LA-7709-T
Thesis

UC-80
Issued: March 1979

Thermal-Hydraulic Analysis Techniques
for Axisymmetric Pebble Bed
Nuclear Reactor Cores

Kenneth R. Strch

NOTICE

This report was prepared as an account of work
spontored by the United States Govemment. Neither the
United States nor the United States Department of
Ene1gy, not any of thel employees, not any of theis

or their b makes
any warranty, express of implied, or assumes any legal
Tiability or respansibility for the accuracy, complet=ness
or useful; of any informy P product or
process disclosed, or represents that ils use would not
infringe privately owned rights.




Chapter

IT1.

IT1.

Iv.

VI.

TABLE OF CONTENTS

List of Figures . . . « . . v ¢ v v v v v v o o v o o s

Abstract . . . . e e e e e e e e e e e e e e e e e e
INTRODUCTION. & ¢ ¢ &+ ¢ ¢ o o ¢ o o o s o o o s « = =

A. Pebble Bed Nuclear Reactor Concept . . . . . . .
B. Motivation of the Study. . . . . . . . . . . ..

REVIEW OF THE LITERATURE, . . . . . . . . . . v « o« .

A. Introduction . . . . e e e e e e e s .
B. Packed Bed Fluid Flow and Pressure Drop. . . . .
C. Packed Bed Heat Transfer . . . . . . « + ¢« « . .
MATHEMATICAL MODEL. . . . . . . . « . . e s e e e
A. Hydraulic Model. . . . . . . . ¢ ¢ ¢« v ¢ o v « .
B. Thermal Model. . . « v ¢ ¢+ v v ¢ ¢ & ¢ « & . e
COMPUTER CODE PEBBLE. . . . . .+ & ¢« ¢ ¢ ¢ v ¢ v o «
A. Solution Technique . . . . . e s s e s e e s . .
ORNL PBRE ANALYSIS. & v v v v ¢t ¢ ¢ o ¢ o ¢ s s s o
A. Pebble Bed Reactor Experiment. . . . . .. . . .
B. Code Validation Concerns . . . . . . . . .« « . .

C. Void fFraction Distribution in the PBRE e e e e e
D. Comparison of Predictions with

Measured Values « v ¢ & v ¢ o o o o o o o o «
E. Discussion of PBRE Results . . . . . . . . . o e

A. KFA Power Reactor Design . . . . . + + . « « . .
B. Numerical Model. . . . . ¢« . . ¢« . .. e e s o u
C. Boundary Conditions. . . « « v ¢ ¢« v ¢ ¢« ¢« ¢« &
D. Lessons Learned in Debugg1ng the Problem . . . .
E. Discussion of Results. . « « . « . . . e e o e

jv

o, A W -



TABLE OF CONTENTS (continued)

Chapier Page
VII. CONCLUSIONS . & ¢ ¢ ¢ o ¢ « o o o o o o « o s s s o o 80
ACKNOWLEDGMENTS & + & v & v v v e e e v e e e e e e e e e 82
LIST OF REFERENCES . . . . « . & v ¢« v v v v v v v o e 83
APPENDIX A. Numerical Solution Technique . . . . . . Lo .. 37
A.1 The Doman of Integration . . . . . . . . . . .. 87
A.2 Integration of the Equation . . . . . . . . .. 87
A.3 The Successive-Substitution Formula . . . . . . 97

APPENDIX B. Listing of Program PEBBLE and
its Subroutines . . . . . .. ..o 101

APPENDIX C. Print Qutput for Analysis of KFA Design
Case 1013 . . . . . . .« ¢« « v v v .. e e e 143

APPENDIX D. Print OQutput for Analysis of ORNL PBRE
Bed 13FCa . . . . . ¢« « . v v v v i e e e .. 161



Figure

10

[N

12

13

14

LIST OF FIGURES

A section view of a large power reactor design showing
the graphite reflector structure, the pebble bed core
with free surface, and the ball discharge structures. .

Fuel-moderator element types proposed for pebble bed
nuclear reactors. . . . « « + « + & e h e s e e e e e

Comparison of the Ergun equation with data from
sphere bed flow experiments . . . . . . . . . .« . e e s

Comparison of the new flow model with other models

and experimental data . . « « . ¢« ¢ v 4 b 4 e e e e s e

Distribution of pebble thermal conductivity
corresponding to an idealized OTTO fuel cycle . . . . .

The basic geometry of the ORNL PBRE is shown

at the left. The letters E, I, FT and FC denote

the location of the exit faces above which measure-
ments were made. The corresponding finite difference
grid is shown at the right. . . . . . . .. .« . ¢ o

The radial distribution of ¥ for plugflow . . . . . . .

Void fraction distribution used in PEBBLE to model
the cylindrical portion of PBRE Bed 13. . . . . . . . .

Cclculated mass flux streamlines and isobars for
PBRE Bed 13FCA. v v v v o ¢ « ¢ o ¢ o s « o s « = = o =

Caiculated distribution of normalized velocity
for PBRE Bed 13FCa. & v ¢ ¢ ¢ ¢ o« o o s o« o o o o & o s

Comparison of predicted and measured exit velocity
profiles above PBRE Bed 13Ea (entrance region). . . . .

Comparison of predicted and measured exit velocity
profiles above PBRE Bed 13la (lower half of bed). . . .

Comparison of predicted and measured exit velocity
profiles above PBRE Bed 13FTa (flat-top bed, fill
CONE TemMOVel) v v ¢ ¢ o« o o v « o o ¢ o o o s o o o o o

Comparison of predicted and measured exit velocity

profiles above PBRE Bed 13FCa (entire bed topped
by fi]'l cone) L] L] . L ] . L] L] L] L] . L ° L] L] L] . . L] L] L] e

vi

Page

12

16

28

33
36

39

41

42

44

45

46

47



Figure
15

16

17

18

19

20

21
22
23
24
25
26

27

28

LIST OF FIGURES (continued)

Comparison of predicted and measured exit velocity
profiles above PBRE Bed 13E for two different inlet

Reynolds numbers . « v ¢ ¢ o o o o o ¢ & o ¢« & o o o »

Comparison of predicted and measured exit velocity

profiles above PBRE Bed 131 for two different inlet

Reynolds numbers . . « ¢ & ¢ ¢ ¢ o & o « o v o o &

Comparison of predicted and measured exit velocity
profiies above PBRE Bed 13FT for two different

inlet Reynolds numbers . . .« « « ¢« ¢« v v ¢ v v o v . .

Comparison of predicted and measured exit velocity
profiles above PBRE Bed 13FC for two different

inlet Reynolds numbers . . . . . . « « . « o « .+ . .

A comparison of the physical reactor and the axi-

symmetric model used in the analysis . . . . . . . . .

Original grid used by PEBBLE, where radial grid

lines 4-21 (of 22 total) correspond to those locations

where VSOP supplies power per ball values for KFA

Design Case 1013 . . & & ¢ ¢« ¢ o s v ¢ ¢ o o ¢ o o o &

Finite difference grid used for the thermal-

hydraulic calculations . . . . ¢« v v ¢« ¢« « v ¢ « ¢ = &

Design for the core bottom structure showing

the complicated gas exit path. . . . . . . . . . ...

Distribution of thermal power per ball for KFA

PR3000 Design Case 1013. . . . . v v ¢ ¢« ¢ & & o « v &

Calculated distribution of the dimensionless

mass flux, G*. . . . ¢ & & & v 4 ¢ o o « e 6 s o s o .

Calculated distribution of the coolant bulk

temperature for KFA PR3000 Design Case 1013. . . . .

Calculated distribution of the pebble average

surface temperature for KFA PR3000 Design Case 1013. . .

Calculated distribution of the maximum internal
fueled matrix temperature for KFA PR3000

Design Case 1013 . . . ¢ & ¢ & ¢ v o o e o v o o o 0

Calculated axial distribution of temperatures at

the core centerline for KFA PR3000 Design Case 1013. . .

vii

50

51

52

55

57

58

60

63

64

65

66

67

68



Figure

29

30

3

32

33
34

35
36

37

38

LIST OF FIGURES (continued)

Calculated axial distribution of temperatures at
the hot radius for KFA PR3000 Design Case 1013. . . . . .

Calculated axial distribution of temperatures at
the cold radius for KFA PR3000 Design Case 1013 . . . . .

Calculated coolant outlet temperatures for KFA
PR3000 Design Case 1013 . . . . v v v v ¢ ¢ v o o = o v &

Contour plot of thérmal power per ball values
from VSOP & & v ¢« v ¢« ¢ ¢ 4 ¢« t e o o s o s o o s & o = o

Calculated mass flux streamlines. . . . « « « - + + + .+ &
Calculated equipressure lines . . . . . . . . . .. . .
Contour plot of calculated cooiant bulk termerc.u-es. . .

Contour plot of calculated pebble averane -.urface
temperatures. « « v « ¢ 6 0 s 0 s e . . . o e s e e e

Contour plot of calculated maximus intcvnal fueled
matrix temperatures . . . . . . . . e e e e s e s

INustration of a portion of the finite difference grid
showing the area of integration for the differential
eqUALTONS & v ¢« ¢ v 4 4 st e e e s s e e s e s e e e e

viii

n

72

73
74
75

76

77

88



ABSTRACT OF THESIS
THERMAL-HYDRAULIC ANALYSIS TECHNIQUES FOR
AXISYMMETRIC PEBBLE BED NUCLEAR REACTOR CORES

The pebble bed reactor's cylindrical core volume contains a random
bed of small, spherical fuel-moderator elements. These graphite
spheres, containing a central region of dispersed coated-particle
fissile and fertile material, are cooled by high pressure helium
flowing through the connected interstitial voids. A mathematical
model and numerical solution technique have been developed which allow
calculation of macroscopic values of thermal-hydraulic variables in an
axisymmetric pebble bed nuclear reactor core. The computer program
PEBBLE is based on a mathematical model which treats the bed
macroscopically as a generating, conducting porous medium., The
steady-state model uses a nonlinear Forchheimer-type relation between
the coolant pressure gragient and mass flux, with newly derived
coefficients for the linear and quadratic resistance terms. The
remaining equations in the model make use of mass continuity, and
thermal energy balances for the solid and fluid phases. None of the
usual simplifying assumptions, such as constant properties, constant
velocity flow, or negligible conduction and/or radiation are used.

PEBBLE solves a coupled set of nonlinear finite difference equa-
tions, derived by integrating the corresponding nonlinear elliptic
partial differential equations over a finite area, based on assump-
tions about the distribution of the variables between the nodes of the

grid. This approach ensures that conservation laws are obeyed over

ix



arbitrarily large or small portions of the field. In addition, this
approach is most appropriate for a macroscopic porous medium model of
the packed sphere bed, which already includes the assumption that the
variables in a given bed volume are well characterized by
macroscopically-averaged values. The finite difference equations are
solved by a successive substitution technique.

The code has been used to analyze the full-scale mockup of the
QOak Ridge National Laboratory's Pebble Bed Reactor Experiment, and the
flow predictions have been compared with data. The code PEBBLE is
shown to predict distributions of velocity and pressure adequately for
high Reynolds number flows in packed sphere beds. A fully coupled
thermal-hydraulic analysis of a large power reactor design has also
been completed, using calculated fission power profiles. The code
calculated a mixed-mean outlet coolant temperature which is within one
degree K of the analytic value. Limitations of the code, and its
ability to calculate the distributions of the thermal-hydraulic

variables in large pebble bed power reactors are discussed.

Kenneth R. Stroh

Department of Mechanical Engineering
Colorado State University

Fort Collins, Colorado 80523

Fall, 1978



I. INTRODUCTION
A. Pebble Bed Nuclear Reactor Concept

On October 11, 1945 Farrington Daniels filed a U.S. Patent appli-
cation (granted October 15, 1957) describing a nuclear fission reactor
using uranium carbide as fuel, graphite as moderator, thorium as fertile
material and helium as the coolant [1]. The fuel and moderator were to
be roughly spherical pebbles (~0.02 to 0.07 m in diameter) randomly
arranged in a "pebble bed." Means were provided for charging at the top
and discharging at the bottom, in part or in whole, at intervals as
required. Coolant was assumed to pass uniformly through the entire cross
section of the pile.

Since that time, work on the pebble bed reactor (PBR) concept has
proceeded worldwide, primarily at the Oak Ridge National Laboratory
(ORNL) in the early 1960's, and more recently in the Federal Republic of
Germany. The program in Germany has seen more than nine years of
operation of the 15 MW(e) Arbeitsgemeinschaft Versuch-Reaktor GmbH (AVR)
reactor and the on-going construction of the 300 MW(e) Thorium High
Temperature Reactor (THTR). In February, 1974 the mixed-mean outlet
temperature of the AVR was increased to 1223 K without major problems,
raising the possibility that a pebble bed Very High Temperature Reactor
(VHTR) could supply helium at temperatures appropriate for process heat
applications [2,3]. A section of a large PBR core is shown in Fig. 1.

The latest German designs use a spherical fuel-moderator element
with small particles of fissile (or fertile) material, coated with

pyrolytic carbon or SiZ, emb2dded in a graphite matrix. In the
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Fig. 1. A section view of & large power reactor design showing the graphite
reflector structure, the pebble bed core with free surface, and the
ball discharge structures [4].



reference fuel, the coated particles are dispersed throughout the 0.05 m
diameter central region of the 0.06 m diameter graphite ball. In the
advanced fuel-moderator element design the coated particles are dispersed
in a spherical shell within the graphite ball. The fuel-moderator
element types are shown in Fig. 2.

The bed is cooled by helium at an inlet pressure of about 4 MPa
flowing downward through the core. The pebbles also flow slowly downward
due to the continuous addition of fresh elements to the top of the bed
and continuous removal of spcnt elements from the bottom of the bed.

Most designs are based on the Once Through Then Qut (OTTO) fuel cycle, in
which the fuel elements reach their design burnup in a single pass
through the reactor core. This fuel cycle, combined with downflowing
coolant, results in approximately 90% of the thermal power being gen-
erated in the upper half of the core. Thus, near the outlet, where
pebble surface and coolant temperatures are highest, internal generation
is low. This results in acceptable maximum fuel particle temperatures
ard temperature gradients for very high helium temperatures at the core
outlet.

B. Motivation of the Study

The Systems Analysis Study for Nuclear Process Heat is an on-going
program in the Reactor and Advanced Heat Transfer Technolegy Group of the
Fnergy Division of the Los Alamos Scientific Laboratory (LASL). A task
of the program has been the development of appropriate calculational
models for the analysis of various nuclear process heat systems. The
status of the PBR thermal-hydraulic modeling effort is the subject of
this paper. Sufficient detail is included to allow this paper to serve

as a user's manual for the computer code PEBBLE.



FUEL-MODERATOR ELEMENT TYPES

SHADED AREA IS FUELED MATRIX
REMAINDER OF ELEMENT IS UNFUELED GRAPHITE

CONVENTIONAL SHELL

Fig. 2. Fuel-moderator element types proposed for pebble bed nuclear reactors [3].




The near-term requirements of the code are that when given the axi-

symmetric power distribution (from an existing neutronics model), the

core geometry, and the helium inlet temperature, pressure and mass flow

rate (from design information), the following steady-state information

can be calculated:

1)
2)
3)
4)

the axisymmetric coolant velocity distribution,

the coolant pressure distribution and overall core pressure drop,
the distribution of coolant bulk temperature, and

the distributions of pebble average surface temperature,

fueled/unfueled interface temperature, and maximum fuel

temperature.

The task requires a numerical model which includes all important trans-

port mechanisms, which is flexible enough to handle wide ranges of param-

eter variation as required by sensitivity analyses, and has the potential

for eventual coupling to the neutronics model. Though specifically

oriented toward nuclear reactor analysis, the techniques developed may be

adaptable to many chemical engineering processes involving fluid flow

through packed beds.



II. REVIEW OF THE LITERATURE

A. Introduction

Extensive literature exists in the chemical engineering journals
regarding the flow of gases. the transfer of heat and mass. and the
pressure drop in fluids flowing through packed beds. Most existing
reaction engineering analyses, however, are for stagnant beds, for low
Reynolds number flows or assume plugflow of the gas. The heat transfer
analyses reported generally have no generation term (or at most a surface
reaction), some neglect turbulent mixing, and many assume the solids
temperature equals the gas temperature. WNo analysis was found which
approached the complexity required in a pebble bed nuclear reactor anal-
ysis, however, many portions of the mathematical model have been pre-
viously derived. A partial review of the applicable literature published
prior to 1975 has been performed by Badur and Giersch [56]. Techniques
for the thermal-hydraulic analysis of a nuclear PBR have been developed
in Germany, but the methodology (mathematical model or numerical method)
has not been reported in the open literature.
B. Packed Bed Fluid Flow and Pressure Drop

Exact mathematical modeling of a packed bed reactor system is impos-
sible, as the arrangement assumed by uniform spheres in a container with
a sufficiently large bed to ball diameter ratio cannot be predetermined.
Any approach which attempts to describe the bed geometry on a scale on
the order of the particle diameter, introduces a regularity into the
packing which does not physically exist. This can be avoided by treating
the bed macroscopically as a porous medium; that is, each region of space

contains a mixture of both a solid phase and a fluid phase, with the



respective fractions of each phase determined by a volume-averaged
distribution of the phases representing the physical packed bed.

Though purely statistical approaches to porous media flow, such as
random walk models [ 6.7 ] and random media models [ 6,8 ] hold promise for a
fundamental understanding of the flow phenomena, results to date are
inconclusive. The complexity of these models makes coupling of the fluid
flow and heat transfer problems impractical.

It is more appropriate for engineering analyses to calculate the flow
from differential equations. Though originally empirical, these differ-
ential equations have recently been derived theoretically[9,10]. Num-
erous solutions to porous media flow problems are avaiiable based on
Darcy's law and various intuitive extansions thereof. Darcy's law states
an empirical linear relationship between the fiow rate and pressure
gradient such that “"the volume rate of flow is directly proportional to
the pressure drop and inversely proportional to the thickness of the
bed." It was observed very early that this linear relationship is only
valid for the “"seepage velocity" domain. Various investigators place the
upper limit for validity of Darcy's law at Reynolds numbers, based on the
particle diameter and superficial velocity (a velocity based on a void
fraction of 1.0) of from 1 to 10 [6].

High velocity porous media flow analyses have most often used a

quadratic equation of the type first proposed by Forchheimer [6 ]

- 2
T = oAV +ay (1)

for the non-linear flow regime, where V is the fluid velocity, P is the
fluid pressure, L is the length of the medium, and ay and a2 are

factors which depend on both fluid and porous medium properties.



Anmed [10] has derived a macroscopic one-dimensional Forchheimer-type
equation from a dimensionless form of the turbulent Navier-Stokes egua-
tions. This analysis assumes an incompressible fluid and steady flow
without body forces. He argues that the kinetic energy dissipation due
to turbulent fluctuations is very small (~5%) compared to the energy
represented by convective accelerations, and assumes the turbulent losses
can be safely ignored for flow through porous media. The resulting

equation is of the form

dp
dx

5-v + b, % V2, (2)
where x is the spatial coordinate, D is a characteristic length for the
flow, b] and b2 are factors dependent on media properties, and u
and p represent the fluid dynamic viscosity and density, respectively.
The origin of the terms in Eg. (2) indicates that the linear term repre-
sents a flow resistance due to viscous shear. The quadratic term
represents losses caused by separation, and sudden enlargement of the
flow area, as the fluid traverses the continuously changing interstitial
pore geometry. Throughout this paper, the terms a]V and a2V2 in
Eq. (1) are referred to as the linear and quadratic resistance terms.
The most frequently used (and recommended) Forchheimer-type equation

is the semi-empirical Ergun equation [11],

AP 1-e w_ B 2
T-3 [150 (l—e)d2 + 1.75 7, v ] (3)
p

where V is the superficial velocity, € is the bed void fraction and dp



is the particle diameter. The equation is formed by adding the Rlake-
Kozeny equation for purely iaminar (viscous) flow through a porous medium
modeled as an assembly of capillaries, to the Burke-Plummer equation
derived for the fully turbulent limit in a capillaric medium.

In recent years there has been a growing interest in the development
of modeling equations for representing flow maldistribution in packed
beds, primarily in chemical catalytic reactors and iron blast furnaces.
There has been general agreement in the literature that the mathematical
models of such systems make use of the differential, vectorial form of
the Erqun equation. See for example Radestiock and Jeschar [12,13], and
Stanek and Szekely [14-16]. Muresver, in recent papers, Szekely and
Povermn [17] presented direct experimental evidence for the validity of
this approach,

The differential, vectorial form of the Ergun equation may be written

as

W= - (K Ky V], (4)

where the functions k] and k2 can be deduced from £q. (3). In recent
papers, however, Shvydkii, et al. [18] suggested that this form is an
oversimplification. They argued that the terms on the right-hand side of
Ea. (4) represent a flow resistance, and that inertial terms should be
explicitly included. When written in two-dimensional axisymmetric cylin-
drical coordinates, the equations proposed by Shvydkii take the following

form

B—P——-V-—vv, (5)
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and
oV oV k k
Z z . g _ 11, _72
vr‘ or VZ-B_E?_ T T p 9z p vz p VZV’ (6)
where
v o= (v.2+y.2)0.5, (7)
r z

They did not present a numerical solution of the full set of equations
containing these inertial terms, but assumed irrotational flow, making it
impossible to conpare directly the results obtained from the two differ-
ent formulations given by Eq. (4) and Egs. (5-7).

Choudhary, Propster and Szekely [19] have performed numerical experi-
ments to allow direct comparison of the two flow models. They noted that
in contrast to the laminar Navier-Stokes equations, where one would
expect the inertial terms to predominate at high velocities (and at a
distance from solid surfaces), the terms on the left- and right-hand
sides of Eqs. (5) and (6) are both of the order (Vz), making it
impossible to draw conclusions readily regarding the relative importance
of these terms. As expected, the two solutions are essentially identical
for parallel flow through uniformly packed beds. As a critical test,
they performed an isothermal flow analysis of a blast furnace with
alternate "V" shaped layers of different size packing, where the fluid
was introduced through a side stream nozzle (perpendicular to the exit
flow direction). They reported that the two flow models gave quite
similar results, with the differences between calculated point values of
the velocity ranging from 2 to 12%. They concluded that the calculated

difference would be difficult to detect experimentally. The inclusion of



1

these irertizl terms greatly increased the computational labor, and they
cyestioned whether the refinement in the calculation justified the
additional effort for the majority of engineering calculations. It can
be noted that the flow maldistribution in the blast furnace problem is
more extreme than would be expected in a pebble bed nuclear reactor core,
even with radial power peaks and hot-spot formation.

