GFi = O)all pressure drops Api would also

vanish. Hence, a fictitious and very small flow rate must be maintained




b)

c)
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(10-8 kg/sec) in order to avoid deviding by zero in the correction
formuli given in APPENDIX C,

Thermodynamics

Flow reversal does not affect the equations for enthalpy balance in the
coolant if WE and WA stands for the coolaﬁt enthalpy entering and
leaving the node, respectively, and irrespective of flow direction. The
schematic diagram in Fig. E1l shows how the nodal enthalpies are inter-
related. A node entered by one arrow only indicates, that this enthalpy
is transferred directly from one node to the other. If such a connection
occurs between two nodes at different times (tj and tj+1)this is equi~
valent to a transport delay of the length of the time increment I. It
can be seen from this figure that there is in effect such a transport
delay applied between all neighbouring nodes, including the nodes re-
presenting the plenum chambers®’. In as much as the step size of the
integration approaches the transport time AtT this method will account

for the actual transport effects (see APPENDIX H).
Eoundafy Conditions

When’usingkprogram REX, flow reversal is achieved by appropriate choice
of the boundary conditions. With B.C.1l. flow reversal occurs when the
specified exit pressure exceeds the entry pressure, which is also speci-
fied. In the case of B.C.2 and B.C.3 flow reversal occurs ﬁhen the total
coolant flow rate G becomes negative. The present version of the main
program REX is such that for all three cases the enthalpy of the coolant
entering the reactor under conditions of reversed flow is constant and
equal to the value at this point (exit plenum chamber) just before flow
reversal. Thus, the enthalpy values specified in data block 2 become

irrelevant in case of flow reversal.

+)

To be quite exact at this point the prior assumption of zero residence
time of the coolant in the plenum chambers must be corrected to state
that a delay of a length I is included, which in general however will
be small and may be neglected relative to actual residence times.
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APPENDIX ¥ : Integration of the Point Kinetics Equations

Equations:

- dledeolr oD

%=4T'f51'P—/\afi L= 42, ND

sk = ok, +ak, [ P-units | :
Substitutions:

\& = /\l;'(:l

A
fi’“%‘
onf

Yield:

L o [(ak-1) P+ LY

-i{—i =‘—)\;-[P -Y; :l

The basic assumption facilitating efficient integration by a‘semi-analytic
method is that changes in the variables Yi may be neglected relative to

the change in P during a short time interval. Furthermore, the reactivity
also is to remain constant during this interval. We introduce the following
two quantities

L o (ak, - 1)

T,

S, wjj-pm,

where the subscript O refers to (known) values at the beginning of an inter-

val At over which we want to integrate. With this we now can write:

- wlres
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which under the assumption made above can be integrated to give

at
P = (Po +So)'e_{:: "‘So

Integrating again yields the energy release:

4 a
AE = [Pdt = (P +S,) T (€™ - 1) - S, at
and

E=FE,+aE

The variables Yi corresponding to the concentration of the precursors are

obtained from integration of the corresponding equations:

Y. = Ya."‘X;[AE - Yao'At]

Assuming equilibrium at the power level Po as the initial condition, the

starting values of all variables have to be:
E%:= 0 So==4i
.:::—(,,) Y10=R
E,=0

Although the scheme is complete at this point two special cases shall be

LY
TO

considered:
a) Prompt Criticality

Condition:

Llcag

If this inequality is satisfied for an appropriate value of €

1 it is
acceptable to approximate the exponential function by the first two

terms of its Taylor expansion:

P=(R+S)(1+45)-s, =P(1+4) 54

For sufficiently small values of el( = lO-b) we may simplify further and

write:

at
P=F+5&%
For the energy increment AE we get in the same manner:
- _ o (AL + BLf ) =S At = A Aty
AE = (R+s)T(4 + (@) 7)-Soat = (P +So %)t
The inequality above may be rewritten as:

s 0
AR R
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which normally will be satisfied only when the excess reactivity Ako is

very nearly equal to unity (one dollar) (prompt criticality).

b) Prompt Jump Approximation

Condition:
t .~ :
4%: €, <0
If this condition is satis_fied for sufficiently large values of €,
(e.g.-18.4) it is acceptable to neglect the experimental function relative

to unity. Thus we get:
P=-5,
AE=-(P.+5,) T, =Soat = BT, + S, (T, - ab)
=[-R-S,. (1+4&)] =
The inequality above may be rewritten as:
ak, € 1- 24

which is satisfied whenever the reactor is sufficiently below prompt

critical. The approximate solution .obtained in this case is equivalent

to the well-known prompt jump approximation.

Note, that both inequalities given under a) and b) depend on the step size
At of the integration. The flow chart given in Fig. Fl illustrates the

integration scheme described above.
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S
E
O
2
at
¢=(¢o+ o).eth = So
| at
2 E=(O Se 54 )at || aE=-7[0+5,(1+4L)] | |aE=[dsrs.) (T~ 1)-5;at
3
E=E,+aE
Y, = Yig* Air (aE-¥, at)
2 = if«‘Yi

Fig. F1 Flow Diagram of the Integration Scheme for Point Kinetics
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APPENDIX G : Sample for Calculating Feedback Parameters from Results of

Perturbation Calculations

The example given below is based on feedback models employed by the FORE-

code /71 /7 and also by / 12 /. These models are slightly modified and

restricted to space dependencé in axial direction only. Consequently, the

radial distribution coefficients ARD, ARF, ARC, ARS, ARM ‘are insignificant

and may be assigned arbitrary values (# 0). Axial subdivisions are intro-

duced at equal intervals along the vertical axis of the core.