Early pressure drop studies through sphere beds intended to mock-up
pebble bed reactors indicated, however, that the Ergun equation consider-
ably over-predicts the pressure drop in the Reynolds number range of

interest. Defining a friction factor

e (52)/ (). (@

offers a basis for comparison of the Ergun equation with pressure drop
data from Denton [20] and the ORNL Pebble Bed Reactor Experiment (PBRE)
[21]. Fiqure 3 shows this comparison in a plot of friction factors

versus Reynolds number. The Reynolds number used throughout this paper
is based on the superficial mass flux, G = pV, and the pebble diameter,

d , so that
p

- (9)

C. Packed Bed Heat Transfer

The rate of heat transfer in a generating, conducting porous medium
with a flowing fluid phase is controlled by a number of mechanisms,
including bulk movement of the fluid, conduction in both the solid and
fluid phases, convective transfer between phases, dispersion of the fluid

in the interstices of the porous medium, and in the case of a gaseous
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fluid, radiant exchange. Because of the complexities of the solids
packing and the interconnected interstitial spaces, a porous medium
approach to thermal modeling is required. Thus, the dependent variables
are the average temperature of the pebble surface and local value of the
coolant bulk (mixing cup) temperature.

Several investigators have derived differential equations for these
temperatures from thermal energy balances on the solid phase, on the
fluid phase, or on a unit voiume of the bed containing both phases.
Choudhury [22] has derived ordinary differential equations in his study
of porous-metal nuclear fuel elements, assuming uniform generation,
constant coefficients and negligible radiant heat transfer. Experimen-
tally determined effective thermal conductivities were used. Singer and
Wilthelm [23] have derived vectorial differential temperature equations
for packed bed chemical reactors, and have presented analytical solutions
for certain restricted cases where constant coefficients can be assumed
and some terms can be neglected.

There are numerous correlations and models in the literature for
packed bed heat transfer coefficients and effective conductivities. One
review by Barker [24] 1ists 244 references on subjects related to heat
transfer in particulate systems, including fluid-to-particle heat trans-
fer coefficients, mass transfer coefficients, mixing studies and effec-

tive conductivity experiments.



I11. MATHEMATICAL MODEL

A. Hydraulic Model

In formulating this model, the core volume was treated as a gener-
ating, conducting porous medium characterized by its uniform pebble
diameter, the core diame%er ratio, and its void fraction dictribution.
In a PBR the bed volume aad diameter ratio are both sufficiently large to
allow characterization by 1 volume-averaged void fraction distribution,
which allows calculation of local macroscopic values of the thermal-
hydraulic variables.

The predominate assumption made in formulating the hydraulic model is
that the coolant flow in a PBR core can be described adequately by a

Forchheimer-type equation, relating the pressure, P (Pa), and the super-

ficial velocity, V (m/s), such that
¥p = -V (f, + f, [V]), (10)

where the products f]V and f2V2 represent the linear and quadratic

resistance terms, respectively.

Koida [ 25] has developed expressions for f, and f, so that

f, = A“2 . (1)
e R
h
. Bop

fz = 2 ° (]2)
e R
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where

A and B = empirical coefficients that are constant for a given

particle shape,

Rh = effective hydraulic radius for the flow within the packed
bed {m),

€ = bed void fraction,

¥ = fluid dynamic viscosity (Pa-s), and

o = fluid density (kg/m’).

Rh for a randomly packed bed of spheres is given by [26]
d
R = (—69)—5— . (13)

where dp = pebble diameter (m). Equation (10) clearly neglects body
forces (gravity) and does not explicitly include the inertial terms. The
body forces may be safely ignored, as their effect is negligible for the
high gas velocities considered here. It is assumed that the inertial
terms can be safely ignored following the study of Choudhary, et al. [19]
discussed in the previous chapter.

Numerical values for the constants A and B in Eqs. (11) and {12) of
24.5 and 0.1754, respectively, were calculated using Barthels [27] fric-
tion factor correlation for high Reynolds number gas flows in packed
sphere beds. Equations (10), (11) and (12) and Barthels correlation can
now be expressed as the friction factor defined by Eq. (8). Figure 4
shows the comparison of these friction factors versus Reynolds number
with the information previously displayed in Fig. 2. This model should
not be applied outside the range 103 < Npe 4 x 104.

If the fluid pressure drop and temperature rise across the bed result

in an appreciable change ir fluid density, it is more convenient to
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calculate the mass flux, G = oV, rather than the fluid velocity. Using

G, Eg. (10) becomes

7P o= -G (g +g, B, (14)
where |

9 = fi/0 (15)

9, = fz/p2 , (16)

Since curl grad = 0, the pressure variable can be eliminated from Eq.

(14); thus
T [- G (g *+ 9, 1G] = 0. (17)

The model's equations have been formulated in axisymmetric cylin-

drical coordinates because they allow a realistic representation of

actual physical conditions, and facilitate coupling of this model to the
current neutronics model. Manipulation of Eg. (17) yields the following

scalar eguation
) 3
- [- (g7 + g, 18]) Gr] - T [- (9, + g, 1G] Gz] =0, (18)

were 2' and r' are the axijal and radial coordinates.
The eguation is made nondimensional by the appplication of the

following definitions:

9 18] 9,
g = —e—, G*= s G¥ = ——, (19)
95 Gy 6N 2 921N
. r .zl - R
r = -ﬁv, zZ = o and a r *
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where
R = bed radius (m),
L = bed height (m), and
iy = inlet plenum values.

Introducing the above definitions into Eq. (18) gives a nondimensional

scalar equation in terms of Gr* and Gz*, the unknown radial and axial

-5
components of G*,

Zlermgrer] -1 [ermeres] -0 @

The continuity equation, V8- 0, in nondimensional form and axi-

symmetric cylindrical coordinates is

d ) -
3 (Y‘ GY‘*) + agz— GZ* = (. (2])

- {—

For the purposes of computation, the coupled system of Egs. (20) and (21)

are replaced by a single equation of higher order for the nondimensional

stream function, ¢, defined by

G % - - i .gq’f.
r r 3z °’
(22)
G * = ]_ g—lﬂi .
b4 r or

When so defined, the stream function inherently satisfies the continuity
equation. Combining Egs. (20) and (22) gives a nonlinear, elliptical

partial differential equation:

- az [ (£ + 6*) g,* .ﬂ] [._?.(g + G*) g,* .%gj =0. (23)
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Because the coefficients are a function of temperature, and the temper-
atures in turn depend on the mass flux, a complete thermal-hydraulic
description results in a set of coupled elliptic partial differential
equations like Eq. (23). The numerical solution method selected [28]
requires that the equations be expressed in terms of the nondimensional

variables in the following form (See Appendix A):
9 Wy _ 23 Wy
% [az (¢’ ar) 3r (¢ 52 )]
9 r 3 =
3 [b¢ T (%¢ ¢)] + rd¢ 0, (24)

where ¢ is the dependent variable,

Q}!Q’
/)
_e_U'
=
LY
o~
(9]
-
\-e..l
| I

y is the stream function, and

a¢, b¢, c¢, and d¢ are functions used as required to make Eq. (24)
and the equation transformed identical.

For Eq. (23), the following functions are used:

¢p=¢, a, =0, b¢ = (g + G*)gz*, and Cy = 1. (25)

Equations (23) and (24) are expanded and set equal to each other to
obtain the expression for d¢. The resulting general nondimensional form

of Eq. (23) becomes

-%[r(£+6*)92*32] aar[2(€+6*)g*—‘£]

(26)

n
o

R (R
a
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Once the stream function field is obtained, the pressure distribution
follows. Computing the divergence of Eq. (14), with application of the
continuity equation, and applying the nondimensional definitions yields

the following scalar equation:
_@ froxYy 3  oPx
ar a2 ar 3z dz
(27)

2
G g L
9%
’[—'P—“I'L‘] {%}‘j— % [(5 + ) 92*] o [(5 * &) 92*]} =0,

were P* = P/Pref’ the nondimensional pressure. Equation (27) is in the

form of Eq. (24) where

¢ ¢ ¢
(28)
GIN2 Gv Ll fay o W D
G= | "rr Jyoraz |68 ot ‘az'za?[(€+6*) 92*]}-

Using the coupled set of Eqs. (26 and (27), one can solve for the pres-
sure and velocity distributions within the confines of the bed.
B. Thermal Model

The rate of heat transfer in a generating, conducting porous medium
with a flowing fluid phase is controlled by a number of mechanisms,
including bulk movement of the fluid, conduction in both the solid and
fluid phases, convective transfer between phases, dispersion of the fluid
in the interstices of the porous medium, and radiant exchange. When
different mechanisms have a common driving potential, they may be com-

bined by applying an effective heat transfer coefficient.
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The macroscopic temperature gradient in the solid phase drives a
complex group of heat transfer mechanisms, which operate both in parallel
and in series. These include thermal conduction through the solid peb-
bles, conduction through the stagnant fluid film near the contact point
of two adjacent pebbles, thermal conduction by contact between pebbles
and for a gaseous fluid, radiant heat exchange. The net effect of these
mechanisms can be expressed by an effective thermal conductivity coef-
ficient for the solid phase, kse' The static term, kg, derived by

Kunni and Smith [29] is used in the model, given by:

k
ke = e (1+8Nu)+8(1- e)/[l/(%+ Nurs)+ Y k—f] (29)

s
where
ke = fluid molecular thermal conductivity (W/m-K),
kS = g01id thermal conductivity {W/m-K)
B = geometry factor, here equal to 0.95, and
Y = geometry factor, equal to 2/3 for spheres.

Nurv and hlurS are Nusselt numbers for radiant heat exchange between

void spaces and between solid surfaces:

1-¢
_ ) - 3 € r
Nurv = hY‘V dp/kfs hT’V 40ts /[' + 2(1‘8) ( Er )] s (30)

(31)

1
g
" w
———

~n
[} m
[UR k]
o

Nupg = hpg dp/kes hpg =

where €, is the solid surface emissivity and ¢ is the Stephan-

Boltzmann constant, and tS is the pebble average surface temperature (K).
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The empirical factor, ¢, is calculated from:

R=d
1}

When ¢ < 0.260, ¢ = ¢2. When ¢ > 0.476, ¢ = ¢]. ¢] and ¢2 are

given graphically in [29]). Curve fits of these parameters [30] are used

here. For the range

k

10 < = < 300,
f
ke  0.2426
¢, = 0.2770 (—) , (33)
1 K
S
6, = 0.1293 (&)0'3292
K .

In the fluid phase, heat is transferred between fluid regions at
different temperatures by two mechanisms: moleculaer conduction and
turbulent dispersion in the interconnected interstitial voids of the
solid phase. These combined effects are approximated by a single effec-

tive thermal conductivity coefficient for the fluid phase [ 23] given by

ke = € ke +p ck , (34)
where

¢ = fluid specific heat capacity at constant pressure (J/kg-K), and

E = turbulent thermal diffusivity of the flowing fluid phase

(m2/s).
Because the turbulent thermal diffusivity is anisotropic, the fluid
effective thermal conductivity is also anisotropic. The axes of interest

(r,z) coincide with the axes of the principal effective thermal conduc-

tivities.
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The numerical values of E are calculated using the method suggested

by Finlayson [31]. The turbulent Peclet number is defined as
N, = —2 (35)

Finlayson suggests that the radial and axial variations in the local
value of E can be correlated with variations in the axial fluid velo-
city, Vz, such that
d

_r = P
v N ?
Z o=y Pe,r
and
E ! o bH (36)
) NP :
z |, e,2

The radial and axial turbulent Peclet numbers can be easily changed
in the code. At present the radial and axial values are 10 and 2, re-
spectively. These values assume the turbulent thermal diffusivity is
numerically equal to the turbulent mass diffusivity. The turbulent
Peclet numhers above correspond to "consensus" values reported by Deans
and Lapidus [7].

The distributions of local fluid bulk temperature and pehble average
surface temperature can be obtained by the solution of equations derived
from thermal energy balances on the two phases. These balances are based
on the fluid superficial velocity and the total cross-sectional area.
Convective coefficients, generation rates, and thermal conductivities are
corrected for the proper fraction of the bed. A thermal energy balance

on the solid phase results in the following equation:

v (- kee v t)+ha, (t -t)-q = 0, (37)
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where
h = convective heat transfer coefficient (W/mz-K),
av = pebble surface area per unit volume of the bed (m']),
tf = Jocal value of the bulk temperature of the interstitial
fluid (K),
tS = Jocal value of the pehble average surface temperature (K), and
q = energy release rate per unit volume of the bed (w/m3).

The terms in Eq. (37) represent, from left to right, effective conduction
in the solid phase, convective transfer between the phases, and internal
generation from fission and decay. Introducing the following nondimen-

sional variables

oot ot ke

S teen T F 0 tey ke T f ke’

K - kse a*=a L, h* = _tllz_.v. and g* = —g-i-— (38)
s ket T FIN Kemn trin

allows Eq. (37) to be transformed by the same methods and definitions
used to obtain Eq. (26). The result, in axisymmetric cylindrical coor-

dinates is

-2 r K EIi -9 Xk EIE +rjph*a* (T -T)-q*l=0, (39
3z s 3z ar| 2" Br a,* (Tg-Te)-g¥|= 0, (39)

which is in the appropriate general nondimensional elliptic form required
by the numerical solution technique.
Peterson [ 32] has shown that for helium, the specific heat at con-

stant pressure, ¢, can be assumed constant for engineering purposes.
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Assuming ¢ constant, a similar treatment of the thermal energy balance

for the fluid phase yields

aT T
3 f ) r f -
Y3 [} Kez 32 ] T or [;?'Kfr ar ]" rh* a * (Ts'Tf) 0, (40)

where it should be noted that the effective thermal conductivity coef-
ficients are anisotropic.

Values for the convective heat transfer coefficient, h, are obtained
from the Jeschar correlation [33] for the Nusselt number, which is

applied locally:

2

hd 0.5 N
N = P = 2.0 + [(—]-:-E—)' NRe] + 0.005 % Y (4])
£

where the Reynolds number, based on the superficial velocity and the

particle diameter, dp, is given by

Gd

= —P
Npe T (42)

The Nusselt number correlation is reported to be valid for Reynolds
numbers between 250 and 5.5 x 104.

The effective thermal conductivities of the solid and fluid phases
are functionally related to the local film temperature, usually the
arithmetic average of t and t.. This dependence of the coefficients

on the dependent variables makes Eqs. (39) and (40) nonlinear.
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The computer code based on this model solves Eqs. (26), (27), (39),

(40) as a coupled system of nonlinear elliptic partial differential

equations. Boundary conditions for the solution of a selected physical

system are specified at r = 0, r = 1, and both z limits (inlet and

outlet) which need not be parallel.

Once the numerical solution has converged and the pebbie average

surface temperatures have been obtained, the internal temperatures and

temperature gradients can be calculated. Referring to Fig. 2, let

For

and

The

For

radius of inner fueled/unfueled interface {equal to zero for

7‘1 =
the conventional ball),
ro = radius of outer fueled/unfueled interface (m),
ry - pebble radius (m), and
Q@ = power per ball (W/ball).

the conventional element, the temperatures at r and ro are given by

_ Q
Y T o, Yt (43)
1 1
t J—~ (— - —) + t.. (44)
2 41rkS rz r3 S

temperature gradient at the fueled/unfueled interface is given by

dat —=Q___
dt | , a5
dr 4wksr% (45)

the shell ball

Q 1 ‘”22"12 3{1 1
t, = ( )-r (—-—)} +t,, (46)
1 ik (r23_r] 3)[ 7 1\ 7, 4
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with t2 given by Eq. (44). The temperature gradient at the outer

fueled/unfueled interface is given by Eq. (45).

The thermal conductivity of the pebble is a function of temperature
and integrated fast neutron flux. Lacking a thermal conductivity model,
a curve fit to an axial distribution corresponding to an idealized OTTO
fuel cycle [34] is used in the code. It is assumed that the thermal

conductivity of the fueled matrix and unfueled graphite are equal. The

function used to fit the data is
k(z) = 17. + 20.5 ¢715-372 (47)

The resulting distribution is shown in Fig. 5.
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IV. COMPUTER CODE PEBBLE

A. Solution Technique

The finite difference equations used in program PEBBLE were derived
from the differential equations of the mathematical model by integrating
over finite areas, based on as:umed distributions of the variables be-
tween the nodes of the grid [28,35]. This approach ensures that conser-
vation laws are obeyed over arbitrarily large or small portions of the
field. In addition, this approach is most appropriate for the macro-
scopic porous medium model of a packed sphere bed, which already includes
the assumption that the variables in a given bed volume are well charac-
terized by macroscopic average values.
- The coupled system of nonlinear algebraic equations is solved by a
point iterative method, with the option of under or over-relaxing the
dependent variables as necessary. A Gauss-Seidel method is used, in
which the new values are used in each iteration cycle as soon as they
become available. This method is known to yield rapid convergence and
places low demands on computer storage. Details of the derivation of the
finite difference equations from their differential counterparts, along
with details of the successive substitution formulae can be found in
Appendix A. This method is a modification of the techniques developed by
Gosman, et al. [28]. The code is written in modular form, with the
finite differencing being done by the cede. This allows great flexi-
bility, in that equations can be easily changed or added.

The user has the option of using either upwind or central differences
for the advective terms (those terms multiplied by ay in Eq. 24).
Central differences are more accurate, but upwind differences may be

required to ensure the convergence of some equations. This will be
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discussed further in Chapter VI. Properties are updated at the end of
major iteration cycles, and the mesh can be swept for an eguation as many
times as desired within each major iteration cycle. References are given
in the code for property models. A subroutine solves the Beattie-
Bridgeman equation of state to recover the coolant density at each prop-
erty update.

The convergence criterion used dictates that the maximum fractional

change in a dependent variable, ¢, in the field must not exceed a pre-

scribed value, that is

LR

where the bracketed superscripts denote the values for the Nth and Nth-1
iterations, respeciively. Tests with PEBBLE have shown that changes in
calculated values are insignificant for cc < 0,005,

To recover the mass flux at the axis of symmetry, we note that for a
finite mass flux, the radial derivative of the stream function, ¥, must
approach zero at the same rate as r near the axis. It follows that
the ¥ ~ r distribution is parabolic near the axis. The program assumes
this relationship holds at grid points once and twice removed from the
axis, allowing the mass flux, G*, to be calculated at r = 0. The mass
flux, G*, is set equal to zero at the impervious wail to approximate the
no-s1ip condition. The presence of G* in the resistance coefficient,
however, then incorrectly leads to a reduced resistance to flow adjacent
to the wall. In the code, therefore, it is assumed that the flow resis-
tance at the radial boundary node is the same as the resistance at. the

adjacent interior node.
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The code does not require rectangular boundaries at the z limits of
the bed (inlet and exit). The boundaries are set with the arrays IINLET,
IMIN, IMAX and IEXIT. The successive substitution formula is only
applied from IMIN to IMAX. The code does assume that the grid is defined
so that grid points lie on the boundaries. If the user wants to incorp-
orate non-rectangular boundaries, changes will need to be made in sub-
routines GRID and BOUND, and MFLUX should be checked.

The code is heavily commented and referenced, and was written to be
used by athers. A Yisting of the code, as set up for a coupled thermal-
hydrualic test problem, i~ provided as Appendix B. The thermal-hydraulic

test problem is discussed in Chapter VI,



V. ORNL PBRE ANALYSIS
A. Pebble Bed Reactor Experiment

Though the ORNL PBRE was never built, a full-scale mockup was con-
structed and extensive velocity and mass-diffusion measurements were
made [21]. The PBRE was designed to be a 5 MW(t) all ceramic, helium-
cooled pebble bed reactor system, with the core volume containing approx-
imately 11700 spherical fuel-moderator elements [36].

The mockup used unfueled graphite spheres, 0.0381 m in diameter,
loaded in a Plexiglas core model. The cylindrical core had an inverted
conical core support plate with an included solid angie of 1200, which
had a central 120° conical ball discharge dome. A free-surface fill
cone at the angle of repose topped the bed. The basic geometry is shown
in Fig. 6. The core had a diameter of 0.762 m, giving a bed to ball
diameter ratio of 20. For experimental Bed 13 (modeled in this paper),
the height from the lowest point of the core support plate to the peak of
the fill cone was 1.35 m. Air was supplied to a plenum structure below
the slotted core support plate, flowed upward through the interstitial
voids in the béd, and exhaustied to atmospheric pressure above the fill
cone.

Point velocities 2re measured above the bed with a hot-wire anemom-.
eter, and averaged over all angular measurements at each radial position
to give the mean radial velocity profile. The velocities measured cor-
respond to superficial velocities, and the angular averaging makes com-

parison of measurements with an axisymmetric cylindrical coordinate

prediction reasonable.
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Once a bed was constructed and measurements had been made above the
fi1l cone, graphite spheres were removed to form flat-topped beds at
three axial positions. Referring to Fig. 6, FC denotes the location of
measurements taken above the fill cone, FT denotes the flat top configu-
ration with the fill cone removed, I denotes the intermediate configu-
ration with the upper ha]f‘of the bed removed, and E denotes the bed
configuration where only the entrance region was filled with spheres.

For each bed, the flow rate was varied to give Reynolds numbers, based on
the pebble diameter and superficial velocity, between 1150 and 9400. The
small bed to ball diameter ratio, and complicated inlet geometry caused
some modeling difficulties, but the PBRE mockup measurements offer the
only experimental data available for relatively large packed beds of
large, uniform-diameter spheres with an interstitial fluid flowing at
high Reynolds numbers.

B. Code Validation Concerns

Normally, code validation relies on analytical solutions, or data
from geometrically simple experiments; in this case, no two-dimensional
analytical solution could be obtained, and no simple experiment was
available. The only comparison that has been made vith a known solution
involved modeling an isothermal, uniform-property bed. With constant
pressure conditions at the inlet and outlet, this configuration should
yield a uniform velocity profile (plugflow). The plugflow calculation
uses a rectangular grid, modeling an axisymmetric cylinder with flat,
constant-z inlet and outlet faces, having a uniform void fraction of
0.39. The pressure boundary conditions are based on symmetry at r = 0

and r = 1, and constant pressure at the inlet and outlet, with the inlet
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face value specified at 1.0. Boundary conditions on ¢ at both the inlet
and outlet correspond to parallel, axial flow (i.e. 3y/3z = 0), The axis
of symmetry and impervious radial wall must both be Tines of constant Y.
Because the introduction of y increased the order of the original dif-
ferential equation, one of the ¢ boundary conditions is arbitrary. For
numerical simplicity, we chose the value of v = 0 at r = 0 for all z.
Once the value of y has been set at r = 0, the ¢ distribution for
plugflow can be determined from Eq. (22), by setting Gz* = 1 and inte-
grating fromr = 0 to r = r. Thus for plugflow, ¥ = G.5 r2. This
function is shown in Fig. 7. The wall values of ¥ can then be set at
0.5, which ensures that the area-averaged dimensionless mass flux across
each bed cross-section equals unity [16]. For this configuration, pro-
gram PEBBLE calculated uniform velocity flow. The calculated pressure
distribution was consistent with a one-dimensional form of the governing
equation. The solution is well behaved, converging in a stable manner
regardless of the initial guess.

With confidence in the numerical technigue gained from the plugflow
calculation, the ORNL PBRE mockup was modeled with PEBBLE. The radial
boundary conditions on ¥ and pressure are the same as for the plugflow
case. The boundary conditions on ¥ at the inlet and outlet correspond to
flow perpendicular to the face; the condition being that the normal
derivative of ¥ is zero. The boundary condition on pressure at the
outlet specifies the value of 1.0, the reference value. In the solution
reported previously [37], the boundary values of pressure at the inlet
were computed using the calculated normal pressure gradient at the inlet,
the appropriate area-averaged value of the pressure for the adjacent

internal nodes, and the appropriate distance normal to the inlet
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37

face. As reported earlier, for Bed 13FCa this resulted in an apparent
error in the calculated core pressure drop of 5.5%, and the calculated
pressure distribution near the inlet did not vary smoothly. Application
of this boundary condition later yielded an obviously incorrect solution
for the coupled thermal-hydraulic problem. It was found in the liter-
ature [35] that this plausible (and physically correct) technique is
known to cause numerical problems. Since the inlet boundary condition
on y assumed flow normal to the face, the pressure had to be constant
along the face for a physically correct solution. The new boundary
technique involves applying the above condition at one point, and then
setting the pressure at all iniet boundary points to that value.

The finite difference grid was set up with a constant Ar and a var-
iable Az, so that grid points fell on the inlet and outlet boundaries.
Bed 13FC was calculated ~n a 21 x 51 grid. The grid definition and
outlet boundary conditions were then adjusted to model Beds 13FT, I, and
E. Bed 13E was calculated on a 21 x 16 grid. The grid for Bed 13FC is
shown in Fig. 6.

A relaxation parameter of 1.285 was used for the calculation of ¥ a
value of 1.0 was used for the pressure recovery calculation. Calculation
of Bed 13FCa for cc = 0.005 required 31 s of CP time using a CDC 6600
computer, the interactive NOS operating system, and the LASL FUN compiler.
C. Void Fraction Distribution in the PBRE

The void fraction, €, in a cylindrical packed bed only achieves the
random packed bed value of 0.39 for very large beds. Since a sphere
makes only point contact with the wall, the void fraction varies from 1.0

at the wall to a minimum at one-half ball diameter from the wall. Its
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value then oscillates before approaching a constant value 5 to 10 ball
diameters from the wall [38-40]. Bundy [21] measured the total void
fraction of Beds 13FT and 13E, reporting values of 0.401 for Bed 13FT,
and 0.366 for Bed 13E. The void fraction distribution used by PEBBLE for
the cylindrical portion of the bed is shown in Fig. 8. This distribution
is based on the DBed/dp = 14,1 data of Benenati and Brosilow [38],
modified by data from measurements on one-fourth scale PBRE models by
Thadani and Peebles [39]. The fill cone void fraction was set to the
nominal value of 0.401, as no data are available for free-surface fill
cones.

The porous medium model is difficult to apply in the entrance region,
which has numerous structural surfaces and contains a relatively small
number of spheres. Bundy [21] measured a large void fraction in the
lowest part of the entrance region, a low value higher in the region, and
a mean value of only 0.366 for Bed 13E. It was believed that the large
value was a result of the wall effect, with spheres in only point contact
with the structure, while the low value was a result of rhombohedral
close-packing (¢ = 0.26) at the bottom of the cylindrical bed.

Wadsworth [41] had previously observed rhombohedral packing near the
bottom of flat-bottomed beds.

In the absence of detailed information on the distribution of € in
the entrance region, the void fraction distribution assigned to this
region in PEBBLE was manipulated to give the approximate shape of the
reported velocity profile, causing the flow to enter the calculational
bed in approximately the same manner as it had entered the experimental

bed. The resulting distribution used the area void fraction of the core
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support plate (including no-flow regions) for the value of & at the
boundary and the first two internal grid points (about one-half ball
diameter). Next, a layer of rhombohedral close-packing, one ball
diameter thick, was assumec for the regions above the discharge dome and
the slanted core bottom. The void fraction of the remainder of the
entrance region was set to the measured mean value of 0.366.

D. Comparison of Predictions with Measured Values

Figures 9 and 10 display predictions by PEBBLE for the distribution
of stream function, pressure and velocity in Bed 13FCa of the PBRE mockup
series. Some general observations can be made concerning these figures.
The streamlines are perpendicular to the isobars. When bed properties
change, such as in the entrance region or the fill cone, the flow redis-
tributes in very short distances. 1In the cylindrical portion of the bed,
where the void fraction in the model varies only radially, the
streamlines are parallel and the flow is purely axial. The pressure
gradient is steeper in the entrance region, where there is denser pack-
ing, than in the remainder of the bed.

Pressure data for the PBRE mockups were reported in the form of
friction factors. For Bed 13FCa, with an inlet Reynolds number of 6275,
the reported value was 5.59. With the inlet boundary technique discv~<ed
in Section B of this chapter, PEBBLE calculated a value of 5.607. The
print output for the analysis of Bed 13FCa is provided as Appendix D.

Figures 11 through 14 compare predictions by PEBBLE for the exit
velocity profiles of Beds 13E-FC with those measured on the full-scale
mockups. The calculated velocity profile at the exit face of the en-

trance region of Bed 13E, resulting from the void fraction distribution



STREAMLINES AND ISOBARS

MASS FLUX STREAMLINES. PERE BED 13FCA ISOBARS (NORMALIZED). PBRE BED 13FCA

1O g —— e

OIMENSIONLESS Ax[AL POSITION
OIMENSIONLESS Ax[aL POSITION

S
SunS
o

]

- o0
00 1 £ 3«5 878 Mo LI -~ 8 618 9to0

DIMENSIONLESS RADIUS OIMENS IONLESS RADIUS

Fig. 9. Calculated mass flux streamlines and isobars for PBRE Bed 13FCa.
Contour values correspond to ¢ = 0.5 r2 in steps of 0.1, where
contour A is zero. Pressure contour values range from A = 1.0
to K = 1.031 and are equally spaced.

(87



42
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Calculated distribution of normalized velocity for PBRE Bed 13FCa.
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and inlet boundary conditions discussed in the previous sections, is
shown in Fig. 11 with the corresponding experimental data. Figures 12
and 13 demonstrate that the calculated velocity profiles for Beds I and
FT are essentially the same, which is consistent with Fig. 9. The dif-
ferent shape of the experimental velocity profiles at the two locations
may be caused by axial variations in the bed packing. Wadsworth [41] has
noted that axial variations in the void fraction distribution can exist,
but none were modeled here because no data are available. The agreement
between predicted and measured velocities for Bed 13FT, shown in Fig. 13,
appears excellent, at least for an inlet NRe of 8555 (see also Fig.

17). Note, however, that other choices could have been made in assigning
the distribution of ¢ in the cylindrical portion of the bed; a different
distribution would change the shape of the calculated velocity profile.
The void fraction distribution shown previously in Fig. 8, while having
the correct characteristics in an overall sense, may be locally
inaccurate. Differences probably exist between PBRE Bed 13, formed from
the previous bed by through-cycling 12710 spheres [21], and the very
small scale beds used for the measurement of void fraction distribution.
These small scale beds were formed by simply dumping spheres into a
cylindrical volume [38-40].

Calculated and measured velocities above the fill cone are compared
in Fig. 14. The calculated velocity profile is in good agreement with
the experimental measurements. Since the entire fill cone region was
assigned a uniform void fraction of 0.401 in the numerical model, the
good agreement between the measured and calculated FC velocity profiles
is probably not the result of a fortunate choice of void fraction distri-

bution. The results shown in Fig. 14, therefore, indicate that the
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mathematical model and numerical technique used by PEBBLE are appropriate
for the analysis of high Reynolds number flows in packed sphere beds.
Figures 15 through 18 show the effect of inlet Reynolds number on
both prediction and experiment for Beds 13E-FC. Again, the results for
the Bed 13FC are encouraging, but the results for Beds 13E-FT reguire
further comment. The response of the prediction with respect to Reynolds
number is consistent with the mathematical model. It has been previously
noted by Szekely and Povermo [17] that the profiles should be similar as
long as the quadratic term dominates the resistance to flow. 1In
reporting the PBRE mockup measurements, Bundy [21] questioned the
apparent Reynolds number effect shown in the data, stating
'...an effect of the flow rate on the shape of
the velocity profile cannot be clearly deduced
from the present data, and such an effect of the
flow rate, if it exists, must certainly be small.
The differences observed in the normalized velo-
city profiles measured at the same point above a
bed at different mean velocities might have re-
sulted from changes in the velocity profile be-
tween the exit face of the bed and the measure-
ment height, which was 9 in. above the bed."
E. Discussion of PBRE Results
A mathematical model and numerical solution technigue have been
developed that allow calculation of macroscopic values of the hydraulic
variables in an isothermal axisymmetric pebble bed under steady-state
conditions. The computer code PEBBLE has been shown to predict
distributions of coolant velocity and pressure, limited only by knowledge
of the geometry of the bed.
The lack of detailed knowledge of the local void fraction does not

1imit the ability of PEBBLE to perform an accurate thermal-hydraulic
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analysis of large pebble bed power reactors, such as those being designed
by the Institut fur Reaktorentwicklung, Kernforschungsanlage, Julich
(KFA). These Targe power reactors have bed-to-ball diameter ratios of
about 200, and even have an array of structural depressions in the radial
reflector to minimize, or eliminate, the wall effect. These beds can be
modeled accurately {(on a macroscopic scale) by assuming the entire bed to
be characterized by a nominal void fraction of 0.39. In addition, the
ccmbination of the continuous OTTO fuel cycle and coolant downflow en-
sures that very little heat is generated in the portion of the core
adjacent to the ball discharge structure, resulting in nearly isothermal
conditions in this region [42]. Thus, the thermal-hydraulic calculation
is not of critical importance in those regions where its accuracy may be
in question.

Further validation of the flow model will require data from a
geometrically simple flow experiment. The experimental bed should have a
large bed to ball diameter ratio and parallel, constant-z inlet and
outlet faces. Its void fraction distributior should be measured in both
the radial and axial directions. Annular flow dividers should be used
beyond the exit face to minimize the tendency of the flow to return to an
empty tube velocity profile, ensuring that the anemometer measures the
proper velocity. The possibility of using a circular hot-wire in these

annular regions should be investigated.



vi. COUPLED THERMAL-HYDRAULIC TEST PROBLEM

A. KFA Power Reactor Design

The design chosen for the test case is the KFA PR3000 Design Case
1013. This design was chosen because the axisymmetric power distribution
js available in the literature [34]. Case 1013 is a 3000 MW(t) PBR
operating on a low-enriched uranium (LEU) OTTO fuel cycle The bed
contains approximately 1.8 x 106 shell type fuel-moderator elements,
and has a core-average power density of 9 Mw(t)/m3. Helium is supplied
to the upper void space at a pressure of 4 MPa, with a mixed-mean temper-
ature of 523 K at the rate of 785 kg/s. A1l input values for geometry
and design parameters can be found on the third page of the code listing
supplied as Appendix B, The axisymmetric thermal power distribution is
entered in the Block Data Subprogram POWER. Input values, including the
power distribution, can also be found in the print output from program
PEBBLE for this test case, which is supplied as Appendix C.
B. Numerical Model

The physical reactor is assumed to be axisymmetric, and the effects
of the many small fill cones on the upper free surface, and the bal}
discharge structures, are ignored. The bed is characterized by an aver-
age height in the design information. A comparison of the physical
reactor and the numerical model is shown in Fig. 19. These approxi-
mations are the same as those used for the neutronics calculation which
supplies the axisymmetric thermal power distribution.

The KFA neutronics code VSOP provides power per ball (kW/ball) at the

volumetric centers of N equal annular volumes. Design Case 1013 was
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calculated on 18 equal radial volumes. The resulting radial grid spacing
can be seen in Fig. 20. Power per ball values are available for radial
locations 4-21 (22 total radial points). PEBBLE was originally set up
using the finite difference grid shown in Fig. 20, where the extra grid
1ines near the axis of symmetry were added to aid in the calculation of
G* at r = 0 (See Chapter IV). This grid resulted in a false flow
maldistribution being calculated in the region of radial lines 4 through
7 (verified by another plugflow test). The grid spacing need not be
uniform, but neither can it be too coarse. It is noted that the calcu-
lation of Gz* requires the radial derivative of a function something
1ike that shown in Fig. 7. PEBBLE now includes the subroutine INTERP
which interpolates the VSOP input to equally spaced radial grid points
for the thermal-hydraulic calculations. It would be possible to use
INTERP to interpolate the thermal-hydraulic variables back to the VSOP
spacing if required, though this capability is not inlcuded in the pres-
ent version of PEBBLE. The new finite difference grid is shown in Fig.
21.
C. Boundary Conditions

The boundary conditions for ¥ and P* are the same as for the ORNL
PBRE analysis reported in Section B of Chapter V, except here P* = 1 at
the inlet face. The radial boundary conditions for temperature are based

on symmetry at r = 0, and the assumption of an adiabatic wall at r = 1,

or stated mathematically,

-2 = — = Q. (49)

The temperature boundary conditions at the inlet face are based on ther-

mal energy balances between the incoming gas stream and the solid front
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surface after the work of Vortmeyer and Schaefer [43]. If we assume the

mixed-mean inlet gas temperature, TIN (nondimensional value = 1.0),

corresponds to a temperature away from the bed, the temperatures at z = 0

can be calculated from

: T, ]
= —_——— * - - —
TFI Grc* h* (1 -¢) (TSI 1) + K_'_-2 57 + 1, (50)
and
aT
_ 1 q* s .
Tst = B0 [av* (l-e) + K 53 } . (57)

where TFI and TSI represent the nondimensional fluid and solids tem-
perature at the inlet face.

PEBBLE was originally set up with the temperatures at the outlet face
being calculated from one-dimensional thermal energy balances, but it was

found that a constant thermal flux condjtion, or

2. "2
3°T T
s °f = 0, (52)

822 322

z=1 z=1

gave essentially the same answers and enhanced the rate of convergence.
Considering the structure supporting the bed, balanczs based on gas
exiting from a generating, conducting bed directly to an empty plenum are
not physically correct anyway. The reference design for the core bottom
structure is shown in Fig. 22.
D. Lessons Learned in Debugging the Problem

The only value of any of the four dependent variables that can be

calculated analytically is the mixed-mean outlet temperature of the
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cooiant. The code calculates the bed power from the VSOP input, and the
coolant mass flow rate, speciffc heat and inlet temperature are known.
For the Design Case 1013 input, PEBBLE calculated at total power of 3006
MW(t) (design 3000 MW(t)) which indicates the mixed-mean outlet temper-
ature of the coolant should be 1260 K.

As originally set up, PEBBLE calculated a mixed-mean outlet helium
temperature of 1232 K, an error of -28 K or -3.8%. Analysis of the
numerical model indicated that this error was probably due to the use of
upwind differences for the term multiplied by c¢* in Eq. 40. This is the
only equation of the four in which the so-called advective te;hs appeai-.
The code was rewritten to allow the user the option of using either
central or upwind differences on these terms, as upwind differences are
known to be necessary to ensure convergence for some equations [28,35].
With central differencing of the advective terms, the fluid temperature
equation requires under-relaxation and the convergence rate is slower,
but the calculated mixed-nean outlet temperature is now 1259 K; an error
of only -0.2%.

The equation for the pebble average surface temperature is numer-
jcally unstable, possibly because the source terms (bracketed terms
multiplied by r in Eq. 39) are very large while the effective conduc-
tivity, Ks’ is relatively small. It can also be noted that the depen-
dent variable appears in the source term. Convergence is obtained by
over-riding the successive substitution when unreasonable values are
calculated and by strongly under-relaxing the successive substitution.
The substitution over-ride is controlled by an IF statement, and is only

called upon during the first few iterations.



62

The relaxation parameters, and number of sweeps of the mesh for each
equation, have not been optimized for this problem. The values of these
parameters and the numerical converoence information for this problem can
be found on the first few pages of the print output in Appendix C. With
the parameters listed, the solution of the basic equations required 46 s
of CP time {exclusive of compilation time) on a CDC 6600, using the NOS
interactive operating system and the LASL FUN compiler. Execution time
could probably be reduced by using the FTN compiler under OPT = 2. The
reduction in execution time which could be realized by optimizing relax-
ation parameters and number of sweeps is not known.

E. Discussion of Resuits

The results of this calculation are presented graphically in Figs. 23
through 37, and in the print output presented in Appendix C. As men-
tioned previously, the only analytical check available is the mixed-mean
outlet coolant temperature, for which the calculated value is within one
degree K of the analytic value. The error in the calculated coolant
temperature rise is only -0.2%.

Figures 23 and 32 show the thermal power per ball calculated by the
neutronics code VSOP [34]. Two things to note are the characteristic
0TTO cycle axial profile, with approximately 90% of the thermal power
being generated in the upper half of the core, and the power peaks at
dimensionless radii of 0.833 and 1.0. The peak at r = 0.833 is caused by
the two-zone fuel loading used in Design Case 1013. The pebbles loaded
in the region from r = 0.833 to the wall have a higher heavy metal load-
ing than the pebbles in the center uf the core. This strategy flattens

the radial power profile, but a power peak results near the inner edge of
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Fig. 23.

Distribution of thermal power per ball for KFA PR3000 Design Case 1013. The
coordinates (0,0) correspond to the core centerline at the top of the bed.
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PEBBLE THERMAL-HYDRAULIC ANALYSIS
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Maximum Value Plotted Is 1.013
Minimum Value Plotted Is 0. 983

Fig. 24. Calculated distribution of the dimensionless mass flux, G*. The wall value
of G* = 0 was not plotted to allow expansion of the vertical scale.
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COOLANT BULK TEMPERATURE

PEBBLE THERMAL~HYDRAULIC ANALYSIS
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Fig. 25.

Calculated distribution of the coolant bulk temperature for KFA PR3000
Design Case 1013.
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PEBBLE AVERAGE SURFACE TEMPERATURE

PEBBLE THERMAL-HYDRAULIC ANALYSIS
KFA PR3000 Design Case 1013

Fig. 26. Calculated distribution of the pebble average surface temperature for KFA
PR3000 Design Case 1013,
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MAXIMUM FUELED MATRIX TEMPERATURE

PEBBLE THERMAL-HYDRAULIC ANALYSIS
KFA PR3000 Design Case 1013

Fig. 27. Calculated distribution of the maximum internal fueled matrix temperature
for KFA PR3000 Design Case 1013.
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COOLANT BULK TEMPERATURE (K)

Contour plot of calculated coolant bulk
temperatures. The contours are evenly
spaced, from A = 535 K to P = 1300 K.
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the region with the higher heavy metal loading. The peak at r = 1.0
results from the graphite reflector, which acts as a source of thermal
neutrons. These power peaks cause a maldistribution in the coolant
velocity radial profile.

Referring to Eq. 26, % varies és 1 and g,* varies as 1/p. For
helium, u increases and ¢ decreases with increasing temperature. Thus,
the resistance to flow through the bed increases with temperature. Since
the convective heat transfer coefficient decreases with decreasing gas
velocity, the problem compounds itself. The distribution of the dimen-
sionless mass flux, G*, is shown in Fig. 24. In this figure the wall
vii'ue of G* = 0 is not plotted so the scale can be expanded to show the
agetail. The flow maldistribution is not large, +1.3% and -1.7% from the
mean. Streamlines and isobars are shown in Figs. 33 and 34. The mass
flux distribution can be quantified from the print output, but the flow
is seen to be mostly axial and parallel. The maximum radial mass flux
within the bed is about 0.4% of the mean axial mass flux. The isobar
plot in Fig. 34 clearly shows that the pressure gradient becomes steeper
towards the outlet where the film temperature is higher. The overall
calculated core pressure drop is 0.7 MPa.

The remaining figures show the distributions of coolant bulk temper-
ature, pebble average surface temperature and maximum internal fueled
matrix temperature. Examination of the plots will show a raa{;Tlnal-
distribution of all three temperatures. This maldistribution is pri-
marily caused by radial differences in the axially integrated thermal
power, compounded by the flow maldistribution discussed above. For

example, the neutronic calculation for Design Case 1013 used 18 equal
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radial volumes: the axially integrated power at r = 0.799 is 148.1 MW(t)

while for the adjacent volume, centered at r = 0.833, the axially inte-
grated power is 192.9 MW(t).

Figures 28, 29 and 30 show the axial distributions of the three
temperatures at the core centerline, the hot radius and the cold radius,
respectively. This type of temperature distribution is characteristic of
0770 fuel cycles. Figure 31 shows the radial distribution of coolant
temperature at the outlet, and the mixed-mean outlet coolant temper-
ature. Temperature stresking in the coolant is important to the de-
signers of the core support structure, because the materials nroblems at
these temperatures are very significant. Other maxima and quantitative
values can be found in the print output in Appendix C.

As with the isothermal flow model, further validation of the coupled
thermal-hydraulic modeling of packed beds will require data from well-
characterized experiments. The heating of spheres in the experimental

bed should be non-uniform, to test the modelirg completely.