A set of basic reactivity coefficients is assumed to be available, for

instance, from one dimensional perturbation calculations for the particular

case of interest:

B
R/32)
S5
(o),

f3

rel. change in reactivity resulting from a relative
change in density of material n (= F,C,S,M) in axial

section IX,

relative change in reactivity resulting from a relative

change in core height HC,

relative change in reactivity resulting from a relative

change in core radius R,

change in reactivity resulting from a change in fuel
temperature TF by 1 °K in axial section IX due to the
Doppler effect (Doppler coefficient)(fuel reference
temperature 900 °K)

fraction of delayed neutrons

Additional parameters appearing in the following equations are

a‘s..ll‘
R3S _

volume fraction of coolant per axial channel section

Rp°

R3° 4+ WP+DL/PI

B ve....volume fraction of spacers per axial channel section

1

: 1
82......

" " subassembly cans per axial channel section
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Before presenting the formuli special mention shall be made of some of
the mechanisms and associated assumptions (indexing code refers to sub-

sequent paragraphs):

a 3))b 1))d 1) : the effective density of each of the components: fuel,
clad and structure is not changed by the radial ex-

pansion of the respective component;

d 2))d 3))d L) : radial expansion of the core in any point is assumed to
be a linear function of the local structural temperature

alone.

a) Fuel Temperature Effects

a 1) Doppler effect:
AXD = 6DkaTF)m vees.. axial distribution coefficients
(unnormalized)

RCD = %%QEZ(AXFO  e<.... Doppler constant, g-units,
X

a 2) Change in core height due to axial expansion of fuel:

Rci= (B /3)

a 3) Change in effective fuel density due to axial expansion of fuel:
_ (ok / 7)F)~
AXF = (S< ?9 "
4
RCF = 7 3 (AXF)
b) Cladding Temperature Effects
b 1) Change in effective cladding density due to axial expansion of
cladding:
_ (ok (Dc>
AXC = (555,
b 2) Change in effective coolant density due to radial expansion of cladding:

LI _ 1=y~ (B+6,)
_(Ok /00 Tes /A= (TOk [70R), 2-AEF s

Total:

AXC = AXC, + AXC,

RCC = -3 (AXC)

1
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¢) Coolant Density Effect:

ok {
AXS = (5 22) <

RCS = T-;&xs)

d) Structure Temperature Effects

d 1) Change in effective structure density due to axial expansion of

structure:

AXM g =(i [20gm)
K Sk ‘
d 2) Change in effective fuel density due to radial expansion of

(supporting) structure

4% [dm . .
AXMz_’(Dk SF %édﬂj —-(Dk /CDQP) —ZA?}E‘—H =((Dkk /(D;r-) 2

d 3) Change in effectlve cladding density due to radial expansion of

(supporting) structure

dee /| .
‘AXM3=(%‘— i@)_ﬁé ;;’ (Bkk /fa@> —ieﬁ«w _ (Dkk /_gg) 9

d 4) Change in effective coolant density due to radial expan51on of

(supporting) structure

AXMH @/?Qs) Qs /&TH =(®kt< (Dg;) MM _(’Dk 35 o¢5 ,))

dg— Jd™ s/~ AEM

d 5) Change in effective coolant density due to,expan51on of structure

(spacers and subassembly cans)

d™ 30, +26,
AXIVIJ5 ( 'D‘?s / <@k ‘DQ;) AEf}AEM _{Dk ’DQs )\ 36,t 20,

R 4%/ d™ s %s

Total: AYM = Z AXM,

=

RCM = == AXM
X

d 6) Change in core radius due to radial expansion of structure

Rek - & (3] %)
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APPENDIX H : Determination of Integration Step Size, Numerical Stability

of Integration of the Thermo-Hydraulic Equations

a) Estimation of the Maximum Stable Step Size for Integration of the

Thermo-Hydraulic Equations

Numerical instabilities occurring during integration by nodal approxima-
tion of problems of heat transfer and heat transport impose a dominating
limitation on the step size of integration. With the nodes fixed at
their spatial coordinates there is a maximum stable step size for the
integration which depends on both the physical parameters involved as
well as the particular method of discretization and mesh spacing. A
classic approach to determine the maximum stable step size is the one

of small perturbations which in general leads to an Eigenvalue problem.
Computer storage requirements-and- considerations of computing speed
preclude such an approach in most practical cases. To achieve the same
purpose a much simpler technique is employed here which yields a con-
servative (too small) maximum step size granting numerical stability

of the integration. A certain amount of flexibility is maintained by
multiplying this step size estimate by a given constant coefficient EST
before applying it to the integration. Furthermore, re-evaluation of the
maximum stable step size may berrestricted to every NTE'th step during
the integration and keeping it umaltered for all the steps in between.
This facilitates savings in computing time for step size determination in
case of slowly varying transients. If the maximum stable step size (MSS)
comes out to be smaller than the current step size, the latter will be
halved until it in turn is smaller than MSS. If MSS is larger than
twice the current step size the latter may be doubled for the following
step of the integration if other tests are satisfied. These tests are

listed under b) in this appendix.

The perturbation method consists of introducing small perturbances si in
all variables of the pertinent system of equations. These must not grow
for any of the variables from any ene step to the next in order for the
system to be stable. Since we require the true solution to hold along
with the perturbation solution we may subtract the(unpertubed) original
system of equations from the perturbed one. In the case of a linear
system - as we are dealing with - the remaining equations on the right
hand side are linear and homogeneous in the perturbations €. which

were introduced at the beginning of the step. The components of the left

hand vector are the perturbations 8? at the end of the step.
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Application of this scheme to the pertinent equations for transient
temperatures in all components of one axial section (see APPENDIX A)

we get the following system of equations:

& = & (41— ab-o) + 64 -oy

& = g, ot o, + 6 (- At 0p) +E4 AL 0a
.*

‘*

& = Eg-rAboly 5 +E 5 (1- at otyy)

where all of the coefficients a; ; are positive. Note, that some of
9
these coefficients are functions of time as they contain temperature

dependent fuel properties, coolant net flow rate and film coefficients.

Instead of solving the Eigenvalue-problem associated with the require-

ment of decreasing perturbations we apply a criterion of the form [_13_7:

J
L1Aul < j=42,...3

where Aji are the elements of the coefficient matrix in the system of
equations above. Guarding against numerical instabilities of oscillatory
nature this criterion yields a conservative estimate for the maximum

stable step size in the following manner:

J
; ] AJI' = AtJQZJJJq + (—{ -{-—A{J (x“) + A‘h _0{,")‘-{ — 4

In view of the last equation not all Atj need to be evaluated since
certain ones always are larger than certain other ones by nature of
the expressions from which they are computed. For instance, this is
the case for the fuel nodes in any particular axial section, where only

the surface node (TFN) needs to be considered here.

With regard to the equations for the coolant it is convenient to replace

the enthalpy perturbations by temperature perturbations using the re-
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lations:

€

i}

WA CPA - Emp

€pz = 0.5 * €my

The last equation follows from the assumption of a linear profile for

the coolant temperature over anyone axial section.

Aﬁplying the equation for Atj to our particular system we get the

following set of equations (core):

fuel edge:

2
At = R4l . CP1 . Rl

17 4NN [(2.NN-1).CP1+R1-HGP]

cladding, inner edge:
_ ___Rp2.CP2: (Rp%-R1°)
2 (R2+R1) &
. [ R1L.HGP .Cg2
vl R 2+ (R2-R1) 7 ]

cladding, outer edge:

At

___Rg2.CP2.(R2%-R12)
3 - (R2+R1) .
4'['§?T§§:§T> C@2+R2.H23 ]

At

coolant:
At1+ = 2 1
2+H2%.R2 H3k. WP GF v
2 5. " 7 2, " AE |°
| CP3-(R3“-R2°) CP3.PI.(R3“-R27)
structure:

RgL.CPL« Dk
At5 = —EL—TFQ?_—_

2D

Corresponding equations are obtained for blankets and bypasses. The

proposed step size then is obtained from

At = EST « MIN (Atj)

The last term in parentheses of the denominator in the expression for
At4 is the reciprocal of the transport time AtT of the coolant through

the distance AH. In cases where this term dominates the maximum stable




b)

c)
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step size is approximately twice the transport time AtT:

AtM =2 AtT

Step Size Limitations from Relative Changes of Total Power

Another criterion for the selection of the step size is applied in con-
junction with the relative thange in total power:

Pn+1-Pn

P
n

AP =

where the subscript refers to successive instances in time.

If AP > AP the step size is halved and integration of the point

Max
kinetics equations is repeated until AP <K APy

If AP < APMin the step size may be doubled for the consecutive step.

The values for APMax and APMin are chosen from experience to be in the
order of about 0.1 to 0.01.

Further Limitations

Finally, arbitrary limits may be set for the maximum and minimum value
of the step size (XIX, XIN). If a step size smaller than XIN is required
by either criterion given under a) and b) the computation is terminated.

If a step size larger than XIX is permissible, the computation will

‘continue using the most recent step size just below this upper limit.

If, for the first step of integration, the stability criterion results

in a sfepﬂéiig iéféér than the upper limit XIX, then this value (XIX)

will be taken as the size of the initial step of integration.
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APPENDIX I: Flow Diagrams

The subsequent flow diagrams cover all routines on levels 1,2, and 3 as well
as the reactivity function RCBE. Conventional symbols are employed to a large
extent. Unconventional symbols are explained as follows:

{R READ statement
(w WRITE statement
(Rhl READ & WRITE statement

£ A if: X 0 ..... go to A IF statement
x X 0 ..... g0 to B
‘B
B= 4 A .
if: IB=1 ..... go to A computed GO TO statement

i . IB=2 ,.... go to B

3 IB=3 ..... go to C

[ e O]

AN

r —————— 1 DO statement; loop index goes from 1 to N.

: { For 81mp11c1ty, the loop index is omitted inside the loop.
t

——— Examples: T(,,NN) corresponds to T(IX,IR,NN)
: WIP(IX1l,) corresponds to WI¢(IX1,IR)
S corresponds to S(IX,IR)

Variable names in the flow diagrams are the same as in the actual
routines and may differ from the names used elsewhere in this report.

Vertical dashed lines appearing in the flow diagram of subroutine STS
signify iterative procedures as described in APPENDICES C and D.
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NC.» NGH




- 86 -

N

2 [xx=cga(..., )
XX=CPi(..., 4)

, [|NREAp=5
1X= NWRIT = 6 RIW IPT= 4 [cALL PREP (4)
NA= 4 PT IPT o
N2=20 $ >
2
Y error
3

()

b ISTS =iX~4
CALL PREP(U4+ N4+ N2)

5 X=0.

— | NTEC=O -
NC =0

é CALL POWER (... 2}

ey

CALL STS (...,1STS)

PXMAX = PXMAX]
CALL STEPC ( PXMAX)

Tb}

CALL POWER (..., 1)

Y lcauL PREP (2)
N2 =4

TD\

CALL PREP (3)

§_(RIWNTE NaHAX XMAX,

7 DXMIN, PXMAXL APHIN APH,

2
DX =PXMAX ‘@
ppx = PX
PL = PX /RET
_fw X, PX PX,EX, RC, PEX, |lcaLL outPur] - RET
PAX, WEX, WAKX, 6X
Y& | w=0 RET
NC=NC#d
Px=ppxX
X=X+ X

NTEC=NTEC+NTE
-NTE 2 | pxmax=pxraxt |1 P DDX=DX- QS
CALL STEPC (PXMAX)

I\

CALL POWER (. Y 3}
Ap=\(PL-PX)/PL )

CALL TRS

PL= PX

Fig.I2: Flow Diagram for Subroutine REXION

RET
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Fig.15:  Flow Diagram jor Subroutine TRS
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APPENDIX J : Subroutine REXION: Description and Instructions for Use

The program described in this report can be used without the mainprogram

REX by simply calling the subroutine REXION. The calling program must

provide information specifying time dependent coolant boundary conditions

et.c. The following rules should be observed:

The subroutine is called by:

CALL REXION (X, DX, P, E, G, PEX, PAX, WEX, WAX, IX)

The last argument in the list IX is used both as a parameter controlling

the mode of operation of the subroutine as well as an error indicator.