VII. CONCLUSIONS

A mathematical model and numerical solution technique have been
developed that allow calculation of macroscopic values of thermal-
hydraulic variables in an axisymmetric pebhle bed nuclear reactor core
under steady-state canditions., The nonlincar fluid flow model and numer-
ical solution technique have been validated by comparing predictions with
data from the ORNL PERE full-scale mockup. The computer code PEBBLEL has
heen shown to predict distributions of conlant velocity and pressure
adequately, limited only by knowledge of the geometry of the bed. A
fully coupled thermal-hydraulic analysis of a large power reactor design,
KFA Design Case 1013, has been completed using calculated fission power
profiles. The code PEBBLE calculated a mixed-mean ocutlet coolant
temperature which is within one degree K of the analytic value.

The pebble bed has been treated macroscopically as a generating,
conducting porous medium. The model uses a nonlinear Forchheimer-type
relation between the coolant pressure gradient and mass flux, with newly
derived coefficients for the linear and quadratic resistance terms.

These coefficients, together with the dimensionless form of Eq. 28 and
the numerical solution method, represent an apparent advance in the
techniques for calculation of flow maldistribution in packed sphere

beds. The complete mathematical model and computer code PEBBLE provide a
more complete description of the coupled thermal-hydraulic phenomena in a
generating, conducting packed bed than any found in the literature.

The numerical technique uses finite difference forms of the coupled

system of nonlinear elliptic partial differential equations, derived by
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inteqreting over finite areas, based on assumptions about the distri-
butions of the varigblies between the nodes of the gqrid, This method is
most appropriate for a porous medium model of a packed sphere hed, which
already includes the assumption that the thermal-hydraulic variables in a
sub-volume of the bed can he well characterized by averaage values. The
result is a code which places rather modest requirements on such computer
resources as [P time and storage.

The computer code is very flexible, as demonstrated hy the complex
geometry modeled for the ORNL PBRE, and the variable properties, includ-
ing an anisotropic thermal conductivity, used in the thermal model. This
flexibility, and the modular form of the subroutines which solve the
elliptic equations should allow PEBBLE to be applied in the analysis of
other packed bed (or porous media) systems, such as chemical catalytic
reactors.

The goal of this effort has been the development of analysis tech-
niques. Now that the code PEBBLE exists, further refinement of the model
is possible. As experimental data becomes available, the appropriateness
of the property models for the solid phase effective thermal conduc-
tivity, and turbulent thermal diffusivity, can be examined. There is
room for improvement in the boundary conditions applied to model a
selected physical system. The modular form of PEBBLE facilities changing

the cede as the modeling of pebble bed nuclear reactors is refined.
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APPENDIX A: NUMERICAL SOLUTION TECHNIQUE
A.1 The Domain of Integration

For the purpose of the derivation of the finite differenc® equations,
we assume the field of interest has been covered by an orthogonal grid
network, and that the nodes of the finite difference grid coincide with
the intersections of the grid lines. These grid lines need not be
equally spaced. Figure 38 displa&s a portion of a grid showing a typi-
cal node P, and the four surrounding nodes N, S, E, and W, The finite
difference equation will eventually be expressed primarily in terms of
the values of the variables at these nodes, and to a lesser extent in
terms of the values at the nodes labelled NE, NW, SE, and SW.

The integration of the differential equation will be performed over
the volume formed by the rotation of the small dotted rectangle, which
encloses the point P, through an angle of one radian about the axis of
symmetry. The sides of this rectangle lie midway between the adjacent
grid lines. The differential equations to be solved are summnarized in
Table 1.

A.2 Integration of the Equation

The double integra] which we wish to evaluate is

r,n Z,e

’ ’ 2 _a_w.> -2 (@z)

a ¢ dzdr

./r-,s ./z-,w { ¢ oz éar or \"9z

Y',n 2,9 a ( a a 'r a

- = [rb, == (c ¢)) L (—-— b, = (c ¢)) dzdr

ﬁ’s ﬁ’w {az b2z ‘o ar 2 o ar o

rsn Zse
+ f j rd, dzdr =0, : (A1)
TS Z W



AREA OF INTEGRATION
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Fig. 38. Illustration of a portion of the finite difference grid showing
the area of integration for the differential equations.



Table

1.

Model elliptic partial differential equations in standard

non-dimensional form.

A 2 (). 2 3 .3 r o3 \ .

) ['37 (° 5%) Tar @%)1 a7z ["¢ roaa (:ta "] ar [b¢ 2o (Cqs ";]* rdy = 0

EQUATION | DEPENDENT
VARIAGLE
d
¢ % b ] % o
STREAN i s —2 (£ +gv) g 0
FUNCTION v 0 e+ GMgr | 4 2 9" 5%
Z

o X

HERMAL .
ENERGY T¢ tcr *+ K¢ +1 h* a* (T, - Tp)
BALANCE
o

HERM T + K +1
EKERGY § 0 $ +hta v (T - T) - q
BALANCE '
PRESSURE . G2 9opy L1 | sy 2 N "0 3
RECOVERY P 0 1 +H - —_rFr-e-f— 5F 32 [(E,‘ + G*) 92*] - -a-i—a—FBE + G*) 92*]

1 2|\ . (] 0

e o @)

{2) K¢ is anisotropic and requires spectal treatment in the code.
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where the integration 1imits are the coordinates of the sides of the
rectangle.

Inspection of the above equation reveals that all the terms but
the last could be formally integrated once if a¢ were a constant., Ex-
amination of Table 1 shows that a¢ is zero for all equations except the
fluid phase thermal energy balance, and c* can be assumed constant for
engineering purposes. We denote a suitable local average value of a¢

near the point P as a¢’p.

r.n e
Wy 3 _ ? 9 - 9
“.p {./r:,s [¢e (ar)e b (Br)w] a o/zl,w [¢" (%)n ¢S(%)s] & }
4 ADVECTION TERMS e +
ran 3 3
- rb =— (cC - |rb = (C d
S Alod, [ ], - [, [ o), o
4 DIFFUSION TERMS +
0 7
1 2,8 3 3
- — rb . - — =
a2 ./z-,w {[ an [ar (C¢¢)]n [r'b¢]s [ar ('¢¢)]s} @
r,n Z,e
+ rd, drdz = 0, -
fr . fz " , dr (A-2)
4 SOURCE_TERM 4

where those quantities which appear with the subscripts n, s, e, or w
are to be evaluated along the side of the rectangle denoted by the

subscript.
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In the above equation, various groups of terms have been assigned
the names advection, diffusion, and source. In order to proceed further,
assumptions must be made about the distributions of the variables

according to the nature of the terms.

a. Advection Terms

There are four integrals to be evaluated in the udvection terms.
It will be sufficient to outline the procedure for only one of these
in detail, for the treatment of the others will follow similar Tines.

If we denote the first integral by the symbol Ia’

rsn
Ia = a¢,p f ¢e (g%) dr. {A-3)
r,s e

If both ¢ and § are well behaved functions, there exists an average

value of o> which is denoted $é, such that

ol <§ﬂ) dr.
Pe\dr
%- L 2 (h-4)
e” T 30 (e - ¥ i
r.n (ﬂ)_) i ®sp (ne se)
ar e
Y‘,S

where the subscripts ne and se refer to the relevant corners of the

rectangle shown in Fig. 38, The equation can now be rewritten as

Iy = 3,p $§Cwne - wse) . (A-5)

The next task is to express Eé, wne and wse in terms of values of

the variables at the nodes of the grid. We assume that ¢ is uniform
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within each rectangle, and has the value which prevails at the particu-
lar node which the rectangle encloses. At this point, we develop two
alternate formulations for'Ee. We will allow the user the option of
using either upwind differences or central differences on the advection
terms. Central differences are more accurate, but upwind differences
may be required to ensure convergence with certain equations. For up-
wind differences it is assumed thatEe takes on the ¢ value possessed
by the fluid upstream of the e-face of the rectangle. For central

differences we assume that

7, ~ ﬂa;;ﬂ . (A-6)

For upwind differences

[ (Ve = Vo) - {¥ne ~ lpsef
Iaza¢,p{¢E 2 i
[ (Ve = Yeo) * Ve = Yeol ]
+ ¢p ne se ) |"ne se| } . (A-7)
L J

In this eguation, the presence of the -difference, first within a
bracket and then within a modulus sign, ensures that one of the terms
in the square brackets in the equation will be zero. The term which
remains will represent the contribution from the node upstream from the
e-face of the rectangle. In this way upwind differences are intro-
duced into the finite-difference scheme.

We now assume that the value of the stream function at a particu-
lar corner of the rectangle is equal to the average of the values at

the four neighboring nodes, such thut
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Yse 4 . (A-8)

Assembling the expression for Iadv’ the sum of all the advection

terms yields

ad
+ AN (¢p-¢N) + AS (¢p '¢S):

where

a -
- _o,P
AE = g L(‘J’SE + ‘J’S - wNE - 1PN) + N’SE + ws - wNE - q)NIJ s

M= g Ny + oy = gy = ¥s) + Logy + oy = vy = Wl

J

a
p
AW = 20 (e * Ve - Yy = B * log * Ve = Wy - Wl 5 (A-9)

and
a
_%p
As = g~ l“”sw*"’w"”sz"”e)‘“ l"’sw*"’w“”ss"”e'] ,

For central differences

® )
Ia & a¢,P [(P ; E)(\i'ne - lbsei s (A-10)

Tagy =AE™ (dp + 9p) * A (dp + o)

and

FANE (9p + 9y) + AS* (dp + 65), (A-11)

where
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b. Diffusion Terms

As before, to consider one integral is to consider all, so we will

evaluate the integral

I, = [s [rb¢]e [392- (c¢¢)] . (A-12)
¥4

s

Assuming that

] N'(rE +rp)
e ~ 2 ’
(A-13)
(b gth P)
b ~ g’ Qs ]
$.e 2
and
c ¢ (of ¢
2 ()] ~ 0k E - So.p %
e %" %p
Equation (A-12) can be integrated to yield
P ooCeEt P | TETTR | SeE % T Copte | TN
d 2 2 - 2p 2

Zg
(A-14)



95

The other diffusion terms may be evaluated by similar arguments,
yielding Idiff’ the sum of the integrals of all four terms:

Tgjpe = BE (cg pd g - copd p) + BW (cy yo 4y = ¢, po p)
+ BN (cg nOy = Copdp) +BS (cy gdg -y pdp),

where

b +b ry = I
$,E $,P /N S

b +b Ty = I
oW $,P N S
BW = 2 2 (r, + ry),
b +b Z. -
By = Lall__ 0P (rE - :“\ (ry + 1p)s (A-15)
8a N P /
and
b +b Z. - 2
BS = —$a3 2¢’P (rE - rw\ (rg + rp).
8a p-Ts) -

c. Source Terms
The final integral we must evaluate is

r,n Z,e
rd¢dzdr. (A-16)

—
"

sor
rss  Vz.w
Here we note that there is a double integral to evaluate, since
d¢ may assume various forms, according to the particular variable under
consideration, makingivit impossible to perform the first integration
immediately as was done with the other terms. This problem can be
avoided b)y, assuming that d, is uniform over the area of integration and

¢
takes on. the value at point P. Then, if it is further assumed that "
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is a close approximation to the space-average value of r, Eq. (A-16)

may be integrated to yield

d Y (A-17)

Isor ~ To,P

P!

where

Ze- - ry - r )
vp=rP(EZZ“) (N2 5), (A-18)

which represents the approximate volume swept out by the rotation of

the rectangle through a1 angle of one radian about the axis of symmetry.
It is now a relatively simp]é matter to expfess the d¢,P term for

each variable in finite d1fferenceAform. If, for example, this term

contains first-order differential coefficients, these may be expressed

in terms of central differences. When the grid spacing is non-uniform

rp = 1 Ty = I
A _d,)(_"__.i) . (o -¢)(1_£)
(%%) _ ( N P 'y p MP TS rE - rg (A-19)
: r, - r
N S

with a similar expression describing the axial derivitive.

d. The Complete Finite Difference'Equation

The integration of the general differéntia] equafion over the small
control volume has been compieted. We may‘now assemb]e tﬁe ekpre§§ions

for the various terms. For upwind differencing of the advection terms

AE (‘f’p _-¢E)'+ AW (¢p'¢w) + AN _(¢P-¢N). + AS (¢p'¢s)

"BE (cy,g 0g = Co,p #p) = B cg 0y - <4 p 9p) (A-20)

“BN ey oy = Cop0p) - BS (cy s ¢ - cy p o)



97

For central differencing of the advection terms

AE* (¢p + ¢E) + AW* (¢p + ¢w) + AN*¥ (¢p + ¢N)
+ AS* (¢P + ¢S) - BE (c¢’w¢w - °¢,P¢P)

¢,) - BN (c

- B eyl - % s NN ™ So,p%p)

- BS (C(p,sq’s - ¢’p¢p) + d(b,P VP = 0, (A-Z])

Equations (A-20) and (A-21) are the major outcome of the effort so far;
they provide an algebraic relation between the value of ¢ at a parti-
cular node and the values at the surrounding nodes. There will be one
such equation for each variable at every interior node in the field.
Together with equations for the boundary nodes, there are as many

equations as unknowns.

A.3 The Successive-Substitution Formula
It is now possible to recast Eqs. (A-20) and (A-21) as successive-

substitution formulae. Removing ¢p to the left-hand side

¢p = CE¢p + CWyy + CNpy + (S + D, ’ (A-22)

where, for upwind differences on the advection terms,

CE = (AE + BE c¢’E)/ZAB,
CW = (AW + BW c¢’w)/zAB,
CN = (AN + BN c¢,N)/ZAB, (A-23)
CS = (AS + BS S S)/ZAB,
D=-d p VP/ZAB,
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and
= AE + AW + AN + AS + Co.p (BE + BW + BN + BS).

Lag

For central differencing of the advection terms

CE = (-AE* + BE c, £)/LAB*,

CW = (-AW* + BW c¢’w)/ZAB*,

CN = (-AN* + BN c¢’N)/ZAB*,

€S = (-AS* + BS c¢,s)/ZAB*,

D =-d, 0 Vo /ZAB*, (A-24)

and
LAB* = ~(AE* + AW* + AN* + AS*) + c¢ p (BE + BW + BN + BS).

It is useful to now recast Eq. (A-22) in a form more suitable for

programming, Writing the formula in terms of the A's and B's

> 3("3' * ¢35 B5) 451 dp Vp
oy = 2N Ts Eu b , (A-25)
j = N’ZS, E: W (Aj ' Cd),P Bj)

where i=N>S,E, W denotes summation over nodes N,S,E, and W.

Dividing both the numerator and denominator by Vy,

N;E;, Es W [}AJ * ¢4, (bg,5 * bg,p) BJ'; ¢J] " P

Ns S, E, W {Aj_ * Co.p (g5 * Py p) B }

(S
1]

op =
(A-26)

.
i}

where Aj’ and Bj‘ are related to Aj and Bj by
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A" = Aj/VP’

and
(A-27)

B, = BJ-/VP (b¢,j +b 5.

J ¢sP

Equation (A-26) expresses the substitution formula in the form used by
PEBBLE. A similar formula is derived for the situation where central

differences are used for the advection terms, with

. * -
Aj Aj /VP. (A-28)

The rate of convergence of an iterative solution procedure can some-
times be improved by over-relaxation: for this, the variation of the
¢'s from one iteration to another is caused to be greater than that
which would be obtained in the normal iteration process. Alternately,
some equations may require under-relaxation to ensure convergence. Both

of these techniques can be applied in the code through the formula

op = Rogp (M) 4 (1< rp) o, (1), (A-29)
where RP is the relaxation parameter specified for the variable ¢, and
the bracketed superscripts denote the new value from iteration N and the
previous value from iteration N-1. If very slow variations in ¢ are
necessary for stability, RP can be set equal to an arbitrarily smal?l
number. Care must be taken when over-relaxing, as ill-chosen values
of RP can slow the rate of convergence, or even provoke divergence.

The numerical method reported here is a modified form of the tech-

niques developed by Gosman, et al. [28]. Modifications include the
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non-dimensionalization of the general elliptic equation form and the
resulting successive substitution formulae, and the addition of the

ability to use central differences for the advection terms.



APPENDIX B. LISTING OF PROGRAM PEBBLE
AND ITS SUBROUTINES

The program as listed is set up for
the coupled thermal-hydrualic test problem:

KFA Design Case 1013.
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LASL Identification No.: LP-1046
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1 +TAPES» TAPEL O+ FILM

see TET UFP TO ANALYZE KFA POWER REACTOR PR3000s CASE 1013 eee
REF: E. TEUCHERTs L. BOHLs H.J. RUTTEMN AND K.A. HASS,
JUuL-1114~-RGs OCTOBER 1974
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VARIABLES STORED IN THE ARRAY ACIsJrKd

K CORRESPONDING DIMENSJONLESS VARIRBLE
1 STREAM FUNCTIONs PS}
2 FLUID BULK TEMPERATUREs TF

AVERAGE PEBBLE SURFACE TEMPERATUREs TS

[0

PRESSURE» PSTRR
MASS FLUX» GSTAR
(X1 + BGSTAR> B2STAR

DO6GO0O000000000NOOOO00
a A

RADIAL DERIVITIVE OF PSI

=)

AXIAL DERIVITIVE OF PSI
AXIAL COMPONENT DOF MASS FLUXs G2STAR

© 0

10 RADIAL COMPONENT OF MASS FLUX» GRSTAR
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VARIABLES STORED IN THE ARRAY PROPTY (IsJsKD
CORRESPONDING VARIABLE

x

COOLANT DENSITYs RHO (DIMENSIONAL> KG/Mee3)

[
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FRICTION PARAMETER RATIOs X1

FRICTIDN PARAMETER» G2STAR

valp FRACTIONs EPSILON

DIMENSIONLESS SPECIFIC SURFACE» RAVSTAR
RX1-COOLANT DYNAMIC VISCOSITY ((PR-S)ee—1)
G2STARSRHO (KG/Mee3d)

DIMENSIONLESS CONVECTIVE COEFFICIENTs HMSTAR

DIMENSIONLESS VOLUMETRIC GENERATION
RATE» QSTAR

DIMENSIONLESS EFFECTIVE SOLID PHASE
THERMAL CONDUCTIVITYs KS

DIMENSIONLESS EFFECTIVYE FLUID PHARSE
THERMAL CONDUCTIVITY <RADIAL>» KFR

DIMENSIONLESS EFFECTIVE FLUID PHARSE
THERMAL CONDUCTIVITY <(AXIAL)>s KFZ
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VARIABLES STORED IN THE ARRAY TEMPINCIsJsKD

CORRESPONDING VYARIABLE

PEBBLE INTERNAL FUELED-UNFUELED
INTERFACE TEMPERATURE O

FUELED-UNFUELED INTERFACE TEMPERATURE
GRADIENT <(K-CM)

MAXIMUM FUEL TEMPERATURE (K>
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COMMON /REARCTR/ HEIGHT»> PADIUS, DKUGEL, FMDOT» QTOTs TINLET,
1 PINLET» GIMLETs REYNIM» RRL» ASGs RFRICs BFRICs VFNOM

COMMON /PROFP- PROPTY(25s,22,12>s PCOND(2%>s CPs CSTARs D3IUBPCs EOVR
1 » EOVAy FKCs SIGMA4s TFILMCs BETAK» GSAMMAKs HENTC

COMMON ~GEOM- INs INM» JN» JUNMs 2(2%)s RC22)» IINLET(22)» IMINCZ2)
1 » IMAXC22>» IEXAIT(22>s PIs VYOLS» RYSOP¢22>y NDEE

COMMON /NUMER- RP(4>» RSDUC4>, LOCIC4>s LOCJC(4>s REDUCE» IOVER

COMMON ~EGN- RE» AWs ANs ASs ASUMs BEC2S)>s BW(23)» BN(22>» BS(@2>»
1t BBE» BBWs BBN» BBSs NSWP1s NSWP2» NSWP2s NSWF4s IUPWND

COMMON /BALL- TEMPIN(25,2253>» IBALL» R1ls R2

COMMON /RESULT~ I0UTPU12>s IFILMis IFILM2y IFILM3s JLOCTPs ID»
1 INDEXs KDA» NC

CALL SECOND (STIME>
PRINT 80y STIME

SPECIFY BED GEOMETRY AND INLET VALUES FOR REACTOR

FMDOT = COOLANT MASS FLOW (KG/S)>

PINLET = INLET PLENUM COOLANT PRESSURE <PA)

TINLET = MIXED MEAN INLET PLENUM COOLANT TEMPERATURE (K>
RADIUS» HEIGHT = BED DIMENSIONS <M

VFNOM = NOMINAL BED vOID FRACTION

KW/BALL INPUT IS ENTERED IN POWER BLOCK-DATA SUBPROGKAM
REF: JUL-1114-R5y 1974y PP. 1617

FMDOT=78S.
PINLET=40.E05
TINLET=S323,
RADIUS=4,61
HEIGHT=S, 0
VFNOM=(. 39

SPECIFY FUEL-MODERATOR ELEMENT (PEBBLE> GEOMETRY

IBALL = 1 FOR CONVENTIONAL BALL

IBALL = 2 FOR SHELL BALL

DKUGEL = PEBBLE DIAMETER (M

R1 = INNER RADIUS DF FUELED/UNFUELED INTERFACE <M>
CIGNORED IF IBALL = 1)

R2 = OUTER RADIUS OF FUELED-UNFUELED INTERFACE <M

REF1 JUL-1114-RGy 1574» P.17

I1BALL=2
DKUGEL=0. 06
R1=0,015
R2=0. 025
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SET OPTIDONS FOR PROGRAM CONTROL

NMAX = MAXIMUM NUMBER OF MARJOR ITERATIONS
IN = NUMBER OF AXIAL GRID POINTS
JN = NUMBER OF RADIAL GRID POINTS (=YDLS+4.>
vOLS = NUMBER OF EGJAL RADIAL YOLUMES FOR YSOP INPUT DATA
NDEG = DEGREE OF NEWTONS DIVIDED~-DIFFERENCE POLYNOMIAL
USED TO INTERPOLATE vSOF THERMAL POWER DATA TO
EVENLY SPRCED RADIAL GRID POINTS <NDEG.LE.2>
NE = NUMBER OF EQUATIONS
£C = CONVERGENCE CRITERION
NSWP1 THRDUGH NSWP4 = NUMBER OF SWEEPS OF MESH FD& EGUATIONS
ONE THROUGH FOUR FOR EACH MAJOR ITERATIDN

1UPWND = FLAG FOR DIFFERENCING OF ARDVECTION TERMS

1 = YUPWIND DIFFERENCES

OTHER = CENTRAL DIFFERENCES
RF (1> THROUGH RP(4> = RELAXRTION PARAMETERS FDR EQUATIONS

ONE THROUGH FOUR

REDUCE = REDUCTION FACTOR USED IF SUBSTITUTION OVERRIDE

IS NECESSARY FOR TEMPERATURE EQUATIONS
IOVER = FLAG TO PRINT SUBSTITUTION OVERRIDE INFORMATION

1 = PRINT

OTHER = NO PRINT

ICTRL = FLAG TO PRINT PROGRAM CONTROL INFORMATION
CPTMAX = MAXIMUM CP TIME

NMAX=30

IN=25

JN=g2

vOLS=18.

NDEG=1

NE=4

CC=0.005000

NSWP1=1

NSWP2a2

NSWP3=5

NSWP4=}

1UPWND=0

RP(1>=3,

RP (2)=0.23

RP (3> =0. 0025

RP(4)=1.0

REDUCE=0. 995

IOVER=(

ICTRL=}

CPTMAX=100.

IF (ICTRL.NE.1> GO TO 190
PRINT 90s INs JNsYOLS»NSUPL»NSWP2y NSWP3
PRINT 100s NSWP4sCLHRP (1) +RP (2> sRP (3) s RP (4

10 CONTINUE
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SET OFTIONS FOR OUTPUT CONTROL

IOUTP = FLAGS TO SELECT YARIARELES FOR PRINTOUT
VAPIABLE 1 = DIMENSIONLESS STREAM FUNCTION
& = DIMENSIDOMLESS MASS FLUX» GSTAR
FADIAL COMPONMENT OF DIMENSIOMLESS MASS
FLUX» GRSTAR
= AXIAL COMFONENT OF DIMENSIONLESS MASS
FLUX» GZSTAR
= DIMENSIONLESS COOLANT PRESSUREs PSTRAR
= CDOLANT BULK TEMPERATURE», TF OO
= PEBBLE AYVERASE SURFACE TEMPERATURE,» TS (KO
-
»

w
L}

MAXIMUM INTERNAL FUELED MATRIX TEMPERATURE <K)
PEBBLE INTERNAL SHELL/MATRIX INTERFACE
TEMPERATURE <>
10 = PEBBLE INTERNAL SHELL/MATRIX INTERFRCE
TEMPERATURE GRADIENT (K-/CM>
11 » 20WER PER BRLL INPUT FROM VSOP <KW/ /DALL>
12 = AUXILIARY OUTPUT <CONTROLLED BY KDR AND INDEX>
INDEX = { FOR ACIsJyKOR)
INDEX = OTHER FOR FRUOPTY (IsJeKDA>
IFILMl = FLAG FOR CREATION OF PLOT FILES FOR TGAS/TSURFRCE~ TMAX
VERSUS AXIAL POSITION AT CENTERLINE» HOT RADIUS AND
USER DESIGNATED RADIUS SET BY JLOCTP
ALS0 PLOT OF TGAS AND MIXED MEAN COOLANT TEMPERATURE
AT OUTLET VERSUS RADIUS (TAPE2 THROUGH TRPES)
IFILMEe = FLARG FOR CREATION OF 3-D PLOT FILE FOR THERMAL POWER,
TEMPERATURES AND DIMENSIDNLESS MASS FLUX VERSUS
2-D POSITION (TAPES THROUGH TAPELD>
IFILM3 = FLAG FOR CREATION OF CONTOUR PLOT FILM FILE FOR
POWER» TEMPERATURES, STREAM FUNCTION AND PRESSURE
NUMBER OF CDNTOURS IS SET BY NC (NC.LE.21>
ID = FOUR DISIT IDENTIFYING CODE FOR CRLCULATION
INUM = FLAG FOR QUTPUT OF NUMERICAL CONVERGENCE INFORMATIDN

VRN A

DATA I0UTP 1219219891919 191919191»0/

IFILML=g
IFILM2=1
IFILM3=]
NC=16
JLOCTP=21
INDEX=2
KOA=1
10=1013
INUM=1

SPECIFY CONSTANTS FOR FRICTION PARAMETERS
AFRIC AND BFRIC = CONSTANTS A AND B IN FORCHHEIMER COEFFICIENTS

AFRIC=24,S
BFRIC=0.17%4

INM=IN-1
JHM=JN-1

CREATE FINITE~DIFFERENCE GRID AND INITIALIZE VARIABLES

CALL GRID
CALL INIT
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BEGIN ITERATIDN CYCLE

IF (INUM.NE.1> 60 TO 2¢
PRINT 110

PRINT 120

ITER=0Q

CONTINUE

ITER=1TER+1

CALL SOLVER FOR ELLIPTIC FARTIAL DIFFERENTIAL EQUATINONS

CALL PDE

CALL SECOND (TIME>

RTIME=TIME-STIME

IF C(INUM.NE.1> GO TO 40

PRINT 130» ITERsRTIMEs C(LoRSDUCLI sLOCICL) +LOCJCL) sL®m1sNED
IF (RTIME.GE.CPTMAX> 60 TD 60

1IF CITER.EQ.NMAX> GO TO 60

CHECK FOR CONVERGENCE

RES=0.
DD S0 K=1sNE

IF (ARS (RES) .LT.AES(RSDU(KD>> RES=RSDY K>
IF (ABS(RES) .GT.CCY 6O TO 30

60 TO 70

PRINT 140s ITER

CONTINUE

COMPUTE PEBBLE INTERNAL TEMPERATURES AND GRADIENTS
CALL TEMPS

OUTPUT CALCULATIONAL RESULTS

CALL RESULT

sToP

80 FORMAT (/-+2X»oSTARTING TIME AFTER COMPILATION = €:F5,.3)

90 FORMAT (//128XsoFROGRAM CONTROL VARIAELES®s/sSXs70(e=0) 3/ 95K, 70 (0=
10)3/7/739%30INey 10Xs O NS> IXe oVOLS @5 TXs ONSWUP 1 €3 7Xs SNIWP2es 7Xy ¢NSUP 3@«
2 736X B(0=0) 34X 8 (=01 14K 2 (0=0) 34X B (6=0) 14X 1B (0=0) 14X B(*=e) 3 /99

3 XoIZ»10%s 12> 9%sF2.0510Xs11511%s11510%512)

100 FORMAT (/97X oNSWP 403 O ¢CL 38X oRP (1) @3 PN ORP (2) ®3 7X1 ORP (3> 037X @
IRP (4503 798Xr1 B (=) 34K B (#=9) 1 AN B (#=0) 3 47, S (0=0) 34X, G (o) 54X s B (o~

23 /39K J19sBXsF7. 596X F5.230 7XsFS5.2316XsF6,497%X:FS,.39 /3

110 FORMAT (r7/123Xs oNUMERICAL CONVERGENCE INFORMATION®s ./ »SXs 70(0=0),

1 +S5X»70Co=0)3)

120 FORMAT (s ?7XsoMAJDOR®» 65y oEXECUTION® s 23Xy ¢EQUATION®s 43 #MAXIMUMe» 5X»
1 oLOCRTION®s 4Xs oLOCATION®s /35X, ¢ ITERATION®» 5Xs ¢CP TIMEes 5X» eNUMBER
20> SRy oRESIDUAL®s 5Xs o1 INDER®s 5Ky e INDEN®s /35X 3 (6=0) 3 4Xs S (o=0) ¢+ X

3 18(0~0)14Xs8(9=0) 14Xy S (+=0) 34KXs 2 (o=@) » )

130 FORMAT /18Xy I2s7XsFE. 310 SECesPXs [196XeF10.696Xs 125 10Xe 129 /93 (34X%

1 9s1194%sF12.696%12110Xs1293)

140 FORMAT <(s7s2XseDID NOT CONVERGE IN s 12 MAJOR ITERATIONSS,. >

END
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BLOCK DATA POWER
COMMON ~FPQVWER~ PBALL (23,22)

READ KW, BALL DARTA FROM viIOP CALCULATION INTO PBALLC(1s.)
J INBEX RUNS FROM 4 TO VOLS+3
KFA CASE 1013 WAS CALCULATED ON 18 EQUAL RADIAL YOLUMES
REF: JUL-1114-RG» 19745 P. 22

coc g?Tﬁ STATEMENTS ALLOYW ONLY SINGLE~SUBSCRIPT, DO-LOOP-IMPLYING
NOTATION
THIS BLOCK DATAR SUBPROGRAM IS EQUIVALENT TO

DO 10 J=dsINM

00 10 1=151IN

READ PBALL(1» b
10 CONTINUE

DATA CPBALLL) +Lu?590100> ~/4.0004,.1094,.36+4.2893.9593.50,3.08+2.66¢
1 2.27+1.9191.5991.31+1.0890.8990.7390.6020.50s0.4150,3420,2890,24»
2 0.2190,19+0.19+0,158~

DATA (PBALL L) rL2101,12%) /3,9714.0624.33:4,.2%513.93+3.4893, 0622.6%5
1 v2.8601.9091.58+1.3191.0820.8920.7350.6050.5050.4150,.34+0.28+0.24
2 90.2190.,19+0.19,0.18/

DATA (PBALL W) »L=1262150) /2.9394.0324.3054,2213.9193.47»3.05+2.64
1 92.2%91.8991.5091.3191.08+0.8%90.7320.60+0,.5050.4150,3450.28»0,24
e 20.,2150.1990.1950.18/

DATA CPBALL (L) sL=151,17%) /3.8993.9914.28+4.2193,90,2.47+3,05+2.64
1 +2.2601.3051.5951.3191.03»0.8990.7490.6150,.50»0,.41+0,34»0.2900.24
2 90.2190.1990.1950,18~

DATA (PBALL (L) sL=17552000 /32.3593.96+4.249+4,1893.87+3,44»3.04+2.63
1 92.28591.8991.5891.3191.05810.8990.7390.60:0,50»0.41»0.34»0.2950.24
2 »0,21:0.1950.19+0.13~

DATA (PBALL (L) »L=201,22%) /3.8053.9194.20+4,1453,84+3.42+»3.01+2.61
1 +2.8321;5851.5751.3051.08+0. 8990.7310.6090.5050,4120.3490,28+ 0,24
2 0. 21’0 19+0.1950.18/

DATA (PEBALL (L) sL=2265250) /3.7493.8794.16+4,1293.84»3.42+3.0392.63
1 22.2691.9191.6091.3211.1050.9090.74+0.61v0.51+0.42y0.3590.29»0.24
2 90.21+0.1990.19+0.18~/

DATA (PBALL (LD »L=251,275) /32.€6913.8194.11:4,07+3.7993,.3812.9992.60
1 92.2351.868+1.55:1.3191.0890.8990.7450.6150,.50+0.4150.34»0,29+0.24
2 90.2190.1990.19+0.18~

DATA (PBALL (L) 7L®2762300> /3.6353.75:4.05+4.0093.7313.3202.94+2.95
1 52.1891.5521.5491.28:1.0690.8730.7220,59,0.4950,4020,3450.28+0.23
2 20.2000,18+0.1800.17~

DATA <PEALLCL) sL=301532%) /3.55+3.72+4,07+4.0693.51+3.43+3,0992,66
1 12.2891.9491.6321.3551.1290.9390.7620,6390.5290.4390.3690.3090.25
2 v0.2190.2090.20+0.19~

DATA (PBALL (L) »L=326+350) ~3.45:3.60:3,.93+3,92923.6793.2912.92+2.54
1 92.1951.8551.5591.2991.07+0.88550,.7350.60»0,5050.415 0,345 0.28+0.24
2 90.2010.1990.1990. 318~

DATA (PBALL (L) sL=351,37%) -3.28:3.4053.6813.65:3.41+3.05:2.71+2.35
1 92.0291.7151.4351.1950.9990.82+0.6720,.5659.4620.38+0.31+0.26s0.22
2 90.1990.1790.17+0.17~

DATHA (PBALL (L) sL=376,400) /4.26+4,4814,7474,7394,49+4,05:3,.50+»3.03
1 12.9992.1991.85:1.5791.3191.0790.8820.73+0.,6090.4950.4150.3420.29
2 10.24+0.22»0.23+0.23~

DATA C(PBALL (L>sL=md401,425) /4.08:4.2594.44+4,.4194,.18+3.7723.2652.82
1 72.4192.0451.7291.4651.22r1.0050.82+0.68+0.5690.46»0.3890.32»0.27
8 ’ 0-23’ 0-2" 0.31! 0-82’

DATA C(PBALL (L) sL=426,450> /4.01:4.15:4.32194.27+4.0693.6793.18:2.76
1 92.3652.0091.6991.4451.2050,9890.8190.6720.55s 0,459 0,.35+0.31:0.26
2 20.8200.2000.20,0.21~

DATA (PEALL (L) sL=451147%) 4,.0193.9793.9293.7633.4032.9692.5%6+2.17
1 91.8991.5691.2821.0520.28750.7150.58»0.4850.390.3220.2790.2210.19
2 20.1600.1490.1450.15/

DATR C(PBALLCL> sL=476:500> 74.2054,18r4.1594.00:3.6393.1792.75+2.34
1 92.0001.6991.391.1450.94+0.7750.6320.5250.43+0.3%10,2910,24» 0,20
2 20,1720.15:0.14+ 0. 14~

DATA C(PBALL (L) sL=501,52%) /4.55:4 -30’4.35!4.?0!4-27!3-7893-24!2-75
1 92.3591.9891.63+1.34+1.10+10.9000.7450.6190.50+0.4150.34+0,.28:0.23
2 20.2000.3720.195+0.15/ ’

END



QCOODO0000O0

[x]

[y ]

OO0 o000 O

OOODOO00

[y Xy lx]

10

20

30

109

SUBROUTINE GRID

Ceoooe >000 >o0e OO0 E00 900000000 e sool
c [
C CDMPUTES GRID POINTSs GEOMETRY FACTORSs AND B~PRIME FACTORS c
c REQUIRED FOR THE SUCCESSIVE SUBSTITUTIDN FORMULA C
c GRID SPACING NEED NOT BE UNIFORM E
c M
c Laad 2ot > oo * . oot soeceere ool

COMMON ~REARCTR~ HEIGHTs RADIUSs, DKUGELs FMDOTs QTOTs TINLETS
1 PINLETs GINLETs REYNIN» ARL» ASWR» AFRICs BFRICs VYFNOM

COMMON ~GEONM~- IN» INMs JUN»> JNM» Z¢(2%)» R(22>s IINLET(22)>» IMINCGD)
1 » IMAX22>s IEXIT(22)» PI» vOLS» RVSOP(22>s NDEG

COMMON /DERIV/ H1 (@3>, HIDC(@5), H2(22>» HE2D (22D

COMMON /EGN- REs FAMs ANs AS» ASUMs BE(2S>s BW(2%)s BN(22)s BS(22)»
1 BBE» BBW» BBN» BES»; NSWP1s NSWF2»> NSWF3s NSWP4s IUPWND

COMMON ~BDY-, DEL2INC22>s DEL20C22)>» SFRRACI(22>s RAXISs AXISH
SET NON-RECTANGULAR BOUNDARRIES AS NEEDED

DATA IINLET ~22C1>/
DATA IMIN s22¢2>~/
DATA IMAX -22(24)>~/
DARTAR IEXIT r22@% -
ARL=RADIUS/HEIGHT

COMPUTE THE AXIAL COORDINRTES
FOR THIS PROBLEM THE RXIAL GRID SPACING I3 UNIFORM

ZSTEP=1, /FLOAT (INM>
DO 10 I=1,IN
ZCID»FLOAT (I=1) ZSTEP

COMPUTE THE RADIAL COORDINATES

RADIAL GRID POINTS FDR POWER INPUT LIE AT TME YOLUMETRIC
CENTER OF vOLS EQUAL RADIAL VOLUMES (FOR vSOP INFUT)s PLUS
THREE EXTRA GRID POINTS NEAR THE RXIS OF SYMMETRY AND AR GRID
POINT ON THE RADIARL REFLECTOR

XAREA=RADIUSSRADIVUS,VOLS
NVOLS=vOLS

JYsNVOLS+3

EvVOL1=0.

EVOL2sXARER+EVOLL
STEP1=SGRT (0. SeEVOL2) /RADIUS
DELRA=STEP1 /3.

RVYSOP 1) =D,

RYSOP (2> sRYSOP (1> +DELRA
RYSOP (3> =RYSOP (2> +DELRA
RVSOP <4)>=STEP1

DO 20 J=S.J ¥

EvVOL1=EYOL2
EVOL2=4ARER+EVOL L

RY30P () =SART (0. SeEVOLZ+EVOL1) > /RADIUS
RYSOP (J¥y+1>=1.0

COMPUTE THE EQUALLY SPACED RADIAL GRID POINTS

R{(1)=gQ,

DELR=1, /FLOAT (INMD
DO 30 Jm2sIN

R<(H =R (J=1>+DELR
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COMPUYTE THE FACTORS NEEDED FOR THE SPATIAL DERIVITIVES

DO 40 I=2, INM
H1 (1> 22 (> =2<1=1>) 7 2{I+1>=2(D>)
HIDCI> =1,/ (Z(I+1>~2(1=1))

DO S0 J=2» JNM ;

H2(J> 8 (R (D =R (=133 7 (R (J+1> =R (D>
H2D (D> =1,/ (R(J+1) =R (J=1>)

DO 60 Ju1sJN

. II=IINLET (D

60

70

80

I2=IMINCD)
I3=IMAX (5

14=1EXIT (D

DEL2INCJ)> =2 (12>~2 (11>
DEL20(J> =2 (14> ~2 (1)

ARIS®L .7 (1. =C(R@ =R (1))~ R(D=R(1))) ee2)
AXISM=AXES=1.

COMPUTE THE B-PRIME FRCTORS

ASA=ARL*ARL

DO 70 I=2y INM

B CID=sH1D (1) 7 (2(I>=2(1~1>>
BECIDsHID (1> /7 2(I+1>=2(1>>

DO 80 J=2,JNM

DR=0, SeHED (D)
BS(D=(1,+R (J~1> /R (J?> 7 (R(I =R (J=1>) #DR/AZQ
BN(J> = {1l , +R(J+1)/RL(I D7 (RL{I+1) =R (D) #DRAASK

RETURN
END
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SUBROUTINE INIT

Cooee * S >0 00 > >oo oo +000 0504

c

C INITIALIZES ALL DEPENDENT VYRARIAEBLES

C ALSO SETS FIXED-VALUE BOUNDRRY CONDITIONS
C AND PERFORMS ONE-TIME-ONLY CALCULATIONS
C

Ce croee 0060000606000 - -

OO0

{

COMMON 7REACTR, HEIGHT, RADIUS» DKUGELs FMDOT» QTOTs TINLET,
1 PINLET» GINLETs REYMNIN» ARLs RSG» AFRICs BFRIC» YFNOM

COMMON ~FPOWER~- PBALL (25s22>
COMMON ~5AS- AZERO» RGAS», WMOL» BBCls BBC2sy BBC3s BBC4» BBCSs BBCE

COMMON ~/PROP~- PROPTY (25,22s12>9 PCOND<2%>s CPs CSTARs DSUBPC» EOVR
1 » EQYA» FKC» SIGMRA4s TFILMC» BETAK» GRAMMAKs HENTC

COMMDN ~GEOM~- INs INMs JUN» JNMy Z2¢25>s RCE2>» IINLET(22>» IMINCGR2>
1 » IMAXC22>» IEXIT(@2>» Pl» vOLS» RYSOP(22>s» NDEG

COMMON ~BDY~, DELZINCZR2), DELZOCR2>s SFRACIC(ZE)s AXISs ANISH
COMMON ZANSUER-” A<RSs22510>

Pl=3,1413%27
SIGMA4=4, ¢5,6657E~08

ASSIGN COEFFICIENTS FOR SOLID PHASE EFFECTIVE THERMAL
CONDUCTIYITY MODEL
(SEE SUBROUTINE SOLIDK FOR REFERENCE)

BETAK=0.95
GAMMAK=2, /3,

ASSIGN CONYECTIVE COEFFICIENT ENTRANCE REGION CORRECTION FRCTOR
C(THIS NUMBER 1S NOT WELL KNDWN)

HENTC=1.0

SPECIFY CONSTANTS FOR REARCTOR COOLANT
AGASs RAZEROs B» BZERO» C = BEATTIE-BRIDGEMAN COEFFICIENTS
(P ATMy ¥ LITERSs T KELYIND

RGAS = UNIVERSAL GRS CONSTANT (LITER-ATM/GMOLE-K>

CP = SPECIFIC HEART AT CONSTANT PRESSURE (J/KG-K>

WMOL = MOLECULAR WEIGHT OF COOLANT GAS (G6-6MOLE>

HELIUM REFS: M.P. WILSONs JR.s GA-1355, 1960
H. PETERSEN» DANISH REC REPT.» RISO-224s 1970
D.P. SHOEMRKER AND C.W. GARLANDs EXPERIMENTS IN
PHYSICAL CHEMISTRYs MCGRAW-HILL» NYs 1962y P. 57

DATA AGASs AZERO» By BZEROs Cy RGAS -0.05984:0,0216+0,0:0.0140050.
1 004E045 0. 08206~

CP=5195,

WMOL=4, 00260

COMPUTE CONSTANTS FDR STATE SUBROUTINE

BBC1aRGASeBZERD
BBC2=RGRSeC
BBC3=-EBCleB
BBC4=AZERDSAGAS
BBLCSsBBClel
BBCS=BECSeB
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CALL SUBROUTINE TO CALCULATE INLET COOLANT DENSITY

PINATM=PINLET-1,012E0%5
CALL 3TATE (PINATM» TINLETs RHOIND

COMPUTE INLET PLENUM VALUES FOR 3ELECTED VARIABLES
ZEE SUBROUTINE PROPS FOR REFERENCES

FMUIN=3, 674E~07eTINLET®®0,.7
TEMP=TINLETe® (0, 7101, ~2,.E-0NFePINLET)>
FKIN®2,6Z2E-03e(1.~1.123E~03ePINLET) ¢TEMP
FKC=}./FKIN

COEFF 136, eAFRIC/ (BFRIC®DKUGEL>
COEFF2=é. ¢BFRIC/DKUGEL
HTODKsHE IGHT ~DKUGEL
TFILMC=TINLET*0.5S

SINLET=FMDOT/ (RADIUSeRADIUSeP )
REYNIN=GINLETeDKUGEL-FMUIN

YCG= (1, =VFNOM) »VYFNOMee2

51 IN=36, SAFRICSFMUING (1. -VYFNOM> ¢VCG/ (RHOINeDKUGEL o DKUBEL)
G2IN=COEFF2eVYCG/RHOIN

CSTRARSCPeGINLETOHE IGHTOFKC

ASSUME PLUG FLOW FOR STREAM FUNCTION INITIAL GUESS

DO 10 J=25 JNM
IL=IINLET (D
IHSIEXIT (D

DO 10 I=ILsIH
AclsdsldeR(HDOR(I>*0,5

THE INLET COOLANT PRESSURE IS SPECIFIED

INITIAL GUESS FOR PRESSURE CORRESPONDS TO A ONE-DIMENSIONAL
UNIFORM PRESSURE DROP» ASSUMING THE OVERALL CORE DELTA P IS
190 PERCENT OF THAT CALCULATED USING INLET CONDITIONS

PERCNT=1.90

CDELF=PERCNTeGINLET® (G1IN+G2INOGINLET) oHE IGHT
DO 20 J=1sJN

IL=IMINCD

IH=IEXIT (S

DO 20 I=ILsIH

ACl» Jr4>=PINLET-CDELP®Z(I>) /PINLET
DSUBPC»GINLETeGINLET®G2INOHEIGHT/PINLET

ASSIGN APPROXIMATE DISTRIBUTIOM OF PEBBLE THERMAL CONDUCTIVITY
CONSISTENT WITH THE AXIAL GRID SPACING

PEBBLE THERMAL CONDUCTIVITY IS A FUNCTION OF FAST NEUTROM
FLUENCE RND TEMPERATURE

THE THERMAL CONDUCTIVITY OF THE FUELED MATRIX AND UNFUELED
SHELL RRE ASSUMED EQUAL

THIS DISTRIBUTION CORRESPONDS TO AN IDERLIZED OTTO FUEL CYCLE
REF* JUL-1114-RGs 1974» Fi3. 85» P. 63

DO 30 I=1sIN
PCDHD(I)-l?-+20.50EXE(-15.3?OZ(I))

ASSIGN CONSTANT YARLUES OF RADIAL AND AXIAL TURBULENT

PECLET NUMBERS

COMPUTE RATIO OF TURBULENT THERMAL DIFFUSIVITY DIVIDED BY

AXIAL VELOCITY .