Calling the subroutine with different values for IX indicates the following

operations:

IX

IX

iX

IX

iX

IX

i

1 o e 0

2 LI

3 ees

L o...

reading of all data required by the subroutine; these data are the
ones designated SYSTEMS DATA constituting subblocks 1-8 as de-
scribed in Chapter IV.2. A replica of this input is printed as

first part of the output.

calculation of the initial steady state solution, boundary

condition B.C.1

calculation of the initial steady state solution, boundary

condition B.C.2

calculation of the initial steady state solution, boundary

condition B.C.3

output of all system variables, pertaining to time X, as de-

scribed in Chapter IV.3

integration of the transient problem over one step of length
DX. The step length is determined internally from considerations

presented in APPENDIX H.

After calling the subroutine with IX = 6)one out of three possible returns

is made to the calling program:

IX

IX

6 ...

O....

(value unchanged) successful completion of the step of inte-

gration

successful completion of the transient problem (internal termina-

tion criterion satisfied)
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IX = -1 .... integration not successful, step size required for stable
and accurate integration is smaller than permitted minimum

value XIN.

The remaining arguments in the list of the subroutine are explained in the
input description, Chapter IV.Z2, and\the list of notations, APPENDIX A.
Which of these are input (I) and which are output (@) depends on the

operational mode and is described in the following table:

IX X DX P E G PEX PAX WEX WAX Comment

> g g3 1 4 1 1 g 1 g B.C.1 |

3 ¢<1) ¢(3) T Q(l) T ) I 1 g B.C.2 » steady
state

w6 g3 1 g1 1 g 1 g B.C.3 |

6(2) ¢(2) ¢(4) g @ o] I I/¢(5) I @ B.C.1 |

(3) ¢(2) ¢(4) g @ I ] I I [ B.C.2 p transient
(2) (&)

(h)| o

(1) ... quantity is set equal to zero
(2) ... time at the end of last step of integration

(3) ... is set equal to the maximum step size for stable integration as
calculated from initial steady state conditions - or to the

maximum permissible step size XIX - which ever is smaller
(L) ... step size used for the last step of integration

(5) ... when calling the subroutine this argument has to be equal to the
difference Ap of the current exit pressure and its initial value:
Ap = P _-P . Upon return this argument will be set equal to

ex ~ex,o0
the acutal current exit pressure PAX.

None of the parameters listed with § in the last three lines (IX = 6) must
be altered in the calling program during integration of anyone transient
problem. Also, it should be noted that all arguments listed with I in the

last three lines are evaluated at time X, at the beginning of the step

j=1
whereas the remaining arguments listed with @ refer to the time ijxj_l+DX.
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The flow diagram in Fig. 31 gives an example for the integrated use of
subroutine REXION. This flow diagram is essentially identical with the

one of the main routine REX.

4

X=1

CALL REXION
(I

READ initial power PO

READ time dep. coolant boundary cond.
READ parameters for output frequency control

Initial steady state solution: insert init. values of power and
boundary values of coolant into list of arguments
IX = 23,4, (depending on B.C.)
CALL REXION

N |
Output:
IX=5
CALL REXION

et —

r A
Transient solution : insert boundary values
of coolant for current value of time X
IX=6
CALL REXION

'step size too small|
1 (error ?)
next probl.
or end
no —
‘ yes
P

Fig. Jl Sample Flow Diagram for Application of Subroutine REXION
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APPENDIX K : Functions C@l and CP1

The functions C@¥l and CPl are to compute the temperature dependent thermal
conductivity and specific heat of the fuel. Both of these two functions

have three arguments:

cg1l (T, IR, IC)
cP1 (T, IR, IC)

where T ... temperature of the fuel
IR .. index of the radial of the second flow section

IC .. parameter for mode control: {: 1 ... input, preparation

2 ... calculation

If input data are required for either of the two functions, they may

be supplied in subblock 2 of the SYSTEM DATA. If data card 17 is inserted
then each of the two functions is called just once, in the order C@l and
CPl, with IC = 1. Thus, the required data cards must follow directly after
card 17, such as card 18 and 19 shown in Chapter IV.2. For the routine
calculation of the functional values the functions are called with IC = 2.
If neither function C@l nor CPl require input the corresponding data cards

17, 18, 19 may be omitted and the parameter IC may be ignored.

The second argument IR may be significant in the case that fuel with

different thermal properties in different radial core zones is specified.

Second order polynomials are used at present for both functions:

T =g +« T ~-Db

(Ck1 + T®.(CK2 + T®.CK3)):CKO

Q

®
|
"

cP1 = (CCl + T®.(cc2 + T*.cC3))-cco

U

With a = 1.8 and b = 38.0 the transformation from T to T corresponds to
a transformation from °C to °F with a reference temperature of 70 °F

(£ 21 °C). The coefficients CKO and CCO may be used for converting to
different units (see /71 /).
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APPENDIX L : Function RCBE

The function RCBE is to compute the external excess reactivity as a function
of time and the total reactor power. The latter variable is included for
providing the possibility of scram functions initiated by power level signals.
If other system variables are to be used in controlling the reactor by ex-
ternal excess reactivity appropriate adjustments must be made in the present

version of the program (CALL-statements).
The function is called by:
RCBE (X, P, IC)

where
X ... time (sec)
P ... total reactor power (MW)
IC .. mode control parameter =1 ... input
=2 ... steady state

= 3% ... transient

If input data to this routine are required they may be supplied in subblock 3
of SYSTEM DATA (when the function RCBE is called once with IC = 1) directly
after reading of the delayed neutron parameters. Thus, eventual data cards

(cards numbered 23) must follow right after the last card numbered 22.

For calculating the steady state solution the function RCBE is called once
with IC = 2 and with the second argument P equal to the initial power level
PO. Preparatory calculations involving PO can be carried out during this
step (e.g. setting of a scram level relative to the initial power). Upon
returning the function should be set equal to zero, as the initial excess

reactivity is equal to zero as required by the equilibrium condition.