REFS: B. FINLAYSONs CHEM. ENG. SCI,s 26+ 1971 P. 1081
H. DEANS AND L. LAPIDUS: AICHE J.r 65 1960y P. €96

PECLTR=10,
EOQOVR=DKUGEL ~PECLTR
PECLTR=2,
EDVA=DKUGEL/PECLTR
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ZET THE BED YOID FRACTION DISTRIBUTION
FOR KFA DESIGNS THE ENTIRE BED CAN BE ASSIGNED THE NOMINAL
VALUE OF 0,32

PO 40 J=1,00 .
IL=TINLET ¢J» :
IH=IEXIT (> ;
DO 40 I=IL,IH

40 PROPTY (I5Js 4> =vFNOM

CALCULATE THE NON-DIMENSIONAL SPECIFIC SURFACE

CAY=S. oHTODK
DO 50 J=1sJIN
IL=TINLET <>
IH=IEXIT (J»
DO S0 I=ILsIH
50 PROPTY(15Js5)=<1.=-PROPTY (Is Js4d>) eCRY

ASSIGN KW BALL DATA TO EXTRA GRID POINTS NOT USED BY vsSOP

DO 50 J=m1s3
IL=1INLET (J>
IH=IEXIT (W
DO 60 I=ILsIH
50 PBALL<(Is.)>=PBALL(Is4>
IL=1INLET (UMY
IH=IEXIT (JN>
D0 70 I=ILsIH
70 PBALL (Iy JN> sPBALL (I» JNM)

CALCULATE TOTAL POWER IN WATTS FROM VSOP INPUT

GTOT=0.

VERLL=P ] ¢IKUGELeDKUGEL®DKUGEL 6.

0 20 J=4s JNM

IL=IMINCD

IH=IMAX ()

10 30 I=IL,IH

G=PEALL <I» Jy e (1. -PROPTY (Is.Jr 42> ~VBALL
80 QTOT=RTOT+R

L0 90 J=4s JNM

I=IINLET <D

Rx0. SePBALL (I» Do (1. -PROPTY (15Js 42> ~VBALL

HTOT=GTOT+R

I=1EXITCH

Q= SoPEALL (Is Jre (1, =FROPTY (15 Js 42> /VBALL
20 ATOT=QTOT+Q

PYOL=vOLSeFLORT CINM>

ATOT=QTOTe1.ECIeHEIGHTORADIUSeRADIUSeP I PYVOL

CALL ROUTINE TO INTERPOLATE YSOP THERMAL POWER PROFILE
TO EVENLY SPACED RADIAL GRID POINTS

CALL INTERF

SET STREAM FUNCTION RADIAL BOUNDARY CONDITIONS
IL=TINLET (1>

IH=IEXIT (1)

DD 100 I=ILsIH
100 ACIs151>=0,0
IL=1INLET <UD
IH=IEXIT (JN>
DO 110 I=ILsIH
110 AT« JNs 1220, 5

SET BOUNDARY CONDITION ON PRESSURE AT INLET
DO 120 J=1,JN

I=1INLET (2
120 A<Is Jr 4 =],
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INITIALIZE MASS-FLUZ DISTRIBUTION

00 130 Jmsz, JN
ILsIINLET 0>
IH=IEXIT (o

DD 120 IsILyIH
CALL MFLUA 11,J5
CONTINUE
IL=IINLET (1>
IH=IEXIT (1> .
DO 140 IsIL,IH
CALL MFLUX . (I!l)
PDNTIHUE

fHLCULﬁTE rDNSTﬂNT FACTORS DEFENDENT ON INLET CONDITIONS,
GEOMETRY AMND VDID FRACTION DI°TRIBUTIUN

DO 150 Jafi IR

SFRACI (S #1.~PROPTY (1s Jr #>
ILSTINLET (>

IH=IEXIT ()

D0 150 I=lLsIH

SFRACEL, =PROPTY (Ir Js 4>
RATIO=SFRAC/PROPTY (11 Jr 4) @03
PROPTY (IsJs 6) s3FRACSCOEFF1/GINLET
PROPTY (I Jy 7> =COEFF2ORATID G2 IN

CONYERT KW-/BALL .DATA TO N/BHLL AND DIMENSIONLESS VOLUMETRIC

GENERATION RATE, QSTHAR
CALCULATE INITIAL GUESS FOR CUDLﬁNT BULK TEHPERﬁTURE

" BASED ON ENTHALPY RISE

TEMPORARILY SET T3URFACE=TGAS

DELTZ=HEIGHT ~FLOAT CINM)

GCPI=t./ (GINLETeLP
P1=HEIGHTOHEIGHTeFKC

DO 160 J=1,yJIN ;

TFM=1,

IL=TINLET (J>

IH=IEXIT (D

D0 160 I=1Ls1IH .

PBALL (I» > =1 .EO0ZPRALL(I» D

AT=PBALL (I» J2 ¢ (1. =PROPTY (12 J2 4>/ (VBALLSTINLET
YOLCOR=1.0

IF ((l.EQ@.IL>. UR.(I EG. IH)> VOLCOR=0.S
R(l’J98)IQTOVDLCDRODELTZOGPPI*TFH

" TFM=AC(Is Jo2)

AClyJo3dA(Is de)
PROPTY (I Js 9 =0T oP1

INITIALIZE BED HND COOLANT PRDPEPTIES CINCLUDING THE CONVECTIYE

HEAT TRANSFER COEFFICIENT FOR THE NEXT STEP>
CﬁLL PROPS

ASSUME 100 PERCENT OF THE HEAT TRANSFER IS BY CONVECTIDN -

PERCNT=1,0 . .

DO 170 JmlyJdhm .

IL=TINLET (D

IH=IEXITCD

D0 170 I=ILsIH -

TOROP=PROPTY ¢19.Js 2> / (PROPTY (I» s 3> oPROPTY (19 Js S>>
ACIs J» 3> =PERCNTSTDROP+A (15 J2 2
IL=TINLET (JN>

IH=IEXTT (JND

DO 130 I=ILsiH

AT JNs 38R (T JNM» 32

RETURN

END
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SUBRDUTINE STATE <P» TrRHDD

Coooe >oote » . oo T T o *oC
c ' . . c
c SOLVES THE BEATTIE-ERIDGEMAN EQUATION OF STATE c
c R USING NEWTOMS METHOD c
c - c
c REFs APPLIED NUMERICAL METHODS» c
c B, CARNFAHANs H.F. LUTHER AND J.O. WILKES, c
c © JOHN WILEY AND SONSs NY» 1964, P. 173 c
c oo c
Covsocsocese oo . oo soovesee sovel

cOMMON ~GAS, AZEROs RGAS» WMOLs BBC1» BEC2» BBC3s BEC4s BBCS» BBC6

TSQ@=TeT
BETA=BBC1eT-AZERO-BBC2/ TSR
GAMMA=BBC3eT+BBC4-BBCS/ TSR
DELTA=BBC6/TSQ

USE IDEAL GAS LAW FOR FIRST GUESS
Y=RGASeT/P
BEGIN NEWTONS METHOD ITERATION ON v

DO 10 I=1,20

DELTAV® (((((—FoY+RGAST) oV+BETA) eV +GAMMA) oW+DELTA) V) / (( (RGASeToV+
1 2.eBETR) oV+32, oGAMMA eV+4, ¢DELTA)

v¥=y+DELTAY

IF (ABS C(DELTAV/Y> .6T.1.E-06> GO TO 10

GO TO 20

10 CONTINUE

RECOVER DENSITY FROM MOLAR YOLUME

20 RHO=WMOL-Y

RETURN
END
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SUBROUTINE INTERP

CrOPreresesrssesssssrssree - *4 6000000000+ -
c ' .
C INTERPOLATES POWER. PER BRLL DATA FROM VSOP ECUAL-VOLUME
c RADIAL GRID POINTS TO EQUALLY SPRCED RADIAL GRID POINTS
g USING NEWTONS DIVIDED-DIFFERENCE INTERPOLATING POLYNEMIAL
c REFs APPLIED NUMERICAL METHODS»

c B. CARNAHAN» H.A. LUTHER AND J.0.WILKES

c JOKN WILEY AND SONS» NY» 1344» PP. 17-26

c

PPy <

OO0OOOO00000

(]

99O 0® > P > o Lt a0 o o b bt o o > >¢®

comMMON /FPOWER/ PBALL (25,22

comman ~GEOM- INs INMs JNs JNM» 2(2%)s R(22>s IINLET(R2>s IMINGD

1 » IMAX(22>» IEXIT(22>» Pl» VOLS, RYSOP @2 » MDEG
DIMENSION P(22>» TRBLE(22+22)

M=2
DO 30 I=1,IN
DO 10 J=1,JUN
10 PO aPBRLL(I» )
CALL DTABLE <RVSOP»Ps TABLE» JNsM» TRUBL» 22>
IF (TRUBL.EQ.0.) 60 TO 20
PRINT 40
RETURN
20 DO 30 JmteuN
RARG=P ()
30 PgnLL(IvJ)-FNEUT(RVSUPvP’TﬁBLE!JNvﬂvNDEG!RﬁRG’TRUBLvaa)
RETURN

40 Eg:ﬂﬁT (/9SX» #ARGUMENT ERROR IN INTERP CALL TO DTABLE OR FNEWTe)
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SUBROUTINE DTABLE (X»Y» TABLEsN»M» TRUBLs K>

- &

Ce SO0 > g e aa 2o og o >0

c SUBROUTINE REQUIRED BY SUBROUTINE INTERP

QOO0 0

[ oo > caeaa s oo >

DIMENSION X< » YOO » TABLE (KslO

IF (M.LT.0> 60 TO 10

TRUBL=1, 0

RETURN

NMisN~y

DO 20 I=i,NMi

TABLEC(I» D o(Y(I+3) =Y (1)) 7 (X(I+1)=X (1))

IF (M.LE.1> &GO TO 40

DO 30 J=2sM

DO 30 l=JrNM1

ISUB=I+1=)

TABLECI» D= (TABLE (19 J=1)~TABLE (I=19 J=1)>) 7 (X (I+1) =X C(ISUB)>
TRUBL =0,

RETURN

END

FUNCTION FNEWT (XsY» TRBLEs» Ny My NDEGs XARG» TRUBL # K>

e PP Sod PSP PPPPPY

Coovoresrovere >0 *> » * ool

c
FUNCTION REQUIRED BY SUBROUTINE INTERP

InXy Xy

SIMENSION X<N>» YN » TABLE (K2K>

IF (NDEG.LE.Mm> GO T2 10

TRUBL=1.0

FNEWT=0,

RETURN

00 20 I=1sN

IF (1.EQ.N.OR.XARG.LE.XCI>> 60 TO 30
CONTINUE

MAX=1+NDEG-2

IF (MAX.LE.NDEG> MAX=NDEG+1

IF (MAX.GT.N> MAXsN

YESTsTABLE (MAX-1»NDEG)

IF (NDEG.LE.1> &0 TQ 350
NDEGM1=NDEG~1

DO 40 I=1yNDEGML

ISUB1=MAX~1

ISUB2=NDEG~1

YESTsYESTe(XARG~X (ISUB1)>)+TRABLE (ISUB1 -1, ISUB2)
1SUB1=MAX-NDEG

TRUBL=0.
FNEWTaYEST e (XARG=/ (1SUB1))> +Y (ISUB1)
RETURN

END
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SUBRDUTINE PROPZ

Coovoeoooe oo L 2 * 00000 oo >

COMPUTES PPODPERTIES OF COOLANT AND RANDOM PRCKED SPHERE BED

OO0
(;f1f7f1¢)

cOoMMON /REACTF~ HEIGHMTs RADIUSs DKUGELs FMDOT» OTOTs TIMLET,
1 PINLETs GINLET» REYNINs ARLs ASR> AFRICs BFRIC, YFNOM

COMMON ~PROP~- PROPTY (2%5s22+12>s PCOND(23>s CPs CSTAR» DSUBPC» EOVR
1 + EDOYAs FKCs SIGMA4s TFILMCs BETAKs GRAMMAK, HENTC

CIMMON ~GEDM~ INs INMs JNs JNMy 2(2%)» R(22>y IINLET (222 IMINGD
1 » IMAXC22>s IEXIT(22>» Pls YOLS» RYSOP(22>» NDEG

COMMON ~ANSWER-, R(2%s22+100

PARTS OF THIS ROUTINE ARE DNLY VRLID FOR HELIUM COOLANT
CORRELATIONS USED IN THIS ROUTINE APE FOR HIGW REYNDLDS
NUMBEFR FLOWS

DO 20 Jw1yJIN
ILsIINLET (D>
IH=IEXIT (B
DO 20 I=IL»IH

AYODID PROPERTY UPDATE FOR WNREASONRBLE YALUES OF THE
DEPENDENT YARIABLES

IF AClr»Jr4>,.6T.0.95 60 TO 10

PRINT 30» ACIrJrdrrlrJ

G0 TO 20

IF CCACI»Jr@>,LT.1.0,0R. (RCI»Jy3>.LT.1.>> GO TO 20
P=A(lyJr4>oPINLET

PATM=P/1,013E03

TFILM= (AT Js20+AC(1» Jr» 22> ¢TFILMC
TBULK=A(I» Js 2> ¢TINLET

TS=A(Is Jr3>eTINLET

SOLVE BERTTIE-BRIDGEMAN EQUATIDN OF STATE FOR DENSITY
CALL STATE (PATM» TFILMyPROPTY (I+Jr» 1))

COMPYTE COOLANT C(HELIUM> DYNAMIC VISCOSITY AND MOLECULAR
THERMAL CONDUCTIVITY

REF: M. PETERSEN» DANISH REC REPT. RISO-224s 1970
FMU=3,674E~07eTFILMeeD, 7

TEMP=TFILMee ().71~1,42E-09+P>
FK=2,682E~03¢(1,+1.123E~08eP) oTEMP

COMPUTE EFFECTIVE THERMARL CONDUCTIVITY OF THE SOLID PHASE

CALL SOLIDK (I JsTS»FKsSKE)
PROPTY (I»Js 10> =SKE®FKC

COMPUTE FRICTION PRARAMETERS

PROPTY (19 J»2)=PROPTY (13 Js &) «FMU
PROPTY (15 Js 30 =PROPTY (15 Js 7> /PROPTY (15 Js 1D
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COMPUTE EFFECTIVE THERMAL CONDUCTIVITY OF THE FLUID PHRSE
REFST E. SINGER AND R. WILHELM» CHEM. ENG. PROG.s 46»

1950» P, 343
B. FINLAYSON» CHEM. ENG, SCI.» 26r 1971»

YOIDKF=PROPTY (I Jr 4> oFK
RHOCP=PROPTY (I9Js 1> oCP
YCOMNGINLET/PROPTY (I»Js 1>
RYEL®A Iy Jr 92 o¥CON

ETURBR=EQVReAYEL

ETURBA=EOVA*AVEL

PROPTY (15 Js11) =(VOIDKF+RHOCPSETURER) oFKC
PROPTY CI»Js 12) =(VOIDKF +RHGCP*ETURBRY oFKC

P. 1081

COMPUTE THE CUNVECTIVE HERT TRANSFER COEFFICIENT

REFt H. BARTHELSy BRENNSTOFF-WARME-KRRFTs 24,

REYN=RA(I» Js3) oGINLET*DKUGEL/FMY
REYNM=REYN/PROPTY (12 Jr 4>
COEFF=(1.-PROPTY(1+Jrd>> /PROPTY (s Jr &

1972

H= (2. 0+ (COEFFSREYNM) oe0, 5+0, 00SeREYNM) oFi(/DKUGEL

IF (1.EQ.1> H=HENTCeH
20 PROPTY <I»Js 3> aHeHEIGHToFKC
RETURN

30 FORMAT (/»2Xs ¢UNREASONABLE PRESSURE CALCULRTEDs
1 SXeel = & [2:5%s0) 2 &9 12>
END

AClrJrd> = e3F6.4,
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SUBROUTINE SOLIDK <IsJsTSsFK»sSKE>

* P A A A & o >o>¢ >® & ® > > *

CALCULATES EFFECTIVE THERMAL CONDUCTIVITY
OF THE SOLID PHASE

REF: D. KUNNI AND J.M. SMITHs RICHE J.» 65 1960+ P. 71

OOOGOHO0O0O0D
GO0O0OOON

4

camManN /REACTR/ HEIGHT» RADIUS, DKUGEL, FMDOTs QATAT» TINLET,
1 PINLET» GINLET» REYNINs RRL» ASQ» AFRIC» BFRIC» YFNOM

cOMMON ZPROP/ PROPTY (29s22212)» PCOMD(2S>s CPs CETARs DSUBPCs EOVR
1 » EOVAs FKC» SIGMA4s TFILMCs BETAKs SAMMAKs HENTC

CUMPUTE PERBLE THERMAL EMISSIVITY
ASSUMES GRAPHITE EMISSIVITY CHANGE 1S LINEAR WITH TEMPERATURE
REFs WELTYs J.R.s ENGINEERING HEAT TRANSFER

JOHN WILEY AND SOMSs N.Y.» 1374

EMISS=0.41+1.176E~040(TS=311.)