Calls of RCBE with IC = 3 are the standard type in the transient case and
are to give external excess reactivity as a function of the arguments:
time (X) and power (P). It is essential for this mode of the routine that
it may be called with decreasing values for X. This is the case when the
step size has to be halved as a resul

maximum relative power change.

Description of the present version of RCBE

The present version of RCBE is intended specifically to supply excess

reactivity as a function of time in case of a reactor scram. Three different
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ways of specifying such functions are offered. One of them employs linear
interpolation between points in the Akext/t—plane and thus it also is
suited to represent quite general functions not necessarily relating to

an emergency shut down.
a) Mode 1:

The external excess reactivity remains zero at all times

b) Mode 2:

The external excess reactivity as a function of rod position is described
by straight lines interconnecting points in the AkT/Z—plane. This function

must be given in a normalized form (Akz/zx) where

3*
Akp = Akp/RT

*

z Z/HR

Thus, the last point in the Ak;/Zx-plane should be (1,1) which corresponds
to the total external excess reactivity RT being inserted at the end position
HR of the rods. The first point should have the coordinates (0,0) since

zero excess reactivity is required for the initial equilibrium.
Scram action is triggered by the power reaching the excess level PS given by
PS = PO * SCR

After this instant in time (XS) rod motion sets in with a time delay TD.
Assuming constant acceleration by a multiple AF of the earths gravity g

the rod position Z is obtained from:
7z = xM% - (g « AF)

where:
XM = X - (XS + TD).

Furthermore, it may be assumed that fraction FB of all rods starts its

a
motion from the edge of the reactor (Z = O.) whereas the remaining rods
(1.-FB) start at 2 = HB (in particular: edge of core of axial blanket). The
total reactivity is divided proportionately; the initial value of Akext

being zero the value at the final rod position becomes

= RT - RT.(1-FB)«Ak

ARy final T(Z = HB)
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¢) Mode 3

Scram triggering and rod delay are treated the same way as in mode 2. How-
ever, in this mode the external excess reactivity may be specified directly
as a function of time after start of the rod motion:

AkT = AkT (xM)

d) Mode 4

Scram triggering as well as rod delay and rod motion are treated the same
way as in mode 2. However, in this mode the spatial distribution of the ex-
ternal excess reactivity over the axial direction Z of the reactor (height
HT) follows & cosa—law. Note that the distance of total rod travel HR must
be less than or equal to HT. Thus, the unnormalized function Ak, is ob-

T
tained by direct integration:

Ak =%[——2'Z -1—'sin(PIZ.Z):l

T HT PI HT

If a fraction (1. - FB) of all rods starts from a point Z = HB the excess

reactivity at the end position will no longer be RT but will be

= RT-RT.(1.0-FB).Ak

Akp £inal (7 = HB)



Input description

card name format units comments restrictions
‘_"‘_"‘—“_ﬂ

23/1 Iv 17 - mode parameter 1, 2, 3, &4
No other card is required if IV = 1. If IV = 2 or IV = L4 the next card is 23/2:
2%/2 HR E 11.4 m total distance of travel for rod fraction FB

HB " m Z = HB is starting position for rod fraction (1.0-FB)

RT " g total reactivity inserted when all rods at end position

(only if FB = 1.0)

FB " - fraction of rods starting from Z = O. (remainder from Z=HB)

TD " sec time delay between power level trip and start of rod motion.

AF " - AF.g is acceleration for rod motion
23/3 SCR E 11l.4 - PS = PO-SCR is power lewel at which scram is triggered

N 17 - number of points in { Ak*/Z¥-plane (IV = 2) € (NYD)

Ak /XM-plane (IV = 3)
23/4 E 114 |- | sec coordinates of first point ) this card is to be repeated =.0
" -

. 4 as required by parameter N

X " - | sec " " second M & on card 23/3 (maximum

Y " -1 g number of cards is 17%)

" - |sec " " third 1"

Y 1] - ’g )
23/5 SCR E 11.4 - PS = PO.SCR is power level at which scram is triggered

HT " m length of half wave for cosa—distribution of reactivity

over Z-coordinate (in particular: total reactor height)

-66-
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The input cards must be arranged according to the following table.

mode IV = 1 2 3 L
23/1 23/1 23/1 23/1
23/2 23/2
23/3 23/3
23/h 23/k 23/h
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APPENDIX M : Subroutines and Functions Concerning Coolant Properties:
TPEl, HDV, FLAM1l, ETAl

Calculations concerning heat transfer to the coolant as well as coolant
pressure drop require certain variables, the functional relationships of

which are derived from the equations of state of the coolant medium:

T = fT(PB, WI) «v.... temperature /% 7
CP= £,,(P3, WI) ..... specific heat /"kcal/kg °C_7
“n°/kg_7

A= f, (P3, T) ..... thermal conductivity /"kcal/m h °C_7

™~

V= fy (P3, T) ..... specific volume

n o= fTl (v, ) ceese dynamic viscosity Z_kps/m2_7

It is convenient to combine the computation of T and CP since

COWI
DT

CP =
P3£const

With this the following subprograms are introduced

SUBROUTINE TPEl (P3, WI, T, CP)
FUNCTION HDV (P3, T)
FUNCTION FLAM1 (P3, T)
FUNCTION ETA1l (v, T)

A particular set of these functions is described below which pertains to
superheated steam. In other cases where the coolant may be approximated

by an ideal gas the pertinent relations are quite simple:

T= a+ b « WI

CP = 1/b

_— C.(T—27§.l6)
P3

In the case of an incompressible coolant (e.g. liqu. sodium) the last

equation can be simplified to:

V = const.
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If - as in the case of liquid sodium -~ the film coefficient of heat
transfer to the coolant is approximately an invariant the values of A
and 1 are irrelevant and the corresponding functions may consist of

simple statements such as

FLAML
ETAL

Functions for Superheated Steam

The present analysis puts a premium on computational speed. In contrast
to this the development of subprograms for state variables of superheated
steam has been guided up to now by considerations of accuracy and range
of applicability of a single expression. Using such conventional sub-
programs / 6 / it turned out that about 75 % of the computer time needed

for a typical transient problem was used by these subprograms alone. Con-

sequently, a new set of subprograms was developed using simpler and faster

methods yet having sufficient accuracy for transient problems in concern.
The most severe restriction lies with the range of applicability. Using
techniques indicated below one may choose position and size of this range
with accuracy being a function primarily of the latter. In order to
guarantee accuracies better than 1 - 3 % it is necessary to limit the

range to pressures between 50 and 200 at.

The technique adopted for generating efficient representations of the

functions f fk was least squares fitting of polynomials of varying

e Ty

order-in two variables. The functions of 1-6_7 were used as reference. In-

this manner the following expressions were used for the approximation of

fT:

To= aN'WIN+aN+1‘WIN+1+ e aN+MW1N+M

ay, = aN,K'P3K+aN,K+1'P3K+l+ . aN,K+L.P3K+L,
where

i =0,1,2, «e.. M

r‘I,K = -3, -2, o0 00 +2, +3

M,L-"—'—O, 1, s s 0000 5, 6
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The choice of a suitable set of parameters N, M, K, L for the range and
order of the polynomials was based on the magnitude of the residue as well
as on the magnitude of M and L, i.e. if two apprdximations had residues

of comparable magnitude the favored choice was the polynomial of lower
order. The fitting procedure was carried out in two successive steps,

first fitting the function at discrete values of one argument (e.g. pressure

P}){ The coefficients a which are obtained from these fits are functions

, n(P3) .
of the pressure P3 known only at a number of discrete points and may be
fitted in turn by polynomials in this variable. The specific heat CP can
be obtained analytically by differentiation of the polynomial with respect

to enthalpy WI and taking the reciprocal.

Corresponding procedures were employed for fitting the other tworfunctions

fV and fk .

Extension of the range of applicability to higher enthalpies and temperatures
(within the same range of pressure: 50 - 200 at) is possible by taking the
following approach (ideal gas):

for WI > 900 kcal/kg
Wl - 900
CP

use T = T(WI=9OO)+
(WI=900)

The corresponding relations for specific volume and:thermal conductivity

are:

for T >» 700

T-700

V(T=7OO)+ -—53——-— hd 0.0051

- use V =

4

and FLAM = FLAM )+(T-7oo)-1.2-1o‘

(T=700
No least square fitting procedure was necessary with the function fﬂ since
an analytic expression was already available [-6_7for approximation of this
function in a range very nearly identical with the one required in this

program.
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APPENDIX N : Function ZEIT

With most computer facilities the user has access to the computer clock

by way of a subprogram. If this is the case it may be used with the present
program to monitor computation time as well as for problem termination. To
this purpose the input parameter CLM specifies the maximum computation

time allotted to a transient problem. The units of CLM must be the same as
the ones used by the clock. In order to avoid excessive time consumption
the frequency of clock interrogation may be restricted to every NCL'th

step of the integration.

By definition the function ZEIT (CLO) must yield the computer clock

reading CL minus the current value of the argument CLO
ZEIT = CL - CLO

If the computation time for any one transient problem in a job exceeds
its allotted time CLM, this problem is terminated, a comment is printed
out (C@MPUTING TIME C@NSUMED) and the next problem is started.

If no clock-subprogram is available a dummy function should be supplied,
which returns a constant value to the calling program. In this case the

parameter CLM is irrelevant.

The function ZEIT is called by the main program REX only and therefore it

is not required if subroutine REXION alone is used.
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APPENDIX O : Annotated Sample Problem

The sample problem presented in this appendix is taken from a study / 14 7
of reactivity parameters in conjunction with a steam cooled fast breeder

reactor / 8 /.

The reactor system is represented by two flow sections. The first flow
section consists of two (radial) zones, one of them representing an annular
bypass around the perimeter of the core, the other representing the radial
blanket. The second flow section represents the core with an axial blanket
at each end. The core is subdivided into two radial zones and five axial
sections. The first radial zone represents the average core channel whereas
the second radial zone comprises a single channel only which is identified
with the central channel of the core (nominal hot channel). Geometry and
properties of this channel are the same as in the average channel, however,

the power density is higher (310 vs. 266).

Power release is assumed to be distributed as follows: radial blanket 10 %,
axial blankets 2,5 % each, core 85 %. Power is released in the fuel only

(no heat sources in cladding, coolant, structure).

No orifices are assumed for the first flow section (FT = O). Average channel
and central channel of the second section (core) are orificed so as to
achieve nearly equal exit temperatures for the coolant (i.e. 538.99 vs

548.22 at steady state).

Feedback coefficients and weighting factors were computed as indicated in
APPENDIX G. External reactivity was calculated from mode IV = 4 of the
function RCBE described in APPENDIX L (cosz-distribution of reactivity
weight, constant rod acceleration). Total reactivity insertion is $-25.00,
all rods start from the edge of the core and are accelerated by 2 g. Scram
is initiated when power exceeds 25 % of the starting value (2320 MW,

nominal reactor power) and rod motion follows after a 100 msec delay.

The reactor transient arises from a rupture of a steam pipe carrying super-
heated steam from the reactor. Mass flow and pressure transients for this
accident were calculated with a different model representing the entire

reactor circuit [—15_7.

Output is printed every 100 steps and indicates the main features of the

transient: Scram occurs at X = 0.050 sec, rod motion starts at X = 0,150 sec,




- 106 -

full insertion is completed at about 0.38 sec. Total excess reactivity
Ak = K + T reaches a maximum of about g 0.98, peak power is about

PMax = 100 000 MW at XM = 0.18 sec, total energy release (up to X = 1.9
sec) is about 10 500 MWsec.