TCUBE=TSeTS»TS

RAT10=DKUGEL /FK

PART1=S1GMA4eTCUBE
PRRT2sPROPTY (19 Js 4) 7 (2. (1. ~PROPTY (19 Jy42)
HRYSPART1/ (1. +PART2+((1.-EMISS) VEMISS))
HRS=PART16EMISS/ (2. ~EMISS)
RATIOK=FK/PCOND (1>

USE CURVE F1T OF PHI1 AND PHI2 DATA

PHI1=0.2770eRATIOKe*0,. 2426

PHI2=0, 1293eRATIOKe#0,. 3222
PHISPHIZ+(PHI1~PHI2) #(PROPTY(Is» Jr4>=0.26) ~0.216
IF (PROPTY(lsJs4> .LE.0.26> PHI=PHI2

IF (PROPTY(I»Jr»4) .GE. 0.476> PHI=PHIL

PART1=PROPTY (I» Jr 4) (1. +BETAKSHRYSRATIO
PRARTK2=1./PHI+RATIO#HRS

PARTK3=BETAK® (1. ~PROPTY (I9J2 4> > 7 (1. /PARTK2+GAMMAK SRAT 10K)
SKEsFKe (PARRTK1+PARTK3>

RETURN

END
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SUBROUTINE MFLUX (IsJ

2]

4
{
[
4

COMPUTES STRERM FUNCTION DERIVITIVES AND RECOYERS
THE MASS FLUXs G3TARs AND ITS COMPGHENTS
ALSE APPLIES THE NO~SLIP CONDITION AT IMPERVIOUS BOUNDARIES

4

OO0
OOOOMNOC

4

PPy PP O od

COMMON ~REARCTR- HEIGHTs RADIVSs DKUGELs» FMDOT» OTOTs TINLETS
1 PINLETs GINLETs REYNINs RRLs ASQ» AFRIC» BFRICs YFNOM

COMMON /GEOM- INs INMs JNs JUNMs 2(25>s R(22>» 1INLET(22>s IMIN(E@E2>
1 s IMAXCR2Ys IEXITCR22>s Pl» VOLSs RVSOP(22)» NDEG

COMMON ~BDY~- DELZINC22>s DELZOC22>» SFRACIC22>» AXIS» AXISM
COMMON /ANSWER/ R(25922+10)

IF NON-RECTANGULAR BOUNDARRIES ARE USEDs EXPRESSIONS
EVYALUATING DERIVITIVES AT THE BOUNDARIES MAY NEED TO
EE MODIFIED

INFACE=I INLET (>

IDUTSIEXIT (D

IF (1.EQ.INFARCE.OR,.1.EQ,IOUT.OR.J.EG.1.0R. J.EQ. UM GO TO 10
ACIr» Js B> wDBYD2(1rJr 1D

ACls Js ?>mDBYDRC(I» Iy 1)

50 TO 30

IF <I.ME.INFACE> G0 TO 20

ACls Jr D= AT +1» Js 1D =AC(I2 I 1D 7DELZINC(D
IF <J.EG.1> &0 TO S0

IF (J.EQ..JN 60O TO 60

Al Js?>mDBYDRC(IsJs 1D

Ga TD 80

IF (l.ME.IOUT> GO TO 30

Ay 8 (Al Je 1) =AC(I=19Js 1)) /DELZO (D
IF ¢J.EQ.1> GO TO S0

IF <J.EQ.JN> 60 TO &0

R(Is Jo 7>=DBYDRC(I» Js 1>

60 TD 20

30 IF (J.NE.JN> GO TD 40

50 TO 60

30 ATy H8)=0,0
S0 ACIry Iy ORI I2y10~ACIr 19 12I /R

GO TO 70

TREATMENT OF GSTAR ALONG THE IMPERVIOUS RADIAL WALL
APPLY THE NO-~SLIP CONDITION AT ALL IMPERYIOUS BOUNDARIES:
1.E. GZSTAR=GRSTAR=GSTAR=(

50 FMCIrJs?2=0.0

AlsJeB)=mp, 0

AClsJds =0, 0

AClsJr1D=0, 0
Ay Je D=0, 0

50 TO 100

TREATMENT OF G2STAR ALONG THE AXIS OF SYMMETRY

70 R<ls o 10>=0.0

ACls 199 aRXISeAC(Is 2 S ~AXISMOR (s 32 %)
G0 TO 90

80 AT Is AT s Je PP AR (I

ACIy Jr 10> =-ARLSAC(I» Js B> /R (D
Al JrySr=SART ASRORA CIs Js 3 AT+ s8I +RLII Js PO SRCTs Dy PP D) /R (D

60 TO 100

S0 ACIs Iy B mA(ls Je O

100 CONTINUE

RETURN
END
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SUBROUTINE PDE

Coe > 4 g
c : C
CONTRDL ROUTINE - EQUATION SOLYER FOR c
g ELLIPTIC PARTIAL DIFFERENTIAL EGUATIONS IN STANDARD FORM g
c REF:t HERT AND MASS TRANSFER IN RECIRCULATING FLOWS» c
c A.D. GOSMANs W.M. PUNs R.K, RUNCHFL» C
c D.B. SPALDING AND M. WOLFSHTEIM» c
C ACADEMIC PRE3Ss LONDONs 1969 c
c (MODIFIED HEREIN) c
C c
Co0e0te00908000000000000¢ - >0 *OePe soo

comMMoN ~PROP, PROPTY (25,22+12>s PCOND(25>s CPs CSTARs» DSUBPCs, EDVR
1 » EOVAs FKC» SIGMRA4s TFILMCs BETRKs GAMMAKs HENTC

cOMMON ~GEOM/ IM» INMs JN» JINMs Z2<(2%>» R(22)» IINLETC22)» IMINC(2D>
1 » IMAX<R2>s 1EXIT@2)» Pl YOLS» RYSOP(22>s NDEG

COMMON /NUMER~/ RP (4>, RSDUC4>, LOCI(4>» LOCJ¢4>» REDUCE» IOVER

comMmonN /EQN- AREs Aids AN» ASs ASUMs BE(@5S>s BW(2S>s BN(22)» BSC@2) s
1 BBE» BBW» BBNs BB3s NSWP1ls NSWP2, NSWP3» NSWP4s IUPWND

COMMON ~ANSWER, AC25:22»1 07
STRERM FUNCTION SUBCYCLE

AE=FAY=RAN=AS=RSUM=0,

DO 20 N=1,NSUPL

RSDUC1)> =D,

DO 10 J=2yJNM

IL=IMINCGY

IH=IMAX (S

DD 10 Is=ILsIH

IMm]l=-1

IPul+t

M= -1

JP=_+1

CALL MPLUX <(IsJ>

CALL MFLUX (IPs D

CALL MFLUX (IMs D

CALL MPLUX (IsJP>

CALL MPFLUX (IyJM

AClsJrs6) = (R{Lls Je B +PROPTY (15 Jr2) > oPROPTY (15 Js
ACIPY» Js )= (RCIP Jo D) +PROPTY CIPs Sy 2) ) SPROPTY (IP» J9 3
AN Js 8> = CALIMs J9 S +PROPTY (IMs J2 2) > #PROPTY (IMs J5 3
ACIs IP»EX (AT JP» S) +PROPTY (1> JP» 2> » oPROPTY (15 JP+ 3
IF (J.EQ.JINM AC(I»IPsE>=ACIy &)

ACIs IMe63mCACTr M D) +PROPTY CIy IMs 2> 5> oPROPTY (s JMy 3D
BPP=RC(Is Jr &)

BBE=CACIP» J» 6> +BPP) ¢BE <D

BEWs (ACIMs Js €D +EPFY oBU (1D

BBN= (R C(Is JP+6E) +BPP) oEN(J>

BRES=CACI» M9 6> +BPP) #BS (D>

CALL EGQUATION SOLVER ROUTINE
CALL SOLVYE <IsJdsld

ITERATE ON BOUNDARY CONDITIONS
CALL BOUND1

20 CONTINUE
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FLUID BULK TEMPERRTURE SUBCYCLE

DO 40 N=1,N3WPZ

RSDU (2> =),

DO 30 Jw2y INM

IL=ININCD

TH=IMAX ()

D0 30 I=ILsIH

BPRsPROPTY (IsJs11)

BPA=PROPTY (1+.Js12)

BBE= (PROPTY (1+1+.Js 12) +BPA> ®BE (1)
BBWs (PROPTY.(I=11 45 12> +BPA> oBU (D)
BBN= CPROPTY (L9 J#15 11)+EPR) BNCS)
EBS= (PROPTY (15.J=1511>+BPR> ®BS (D

CALL ROUTINE TO CALCULATE AE» AWs ANs RS FAND ASUM

CALL ADVEC <(I»JyCSTAR)

CALL SOLVE (IsJe 2

CALL BOUND2

CONTINUE

AVERAGE PEEBLE SURFACE TEMPERATIRE SUBCYCLE

AEmA=AN=ASEASUM0.

DO 60 =1,NSWP3

RSDU(Z> =0,

DO 30 J=2, JNM

IL=IMINCD

IH=IMAX (D

DO S0 IsILsIH
BPPsPROPTY(I»Js 10>

BBE= (PROPTY (I+15Js 10>+EPP)> ¢BE (1)
BBW= (PROPTY (I=1+.J5 10> +BFP)> ¢BW (])
BEN=(PROPTY (15 J+1510)+BPP> eBN (D
BBS=(PROPTY (Iy J=1510)+BPP)> ¢BS (J>

CALL 3OLYE <(IyJeD

CALL BOUND3

CONTINUE

PRESSURE RECOVERY SUBCYCLE

AESAWSANSAS=ASUNS(,
DO 20 Ns3,NSWPe
RSDUC4> =3,

D0 70 J=25 INM
ILSIMINCGD
IH=IMAX (D>

D8 70 I=ILsIH
BBE=2.#BE(I)
BEWs2. BW (D)
BEN=2. #BN (D)
BBS=2.¢BS (W)

CALL SOLVE <IrJrdd
CALL BOUND4
CONTINUE L

UPDATE PROPERTIES BASED OM NEW VALUES OF THE DEPENDENT

YARIABLES
CALL PROPS
RETURN

END
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SUBROUTINE SDLYE (IsJsiO

Coooootocres s aaaad oo 2t ot o o0 ol g >
c c
[ COMPUTES NEW YARLUE OF YARIABLE RAIr»JeK> c
[ THROUGH APPLICATION OF GENERAL SUBSTITUTION FORMULR c
[ c
Coe0000000000000 S e aaae s 2o o 2 X 02 2ot 22 seosssoe(

COMMON /NUMER- RP(4>» RSDUC4ds LOCIC4>» LOCJ<c4>» REDUCE,» 10OVER

CDOMMON /EQN- AE» AWs ANs ASy ASUMs BEC2S)» BW(2%>s BN(22>y» BS(@2)»
1 BBEs BBW» BBN» BBESr NSWP1s, NSWP2» NSWP3» NSWP4» IUPWND

COMMON 7ANSUER-, R(25:22»10)

CALCULATE THE VALUE OF D~-SUBPHI

CALL DTERM <(I»JoKeDPHI)

ANUM= (RE+BBE) ¢ACI+1s Js K>+ (RW+BBUD o (I=19 Js K>+ (AN+BBN) ®A(1» J+3s KD+
1 (AS+BBS) oft(1y J=1sK>~DPHI

ADNM=ASUM+BEE+BBW+BBN+BBS

IF (ADNM.EQ.0.> &0 TQ 30

STORE THE OLD VALUE OF THE DEPENDENT VARIARBLE K

OLD=R Iy Js KD

CALCULATE THE NEUW VALUE

RANEWs=ANUM-/ADNM
IF {«K.EQ.1>.0R.<K.EQ.4>> 60 TO 10

OVERRIDE NORMAL SUBSTITUTION FOR TEMPERATURES IF STABILITY
COULD BE A PROBLEM

IF (ANEW.6T.1.0> GO TO 10

A<Is Sy K> =REDUCESOLD

IF (IOVER.EQR.1> PRINT 40s I»JsKsOLDsANEWsACT»JskKD
50 TO 20

UNDER OR OVER RELAX IF SPECIFIED

R<Iy Jo K> =0OLD+RP (K> ¢ (ANEW-0LD>

CALCULATE THE RESIDUAL

20 RS=3.-0LD/ANEW

30

40

STORE THE MAXIMUM RESIDURL AND ITS LOCATION

IF (RBSC(RS).LE.ABSCRSDUKY>> GO TO 30
RSDU (> =RS

LOCI 4O =1

LOCJ (K> =y

CONTINUE

RETURN

FORMAT (/»2X»oNORMAL SUBSTITUTION OVERRIDDEN FOR STRBILITYes/s3Xse
11 = ¢ 1290y J m o3]2s0y K = &312r0y OLD = &)F6,.3509 NEW & 9F7.30¢
2y Ary K> = &3F6. D)

END
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SUBROUTINE ADVEC (I+J»APP)

Covers soee sesserescorsssesterss voe

c
C COMPUTES ADVECTION TERMS OF GEMERAL SUBSTITUTION FODRMULR
c

OOOO0

CO0000000000000000000000 6660000600

COMMON ~GEDM~- IN> INM» JNs JNM» 2(2%)» R(@2>s IINLET (22> IMINGRD

1 » IMAX @2y IEXIT(22>» PI» VOLS» RYSDP(22>» NDEG

COMMON ~EON- RE» AWs AN AS» ASUMs BE(@Ts BU(R@S>, BN(22)s BS(22)»

1 BBEs BEWs BBNs EBSs NSWP1s NSWP2» NSWP3» NSWP4s [UPUND
COMMON /ANSWER~” R<25522+» 100

DYSR (D@ 2T+ =Z(I-1)) e (R(J+1)=R(J=1>)

GZPUm (RCIs J+1s 1) =R s J=1s D+ACI =15 J+1s D=ACI=1rJ=1s 1)) /D¥Y
GZPE=CRCly J+1s 1D =AClsJ=1s D +ARI+15J+1s D=AI+19I=~1s 1)) /DV
GRPS=(A(I=1sJs D=A+1s s D +AI=1st=12 D=AI+19J=191)>> DV
GRPN= A(I~1sJr D=A+1sJs D +A(I=1y J*1s 1D =A(I+1s J*1s 1)) /DV

COMPUTE REs AW» ANs AND AS

USER HAS DPTION OF USING UPWIND OR CENTRAL DIFFERENCES
CENTRAL DIFFERENCES RRE MORE ACCURATE» BUT UPWIND
DIFFERENCES MAY BE REQUIRED TO ENSURE CONVERGENCE

IF (IUPWND.NE.1> GO TO 10
UPWIND DIFFERENCES

AE=0. S¢APPe (ABS (G2PE> -62PE>
AU=0, S¢APPe (ABS (G2PW) +GZPW)
ANm 0, SeFPPe (ABS (GRPN) ~GRPIN
AS=0,JeAPP+ (ABS (GRPSY +GRPS)
ASUMSRE+RIJ+AN+AS

RETURN

CONTINUE
CENTRAL DIFFERENCES

AE==0, S*APPeGZPE
Abi=0. SeAPPeGZPW
AN==0, S*RPPeGRPN
AS=0, SeAPPeGRPS
ASUMs= (AE+AU+AN+AS)
RETURN

END
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SUBROUTINE DTERM (I»JsKsDPHD

b
b
)
’

Coooe >o0e > > aag *e

c COMPUTES D-SUBPHI TERM OF STANDARD ELLIPTIC FURM

t‘r)r)r7¢

0000990009 > * e >® et 2 a4

camMiN /REACTR- HEIGHT» RADIUSs DKUGEL, FMDOTs G JT» TINLET,
t PINLET» GINLETs REYMIN: ARLs» ASQ» AFRICs BFRIC, YFNDOM

camMManN -PROP-, PROPTY(23s22r12>» PCOND(@%)» CP» CSTRR» DSUBPCe EOVR
t » EQVA» FKC» SIGMR4» TFILMC» BETAKs GAMMAKs HENTC

COmMtN ~GEQM/ IN» INMs JN» JNM» 2(2%)» R(22>s» IINLET(22)s IMINGED
1 » IMANCGE2)» IEXITC22>» PI» YOLSs RYSOP(22>» NDEG

COMMON /ANSUWER, R@%,22,10)

SELECT THE TERM CORRESPONDING TO VARIABLE K
G0 TO <10,20030s46>» K

STREAM FUNCTION SUBCYCLE

DPHI=2. oARCI» JrE> #RACI» Jo 7 7 (ASGOR (D)
RETURN

FLUID BULK=-TEMPERATURE SUBCYCLE

DELTASACIs Sy D =A(lrJsD
DPHI==PROPTY (I J» 3> oPROPTY (19 J» 8> #DELTR
RETURN

PEBBLE AVERRGE SURFACE TEMPERRTURE SUBCYCLE

DELTASACI» Sy D =Al» S22
BPHI=PROPTY (15 Jr» 3> oPROPTY (I» Jr»3) oDELTA-PRAOPTY (15 Js D
RETURN

PRESSURE RECOVERY SUBCYCLE

DBDZ=DBYDZ< I Jr»6>

DBDR=DBYDR (12 Jy &)

ACl» Jy8>=DBYDZ(Is 5 1>

Ry Jr7>=DBYDRC(Ir Jr 1>
DPHI==(R<(1yJy?) *DBDZ2-R (1 J» 8> eDBDR> *DSUBPC/R (D
RE;URN

EN
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SUBROUTINE BOUMD

Covosee *000s000ss > - *e oo c
c [»
[»} ITERATES BOUMDARY CONDITIOMS WHICH INCLUDE THE NOPMAL [
£ DERIYITIVE OF THE DEPENDENT “AFIABLE >
[ AMD THOZE WHICH FEQUIRE UPDATED YARLUET OF OTHEF YARIRELES c
[» . [
C oo . 4040500000040 S P00 06000050000 C
COMMON ~PROP, FROPTY (2%s&2s 1275 Pcdnn<35>, Py CITAPs DSUBPC» EOYF

1 » EQVAs FKs ZTIGMA4y TFILMC, BETAK» GAMMAKs HENTC

coMMON ~GEOM- INs INMy JHs JHMs 2¢2%), R(22>» IINLET(@2:» IMINCE2)

1 s IMAX(22)» [E¥IT(22>s Pl» YOLS» RYSOF(22>» NDEG
COmMMON ~BDY~ DEL21IN<22>+ DEL20422>s SFRACI<22>» AXIS, AXISM
COMMON /ANSWER- A (2522510

SET UP FOR CONSTANT 2 INLET FACE AT Z=90
AND CONSTANT 2 OUTLET FALCE AT Z=1

CONDITIONT CORRESPOND TO SYMMETRY AT R=( AND F=1
THE FRADIAL REFLECTDR IS ASSUMED IMPERVIOUS AND ADIABWTIC

IT 1S ASSUMED THRT THERE IS A CONSTANT PRESSURE IN THE INLET
PLENUM WHICH LEADS TO GRITAR (INLET>=0 WHICH MAKES THE AXIAL
DERIVITIVE OF PSI ZERO

IT 13 ASSUMED THAT FLOW AT THE DUTLET IS PURELY AXIALs AND
THAT PRESSURE AT THE OUTLET FACE CDRRESPONDS TD R
ONE-DIMENSIONAL AXIAL DROP FROM THE LAST INTERNAL GRID

POINT AND HAS A COMSTANT YALUE ACROSS THE OUTLET FACE

TEMPERATURE CONDITIONS AT THE INLET ARE DERIVED FROM

ONE-DIMENS1ONAL THEFMAL ENERGY BALANCES

TEMPERATURE CONDITIONS AT THE OUTLET REGUIRE THAT THE
aND AXIAL DERIVITIVES OF THE TEMPERATURES EGURL ZERD

STREAM FUNCTION AT INLET AND OUTLET

ENTRY BOUND1

DO 10 J=2» INM

Ally s 10®R(2rJs 1)

ACIN: Je 1)8RCINMe Js 1)

CALL MFLUX <1s1)

CALL MFLUX (1sJN>

CALL MFLUX <INs» 1)

CALL MFLUX (INsJND

ARC131s80% (A1) 1sS)+PROPTY (10 112) 2 oFROPTY (15193
A1y INsBY=ACYy JNMe €D

ACIN 1160 =(ACINY 135 +PROPTY (IN» 1220 ) oPROPTY (INs 1+ 3)
ACINg N &) A CINs JNMs &)

RETURN

FLUID BULK TEMPERATURE AT R=0s Rel, INLET ARND OUTLET

ENTRY EOUND2

D0 20 J=2, JNM
DTFDZ2CR(2s Je 2D ~F (13 Js22 2 /DELZINCI
TIisPROPTY {13 Js 32 eSFRACI (D e (A<{lsJs 3> =1,>
TI2=1./ Al 1y S eCSTHR)

ACls Jsy@) =TI2eTII+PROPTY (15 Js 12> DTFDZ) +1.
FA<INY Jo 20 =DEL20(J> ¢DBYDZ (INMs Jo 20 +ACINMs Js 2
00 30 I=ir1IN . )
RCles 121252

ACls INs 2>=A Ty JNM5 2D

RETURN
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PEBBLE AYERAGE SURFACE TEMPERPATURE AT R=0, R=1, INLET AND OUTLET

ENTRY BOUND3

DO 40 Js2rJNM

DTSD2= (AR Js 2> ~R Ly Jr 3> /DELZINCD

TIL1ePROFTY (12 JeS) oSFRACT (1) /FROPTY (19 .0» %)

A9y D =(FROPTY (15 J» 1) DTSDZ+TI1)> ~ (PROPTY (15 S 3) SFRACI () +1,
ACINe Jy 3> ®DELZO¢J) @DBYDZ CINM» J» 3D +RCINMs J» 3D

DO S0 I=1sIN

RIrle3>=R(Ir2s

RCIs JHe 3> = (L5 JNMy 3>

RETLRN

PRESSUR™ AT OUTLETs R=n AND R=1

ENTRY BOUNDe

JB= JNM-1

R(INy JBr4) ==DSUBPCeDELIO (JB) R (INy JBr 3> oA (INs» JBs B> +RCINMy JBr 4)
DO 60 Js2SeJNM

AR(INy Jr4) =R (I JBy &)

DA 70 I=2sIN

ALls1s4)3AC([22:4)

ATy Ny ) SRy JINM2 &)

RETURN

EMD
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SUBROUTINE TEMPS

Coor e L > S 0049000009 oo G000 0000
[ c
[ CARLCULATES PEBBLE INTERNAL TEMPERATURES C
c AND TEMPERATURE GRADIENTS c
c FOR BOTH CONYENTIONAL AND SHELL FUEL-MODERATOR ELEMENTS C
c ALSO RE-DIMENSIONARLIZES TEMPERATURES FOR OUTPUT g
c

Ceooooe - OO0 00000 000000 S G000 0000000000000 0000000(

COMMON /REACTR, HEIGHT» RADIUS, DKUGELs FMDOTs GTOTs TINLET»
1 PINLETs GINLET> REYNIN» ARL» ASA» RFRIC» BFRIC» YFNOM

COMMON ~FPOWER/ PBALL (25,22

COMMON /PROP, PROPTY (23s522»12>» PCOND(2S)s CPy CSTAR, ﬁSUBPC- EQOVR
1 » EOVA, FKC,» SIGMA4», TFILMC> BETAK»> GAMMAKs HENTC

CaOMMON ~GEQM, IN» INM» JN» JNMs 2(@%s P(22>s IINLET(22)» IMIN(2D
1 » IMAX(@2)y IEXIT(@2>» Ply YOLS» RYSOP(22)>s NDE6

COMMON ~ANSWER~ R(23,22,10)
cOoMMON /BALL, TEMPINC2%,22,3>» IBALLs R1s R2

IT IS ASSUMED THAT THE THERMAL CONDUCTIVITY OF THE FUELED
MRTRIX AND THE UNFUELED GRAPHITE SHELL ARE EQUAL

IT IS ASSUMED THAT THIS THERMAL CONDUCTIVITY YRRIES AXIALLY
BECAUSE OF AXIAL CHANGES IN TEMPERATURE AND FAST FLUENCE

THE THERMAL CONDUCTIVITY VALUES ARE ASSIGNED IN SUBROUTINE
INIT» WHERE A REFERENCE IS5 GIVENM

IF C(IBALL.NE.1> 60 TO 20
CONVENTIONAL BALL

R3=0. SeDKUGEL
Ci=l./(4.¢PD
CesCle(l./R2-1./R3>

C3m=~0, 016C1/ (R2ORD)
Caml, (9, oP1eR2D>

DO 10 JsiyUN

IL=IINLET (O

IH=IEXIT (P

DO 10 I=IL,IH

TS=R(IrJr3> oTINLET

ACIr Js3)uTS

AT Jr2)®R(TrJr2> oTINLET
QOYERK=PBALL (I J> /PCOND CI>
TEMPINCIsJs 1) =QOVERKOC2+TS
TEMPINCI»J»2) »QOVERKSC3
TEMPINCI+Js 3) =QOYERKOCEHTEMPINCEs Js 1)
RETURN
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SHELL BALL

R3=0, SeDKUGEL

Clsl, /(4. oPD
C2=Cle(i.7R2~1.-R3>

C3m}, 7 (R2OR2OR2~R1*R1oR1>
Cenl,.Se(R2SR2-R1eR1)
C6==(.019C1/ (R2oR2)
C7aCleC30(Ca~CH

DO 30 JwisJN

ILsIIMLET (D

IN=IEXIT (D

DO 30 I=ILsIM

TS=RAC(I» Jo» I oTINLET
A(I» Je 3> aTS

A rJr23A(Is Jo2> oTINLET
QUVERK=PBALL (15 J> /PCOND (D>

TEMPINCI»Js 1> =QOVERKSC2+TS

TEMPINC(I»J» 2> =QOVERK®CS

TEMPIN (19 J9 3> =Q0VERKSCP+TEMPIN(I» Js 1)

RETURN
END

131
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SUBROUTINE RESULT

Cownmonmomwoooomm“m“owm
c Cc
[ ROUTINE FOR FILM AND PRINT QUTPUT E
[

[ PLOT ROUTINES ARE INSTALLATION DEPENDENT Cc
C PRINT QUTPUT FORMAT IS FOR AN 20 CHARACTER PAGE WIDTH c
[ IF JN.GT.22 PRINT OUTPUT FORMAT WILL NEED TO BE MODIFIED [
o c
L 0000900000000 000000000000000000000000000000000000000060400000000(

CaMMaN /REARCTR/ HEIGHT» RADIUS, DKUBEL» FMDOTs QTOTs TIMNLET,

1 PINLETs GINLET» REYNINs ARLs ASQs AFRICs EFRIC> YFNOM

camMMoOnN ~FPOWER/ PBALL (25,22
COMMON /PROP- PROPTY (25,22,12>» PCOND(23>s CPs CSTARs DSUBPCs EOVR

1 s EQVA» FKC» SIGMA4, TFILMC» BETAK: GAMMAKs HENTC

COMMON ~GEOM- INs INMs JN> JNMs 2¢250» R(22>s IINLET(22), IMINGR2

1 » IMAX(@2>» IEXITC@2>» Pl, YOLS» RYSOP(22)» NDEG

COMMON /ANSWER/ ACRSs22»10)
COMMON /BRLL/ TEMPIN(235s2253>s IBALLs R1s R2
COMMON /RESULT/ I0UTP<13>, IFILM1» IFILM2s IFILM3s JLOCTP» ID»

1 INDEX, KOAs NC

DIMENSIDN QUTYAR(22,2% s 2C (21
DIMENSION IOK<10 s KFILMC(3Yy JPLOT(D
SCALE SELECTED YARIABLES FOR PRINTOUT

DO 10 J=1,JN

D0 10 I=1sIN

PBALL Iy D «PBALL I+ J> 1 .E~023
QMU=RTOTe1 . E-06
PINLET=PINLET®1.E~06

CALCULATE BUTLET PLENUM MIXED MERN GAS TEMPERATUREs CORE PRESSURE
DROP» AND COMPRRE COOLANT TEMPERARTURE RISE RCROSS CORE WITH THAT
PREDICTED BY THE FIRST LAW OF THERMODYNAMICS

SUMTFO=0.