Maximum fuel temperature rise (nominal hot channel) is about 2678 °¢ (just
below melting point) at X = 0.293 sec. Maximum cladding temperature
(nominal hot channel) is about 1317 sDC at X = 1.15 sec.
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SYSTE" NATA {SAMPLE OROBLFM, S57 WFF,(8) ANN RFF.(14))
1 GFOMETRY AND THFRMONVYN,

nNQB 2

HC  0.15300° 01
avoASS,  IPA=)

R® AL 10000F 01

°r 0.0
RAN,Rf,, TPR=2

RE 0.0

oR N.10000F 0O

NAF ]
HRF  N,350n05 00
R? N, 18000F 01
HA N.,50000F 00

rR? N A2500E~-02
HA Q. 50000F 00

RAN.CNRE ZONF FR=1

"1 0.31000F=-N2

RPF 0.940007 04
e N,45390F-02

~ HGP 0.17917F 01
ADR 0.26600F N3
AR 0.10000F O1

AY 8L, —~SNTRANCF
AX.RL, -FXIT
PAN,CORFE INNF TR=?

R1 N, 31000F-92

RO N, 94N00F 04
ne 0.453905-02
HGP 0,17917F 0}
AQP . 0.31000F 03
A’n 0,.10000F 01
AY Rt , ~FNTRANCE
AXL.RL, -FXIT

AX.CORT ZNNF [X=1
AOX  0.94940F DO
AXL.CARF ZONF  IX=D
ANX  0,15980F 0]
AX.CORF ZONF  [X=3
ANYX D,1P283F N}
AX CRRE- 70OMF  [X=4
ADY  N,15980F N1
AX.COPF ZONF  [X=FR
ANY  N,94949F 00
EYPANENTS FNR HEAT

rR2 7.35000F-02
ROC  N.83500F 04
€M n,45390F-02
™ 0.27000FE 04

AQT  0.10000F 01
ARF  0.10000F 01
HFS  0,50000F OO
HFS  C.50000F 00

r2 N.35000F-02
RO 0,83500F 04
CoM  N.45390F~02
™ 0L, 27T00N0F 04

AQF  (0.10000F 01
ARE N,100007 D1
HFS 0.,50000F 00
HFS  0.50000F 0N
AYD  0,1ST9NF N1
AX™  0,43810F 01
AXN  0.SARAOF 01
AXD 0,43010F M
AXD. 0,16440F 01

TRANSFFER RELATION

ALl N.ROODOE 0N AL2  0.40000F 00
2 TEMP.NFP,.CUFL PRADFRTIFS

X1 1.13882% n] X2 0.0

€C1 0.81940F-01 €2 0.0

3 PRINT KIMETICS AMD CANTROLLEN RFACTIVITY
6

" 0.73150F 04
Fv 0.24507F-01
Yy N.35470% 00

ND
LA n.12700F-01
LA n.32500F 00

CAMTP RFACT .PPNAD NO L 4

HR 0.13700F 01
S€e 0,.12500F N1
4 FOPNRACK. PARAMETFRS
N -n,33255% 01
RCM N, 17040F 03
5 TTFRPATINM AND. PUTOYT

FST o.10n00£ .01
ren 1 2 1

& STrP AMN TERMINATION
NTE in

XHA
7 NMAT USFN
f FND OF SYSTFN DATA
INLET ENTHA) PY

0.18999F 01

NY 2

X N0
BAUNNARY CANDITIAN

iRC 2
PRFSSHRFE

MY 1A

X n.n

X N.60000F-01

X n,80000F 00

b 0,19000F 01
*ASS FIOW

NY 1N

X n.0

¥ 0.320007 00

X N.860N00F 00

X N,19n00% 01
INIFIA POWFR

"o n,23200F 04
MITPUT FANTROL AND START
DD 100

HR 0.35000F 00
HT N.22300F N1

RCH  NL,20900F 02

°C 0.1N000F 01
VOLME CONMTROL

FV 0.10000F-01

IR 1 2 1
CONTROL

NCY ann

¥IN  0.10000F-0S

Y 0.65500F 03

C,17000F 03
0.16944F 03
Ne.15478F 03
0. 14070 N3

<< <<

N.35000F 04
N.10850F N4
N.T4000F 03
0.12270F 04

€< <<

Ny 5000

MBA 1
PRF  0.25000F-N1
Q3 0.18600F 01
cv 0. 77000F 03

R3 0. T71650F-02
rv 0.77000F 03

R3 0.42850F-02
ROM  0.83500F 04
CPC 0.97940F-01
WM 0.62824% 06

ANC 0.0

ARC  0.10000F 01
CVF  0.T77000F 03
CVF  0.77000F 03

R3 0.42850F-02
ROM  0.83500¢ N4
CPC  0.97940F-N1
Lo 0.62824% N6

AQC 0.0

ARC  N.1N00NF n)
CVF  0.77000F 03
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NC= 500 Cl= 0.0 PEY 163.57 PAX 162.55 HWFX £55.00 WAX 915.05 6 0.8314F 03
X 0,94272¢ 00 T 0,70715-02 © N.2414% N3 © 0,1034F 05 T-0.2416F 02 PEX 153.83 PAX 152.77 HWFX 655.00 WAX 997.60 G 0,7854F 03
FFENRACK K N.,90228 N1 N-n,1264F N1 H 0.1303F 00 R 0.0 F=N.56T74F 00 ¢ N,7345F N0 S N,LO011F 02 M-0.1259F 00
12R8=1 TEB 1367.90 TAR 358.31 WEB 655,00 WAB 655.72 PFB 153.76 PAB 153,74 TFR 375,78 TMB 375,90 N 0.8530F 03
fen=2 TER 357,95 TAR 569,31 WEB 655.00 WAR 836,91 PFR  153.82 PAR 153.74 TFR 506.55 TMB 406,17 N 0.2518F 03
TZ 392.62 o7 153,74 WZ 70l.19
Ir=1 TE1 392.37 TA1 420.47 TA2 838.%4 9l 153.42 PA1 153,37 PA2 152.76 TF} 481.68 TF2 695.51 M 0.5351F 03
IX= 1 TED 1295.42 TFM  780.65 TCl 688.43 TC2 673.86 ™ 405,13 TA 567.56 WA  835.91 PA 153.29 v 0.2351F-01
T¥= 2 TEN 1942.n8 TEN . 1115.94 T€1 978.88 Tr2 958.10 T™ 445,82 TA  AN3.46 WA 978,83 PA 153.19 V 0.3197F-01
IX= 3 TFA 2216.97 TFN 1304.95 TCl 1164.66 TC2 1144.29 TM  805.47 TA 1015.23 WA 1106.34 PA 153,08 V 0.39055-01
I¥= 4 TEQ 2032,1R  ToN 1289,21 TCl 1191.81 T€2 1179.73 ™ 560.82 TA 1112.07 Ha 1164,66 PA  152.96 V N.4231F-01
IxX= 8 TFO 1440.23 TFN 1068.06 TC1 1N45.13 TC2 1045.08 TM '587.35 TA 1044.68 WA 1124.09 PA 152.85 V C.4009E-01
{e=2 TE1 392.46 TAl 424.53 TA2 909.09 BF1 1%53.56 ©Al 153,49 PA2 162,76 TF1 498,24 TF2 732.48 N 0,5677FE 03
Ix¥= 1 TFO 1443,79 TFN 841,27 TC1 732.74 TC2 715.57 T8 408.84 TA 592.64 WA 851.53 PA 153,41 V 0.2445F-01
T¥X= 2 TEq 2192,93  TEM 1225.39 TCl 1n63.38 TC2 1038.790 T™ 455,22 TA 858,83 WA 1012.16 PA 153,29 V 0.3379£-01
Ix= 3 TEQ 2508.14 TFN 1439,20 TC1 1272.57 TC2 1248.1% T™  523.46 TA 1100.32 WA 1157.57 PA 153.14 V 0.4186F~01
I%X= & Tch 228R.61 TEN 1419.96 TCl 13N4.60 TC2 1289.48 ™ 585,40 TA 1212.53 WA 1225.14 Pa  153.00 V 0.4565E-01
Ix= 5 Tro 1597.28 TFN 1166.11 TCL 1139.87 TC2 1139.81 TM  612.76 TA 1138.09 WA 1180.32 PR 152.87 V N.4320F-01
NC= 00 CL= 0.0 PEX 153.83 PAX 152.67 WFX 655,00 WAX 997.60 G 0.7897F 03
X n.164a% 01 I 0.7071F=02 © 0.1T774F 03 £ 0.1049F 05 T-0.2416F 02 PFX 145.96 PAX 143.64 WEX 655,00 WAX 1065.22 G 0.1136F 04
FFrORACK X 0.8906F N1 N=nN,1N62F N1 H 0.1071F 00 R 1,9 F-0.4641F 00 C 0.6551F 00 S 0.9950F 01 M-0.2810F 00
Top=1 TER  351.86 TAR 352,26 WFR 655.00 WAB. 655.72 PFB 145.82 PAB 145.78 TFB 375,45 MR 375,78 N 0.1228F 04
IoP=p Tes 351,97 TAB 539,76 WER 655,00 WAR 819,64 PFR  145.95 PAR 145,78 TFR 500,12 T™MR 412,96 N 0.3690F 03
T7 383.76 27 145.78 WZI 697.39
19=1 TEl 383.25 TAl 4N1.T1 TA2 946.46 OF1 145.09 PAl 144,97 PA2 143,43 TF1 463.46 TF2 T6%5.22 N 0,7T40F 03
Ix= 1 TEO 1191.42 TFN 706.84 TCl1 612.88 TC2 597.29 ™ 416,90 TA 508.48 WA 799,66 PA  144.83 V 0,2257¢-01
IX= 2 YEN 1772.44 TEM 1022.65 TC1 881.56 TC2 858.05 T  480.62 TA T10.72 WA 924.19 PA 144.63 V 0.3066E-01
Ix= 3 TEO 2026.87 TFN 1228.73 ° TC1 1083.92 TC2 1059.75 TM 572.65 TA 919.f0 WA 1049.46 PA 144,38 V 0,3810F-01
Ix= 4 TFA 1873.24 TFN 1268.05 TC1 1166.31 TC2 1149.22 ™ 654.30 TA 1060.93 WA 1134.19 PA 144,12 V D.4317F-01
IX= 6 TEO 1354,60 TSN 1128.13 TCL 1106.14 TC2 1102.45 ™ 686.97 TA 1078.58 WA 1144.78 PA 143,87 V 0.4387F-01
1e=2 TF1 3R3,45 TAl 403,85 TA2 1027.22 Prl  145.38 PAl 145.25 PA? 143.A3 TF1 476,70 TF2 R13.89 N 0.8227F 03
Tx= 1 TEN 1322.23 TFEN  T754.31 TCl 644.16 TC2 625.90 TM  422.40 TA 524.07 WA 809,95 PA 145,07 V 0,2319%-01
TX= 2 TFO 1994.64 TFN 1113,52 Tal1 947.23 TC2 919.52 T 495,96 TA  75n.43 WA 947.98 PA 144,84 V 0.3202F-01
Ix= 3 TEN 2285.R4 TFN 1343.75 TC1 1171.52 TC2 1142.77 T™ 603.06 TA 984.37 WA 1088,27 PA  144.55 V 0.4034E-01
IX= & TEO 2103.03  TEN 1388,.30 TC1 124£.20 TYC2 1245.62 T™ 696.95 TA 1145.44 WA 1184,85 PA  144.23 V 0.4612F-01
I¥=5 TFO 1497.82 TFN 1231.35 TCl 1203.46 TC2 1198.63 T 733.14 TA 1177.01 KA 1199.58 PA 143,92 V 0.4710E-01
NC= 00 L= n.n PEX  145.96 PAY 143.56 MFX £55.00 WAX 1065.22 6 0.1138F 04
ENN PR TRAMSTENT, NC= 734 X= 0,190377R1Tc 0]
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