RIN=0.

JHMMEJNM—1

DO 29 J=1»JNMM

ROUT=0, S®(R(J*1)+R (D)
AREA=ROUTeROUT~RINORIN
SUMTFO=SUMTFO+ARERSA (INs Jy 5> oR (INe J» 2
RIN=ROUT

AREA=], ~RINeRIN
SUMTFOsSUMTFO+AREASA CIN+ JNM» 5> o7 (TN JNMs 2>
TFOMM=SUMTFOSGINLETeRADIUSORADIUS P I FMDOT
POMM=R (INs JNMr 4> oPINLET

DELTAT=QTAOT/ (FMDOTeCP>

FSTLAW= (TFOMM=-TINLET-DELTAT) 100, /DELTAT
PDROP=P INLET-POMM
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LOCATE MAXIMUM AND MINIMUM YRLUES IN FIELD OF SELECTED YRRIABLES

TEMIN=1000,

TEMAX=0,

TSMIN=1000,

TSMAX=(,

PWRMIN=10.

PURMAX=0,

PMIN=1.0

PMAX=1.0

TMXMIN=2000.

TMXMAX=0,

GRADMX=],

DO 110 JsisJIN

DO 110 I=t,IN

IF CTEMPINCI»Js»3).GT.TMXMIN GO
THMXMINSTEMPINCI» J» 3

IF (TEMPINC(I»Je).LT.TMXMAX> 6O
TMXMAXATEMPINCI» J» 3)

ITMXMs=]

JTMxXM=)

IF Ay D LT.TSMAX) 60 TO SO
TSMAX=R(I» Jr» 3>

ITSMAX=]

JTSMAX=J

IF Ay .GT,. TSMIN) G0 TO 60
TSMIN=RC(Is J5 3D

IF R Je4 . GT.PMIND GO TO 70
PMIN=RC(Is Jr 4>

IF Al Je D .GT.TFMIN 60 TO 80
TEMIN®A (I Js )

IF (PBALL(I> D .LT.PURMAX> GO TOD
PWRMAN=PBALL (1))

IPWRMX=]

JPURMX=J

IF (PBALL(I»W) .GT.PWRMINY 50 TO
PURMINSPBALL (1s >

IF (TEMPINCI»J»2 .GT.GRADMX) GO
GRADMUSTEMP INC(Iy Js 2>

IGRAD=1

JGRAD=.J

CONTINUE

Dl 120 JsisJUN

IF (A(IN»Js2>.LE.TFMAX> GO TO 12
TEMAXSA (TN J9 2>

JHOT=J

CONTINUE

RHOTCaR (JHOT) oRADIUS

RMPURSR (JPWRMX> oRADIUS

ZMFYR=2Z CIPWRMX) oHE IGHT

RMFUEL=R (JTMXM sRADIUS

ZMFUEL®Z (ITMXM) oHEIGHT

RTSMAX=R (JTSMRX> ¢RADIVS
2TSMAX=Z (ITSHAXD oHEIGMT

RGRAD=R (JGRAD> oRADIUS

2GRAD=Z (IGRAD) oHE IGHT
RTFMAX=R (JHOT) *RADIUS

TO 30
TG 40

90

190
TQ 110

0
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OUTPUT IMLET PLENUM YALUES AND OTHER SELECTED VARIABLES

PRINT 730» 1D
PRINT 760
PRINT 770» FMDOT»QMW»PINLET» TINLET
PRINT 780
PRINT 790s RADIUSsHEIGHT» VFNOM
IF (I1BALL.EQ.1> 60 TO 130
PRINT 800
PRINT 910s DKUGELsR1sR2
G0 70 140 .
130 PRINT 820
PRINT 830» DKUGELsR2
140 PRINT 240
PRINT 830y PWRMAXsRMPWR s 2MPUWR
PRINT 860
PRINT 870
PRINT 2380» REYNINs POMMsPDROP
PRINT 890
PRINT 200, TFOMMsFSTLRW
PRINT 510
PRINT 920» TFMAXs RTFMAX
PRINT 930
PRINT 940y TMXMRXsRMFUEL» ZMFUEL
PRINT 950
PRINT 960» GRRDMXsRGRRADs ZGRAD

OUTPUT YALUES OF SELECTED VARIABLES OVER ENTIRE FIELD

DATR 10K 71+551009:4:253530 152~
Da 290 10=1,7
K=s1OK (I
IF (IQUTPCID> .NE.1> GO TO 290
JLw}
JH=11
DO 280 LOOP=1s2
GD TO (1S502360517001809190:200,210>, 10
150 PRINT 1020
GO TQ 220
160 PRINT 1030
GO TO 220
170 PRINT 1040
60 TO 220
180 PRINT 10S0
G0 TO 220
190 PRINT :060
G0 1O 220
200 PRINT t070
GO TO 220
210 PRINT 1080
220 PRINT 970
PRINT 980s <(R{J) s JuJLr JH)
PRINT 990
GO TO <@30:230,2305230,230,2%0:2%0>, 10
230 DO 240 I=1,IN
240 PRINT 10005 Z<(I)> s (RCI2Joid o JmJL s JH)
60 TD 2729
250 DC 360 I=1yIN
€60 PRINT 10109 Z2CI>s RCTIsJrid s Jmiis Jr>
370 JL=32
JHag2
a80 CONTINUE
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290 CONTINUE
DO 360 I0=3:10
K=IOK CID
IF (J1QUTPID>.NE.1> 50 TQ 360
JL=t
JHe11
DO 330 LOOP=1»2
IOM=10-7
GO TO ¢300»319,320>» 10M
300 PRINT 1030
61 TO 330
310 PRINT 1100
60 TQ 330
320 PRINT 1110
330 PRINT 970
PRINT 980s (R s JImil sy I
PRINT 990
DO 340 l=15IN
340 PRINT 1010 ZCID>» CTEMPINC(I» Jo KD s Jumll s D
Jisi2 -
JH=22
350 CONTINUE
360 CONTINUE
IF CIOUTPC11>.NE. 1> 6O TO 390
Ju=t
JH=11
DO 380 LOOP=1,2
PRINT 1120
PRINT 970
PRINT 980s (RC(D»Jmily I
PRINT 990
DO 370 Is=i»IN
370 PRINT 1000» Z2<CI)» (PBALLC(Iy D s Jm s JHD
JA=12
JH=22
380 CONTINUE
390 CONTINUE
IF (IDUTP(12>.NE. 1> GO TO 460
Ji=g
JHmi g
D0 490 LOOP=1,2
G0 TO <400,410>» INDEXR
400 PRINT 1130» KDBA
GO TO <420
410 PRINT 1140, KOR
420 PRINT 970
PRINT 980> (ROD v Jmil sy JWO
PRINT 990
DO 440 I=iyIN
IF (INDEX.NE.1> GQ TO 430
PRINT 1000r 2CID>» (RACIs JrKOR »JmJl s JH)
50 TD 440
430 PRINT 1000y Z2(I> 9 (PROPTY (19 JoKOAY » JuJL s JH)
440 CONTINUE
Ju=i2
JH=22
4350 CONTINUE
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CONTINUE
IF CIFILMI.NE.1> GD TO 330
PREPARE DATA FILES FOR EASYPLT <(LASL JSRAD

PREPARE DATA FILES FOR PLOTS OF TGAS/TSURFACE/TMAX
YERSUS AXIAL POSITION FOR CENTERLINE,» HOT RADIUS,
AND USER DESIGNATED RADIVE <TAPEZ THROUGH TAPE4>

PRINT 1190, JLOCTP

IF (JLOCTP.EQ. 0> JLOCTP=JTMXM
JPLOT (1) =1

JPLOT (2> =JHOT

JPLOT (3>=JLOCTP

1A=y

IB=2

IC=3

DD S00 1I0=1,3

J=JPLOT (10>

ITAPE=ID+1

DO 470 I=1,51IN

WRITE (ITAPES1180) IR:sZDH»ACI»Isdd
DO 480 Iw=isIN

WRITE C(1TAPE»1180> IByZC(DDsACI»So D)
DO 450 I=isIN

WRITE CITAPEs1180> ICs2<I> s TEMPINCIs Js 3>
CONTINUE

PREPARE DATA FILE FOR PLOT OF LOCAL QUTLET GRS TEMPERATURE
AND MIXED MEAN OUTLET GAS TEMPERATURE YERSUS RADIUS (TAPED

DO S10 Jw=wisJN

WRITE (5,1180> IAsRC(I+ACINI Je 2>
DO 320 J=1yJN

WRITE (S»1150> IByRC(D» TFUMM
CONTINUE

IF <IFILM2.NE.1> GO TO 580

PREPARE DATA FILES FOR EASY3D <LASL JSAK)

NOTE THRT THERE IS A 961 POINT LIMIT <INeJN)

DATA FILES CREATED FOR THERMAL POWER PER BRLL» COOLANT BULK
TEMPERATURE» PEBBLE AVERAGE SURFACE TEMPERATUREs DIMENSIONLESS
MASS FLUX» AND MAXIMUM INTERNAL FUELED MATRIX TEMPERATURE
(TAPEE THROUGH TAPEL10>

DATA KFILM 725215~

DO S40 JwisJN

DD 540 I=1sIN

WRITE €6»1190> RC(D 22<I>+PBALLCI¥ D>
DD 560 I0=7+9

KsKFILM(10-6>

DD S50 JmisJN

DO SS0 I=1sIN

WRITE <I0s1190) R »2¢IDsACIrIrkd
CONTINUE

DO 570 JmisJN

DO 570 Is1sIN

WRITE C1001190> R 210 s TEMPINCI» Js 3
PRINT 1180

CONTINUE
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IF (IFILM3.NE.1> GO 7O 740

CONTOUR PLOTS CALLED FOR (CONTRJB» LAIL JSS3MA

FILM PLOT FILES SENERATED FOR STREARM FUNCTIONs DIMENSIONLESS
PRESSURE» COOLANT BULK TEMPERATUUREs PEBBLE AYERAGE SURFACE
TEMPERATURE, MAXIMUM INTERNAL FUELED MATRIX TEMPERATURE. AND
THERMAL POWER PER BALL

FILM FILE GENERRTED FOR PLOT OF FINITE DIFFERENCE GRID

DD 730 L=1s6
GO TO (59056510961 056105630,650>y L

590 RPESI=0.
DO 600 IL=1,NC
ZCCIL)SRPS]IoRPS1#0,. S
600 RPSI=RPSI+1. FLOAT (NC-1>

IPLOT IS USED TO PLOT THE VARIARBLE WITH THE ORIGIN IN THE UPPER

LEFT-HAND CORNER
IPLOT IS WEED BECAUSE KFR DESIGNS USE DOWNFLOWING COOLANT

510 DO 520 J=1,.JN
DO 620 I=1,IN
IPLOTsIN-1+1}

520 OUTVARR (Jy IPLOTYSAC(Is s>

60 TO 670:6309590,7000s L

630 DO 540 J=1,JN
DO 640 I=1,IN
IPLOT=IN-]+1

640 DUTYAR (Jy IPLOT) =TEMPINCI»J» 3>
60 TO 710

650 DO 650 J=1,JUN
DO 660 I=l,IN
IPLOT=IN-1+1

660 OUTVAR (Js IFLOTY=PBALL (15 J>
60 TO 720

670 CALL CONTRJE (RsJM22s INs QUTVHARY JNs INs=NC» G, Us G5y =1.5 ZCHRADIUS
1 sHEIGHT»=1,2SHDIMENSIONLESS RADIAL POSITIONsZ9»21HMASE FLUX STRER
2MLINES»Z1» 26HDIMENSIONLESS AXIAL POSITION.2
60 TO 730

690 CALL CONTRJE <Ry JN»2s IN«QUTYARS JNs IN+NC» TFMINs TFMAXs=1.»2Cy RADIUS
1 sHEIGHT»=1s2%HDIMENSIONLESS RADIAL POSITTION»2%,28HCOOLANT BULK TE
2MPERATURE 1K) »23» 25HDIMENSIONLESS AXIAL POSITION»Z2

50 TO 7?30

690 CALL CONTRJE (RsJNeZ2s INsQUTYAR s JNs INsNCy TSMINs TSMAXs=1. 9 2CsRADILS
1 sHEIGHT»~1,29HDIMENSIONLESS RADIAL POSITIONs 2%y 33HPERELE AVERAGE
ZSURFACE TEMPERATURE (K) »38s28HDIMENSIONLESS RXIARL POSITION. 28>

GO TQ 7390

700 CALL CONTRJEB <RsJN»Zs» INsOUTYARs JNs INsNCyPMINs PMAYs—=1.2CsRADIUS
1 sHEIGHTs=1.2%HDIMENSIONLESS RADIAL POSITION» 2%y 13HNORMALIZED 1S0B
EARSs 19, 22HDIMENSIONLESS AxXIAL FOSITIONs2
GO TO 730

710 CALL CONTRJEB (RsJNs2Zs INsOUTVRRs JN» IMs NCs» TMXMINS TMXMAXs <1, 220
t sRADIUSYHEIGHTs =19 2FHDIMENSIONLESS RADIAL POSITIONs &9+ 45HMAXIMUM
2INTERNAL FUELED MRTRIX TEMPERATURE <K)45s22HDIMENSIONLESS AXIAL P
30SITIONs 28
0 TO 730

720 CALL CONTRJE C(RsJIN»Zs INs OUTVAR» JN+ INs NCo PIWRMINs PURMAXs =1, 2C
1 *sRADIVSIHEIGHT» =1, 29HDIMENSIONLESS RADIAL POSITION» 29+ 32HTHERMAL
2POWER PER BALL (KW-BALL) »22s28HDIMENSIONLESS ®XIAL POSITION. 29

730 CONTINUE
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CALL PLTGRD

CALL ADY (@
PRINT 1170

740 CONTIMNJE
CALL SECOMD <TIME>
PRINT 1200, TIME
RETURN

750 FORMAT < ///»13X»ePEBELE BED RERCTOR THERMAL HYDRAULIC ANALYSIS CARS
1E #9145 /»SX970(0=0) 3 /9BXp 70 0=®))

760 FORMAT (/77363 y oMIXED MEAN®s ./ »3X» oCOOLANT®s 29X ¢INLET PLEMUMS 7X»
1 ®INLET CODLANTes /s 7% oMASS FLOWS» 3X» oTHERMAL POWER®» &8Xs oPRESSURE®
2 »10X%s oTEMPERATLURE®s 79 2Xs ¢ (KG/S) @9 1 SXy o (M) @9 1 8Xs ¢ (MPR) ©5 1SKre (IO @
3 27912%r 18 (=) 51Xy 13 (0—0) 5 1 Xs 13 (9=®) s 1 Xy 19 (o=0))

770 FORMAT (SX»FS, 0s 15XsFS. 09 13%X»FS.151S%XsF4,. 0>

730 FORMAT (/775154 ®BED RADIUS®s 1 0X»oBED HEIGHT®s 12Xs oNOIMINAL &+ /5 18X
1 oM es17Xse(M> oy 12XsoVOID FRACTION®y /5 11Xs 18 (0=e) 224913 (0=0>y2Xs 1
2 2(e=e))

790 FORMAT (18XsF4,.2716XsF4.2»16XsF4.2>

300 FORMRT (/773274 soFEBBLE®» 11X #INNER MATRIZ®» 3% oQUTER MATRIXes/»3X
1 » oFUEL/MODERATOR®s S%s ¢DIAMETER®»3Xs ¢INTERFRLE RADILUSer4X» ¢ INTERFA
2CE RRDIUS®»/2dXs oELEMENT TYPE®s 12Xse(M) @ 13%so (M @2 17Xs 0 (M) &9/ 5 1 Xy
3 18(e=0)92Xr 13 (o=0r 2K 183 (0=0>»2Xs 18 (#=0))

310 FORMAT (3Xs oSHELL®s 13XsF5.3213%sFh.4r 14X sF5. 4>

220 FORMART (/7y37X»soPEBBLE®y 1 1y oMRTRIX/SHELL @5/ 1 3X» oFUEL/MIDERATOR &y
1 3%» »DIAMETER®s X ¢INTERFACE RADIUS®s /5 14Xs oELEMENT TYPEes 13Xs e (M
20r 15X (M) 92731149 13 (000> 22X 13 (=01 32X 18 (o=e>)

330 FORMRAT (14%s «CONVENTIONFL®»11XsF3.3214X9sF6.4)

340 FORMAT (/7/3%3%»oLOCATION®s /5 13Xs oMAXIMUM POWER-/BALL®» 13Xs oRADIUS
{7 DEPTH FROM TOPes/»17Xs ¢ (KW/BRLL) ®s30Xs o (M) ®9/5 10Xr 24 (0= 511X 2%
2 (o=e))

3350 FORMAT (19X%+F4,.2,28XsFS.39e 7 oF3. D

360 FORMAT (s/77/7332%s $CALCULATED YALUES®» /3 SXs70(e=0) 9 /9 SXs 70 (o=e))

370 FORMART (/r77935%s oMIXED MEAN®s 13X oCOREws /5 13Xs ¢INLET®» 10X» «QUTLET
1PRESSURE®»6X» #PRESSURE DROPe»~/» 1 3X» oREYNOLDS MIMEERe®>» 10Xs ¢ (MPRI &5 1
2 IXr o (MPR) @375 12%9 17 (#=0) 3 3K 17 (0=> 33Ky 1 7 (o= )

280 FORMAT (17XsF6.05 15XrFS. 315X FS. 4>

390 FORMRT (/77 13XsoMIXED MERN OQUTLET®s/» 14X, oCOOLANT TEMPERATURE®y 18
1 Xr»oFIRST LAW ERROR®s/»22X» (K> ©9 29K ¢ (PERCENT) #»/ 5 13X»21 (o=9) » 15X
2 r19(e~e)>

300 FORMAT (20XsFS.0029%XsF6.1>

310 FORMAT (/779 186Xe oMAXIMUM DUTLET®»/9 13X oCOOLANT TEMPERATURE®s 159%s @
IRADIAL LOCATION®y /921Xr ¢ (K) ®932Xs (M 03./5 11 X924 (=0 3 1 0X1 2S (o=t )

920 FORMAT (20XsF4.0931%sFS.

330 FORMAT (/779 16Xs oMAXIMUM FUELED®»/514Xs oMATRIX TEMPERATURE®»21Xs oL
LOCATIONs ®9 /5 19Xs ¢IN CORE®»20Xr#RADIUS ~ DEPTH FROM TOPes/ »21Xs ¢ (O
203 32U e (M ®3/5 11X 24 (0=0> 3 10Xy 2B (o=0))

940 FORMAT (19%sFS,0227%sFS.3r¢ 7 &F3. D

930 FORMAT (/779 15Xs oMAXIMIM INTERNAL®s /5 13X oSHELL-MATRIX INTERFACEes
1 19%» «LOCATIONy @+ /5 13X o TEMPERARTURE GRADIENT®» 13Xs oRADIUS ~ DEPTH
2FROM TOP®s/»20XK» @ (K/CM) ©230Xs @ (M) ®9/9 1 1 X9 24 (0= » 1 0% 2S5 (0=e) )

950 FORMAT (20XsFS,0926%XsFS.3re 7 ®9FS, 3

970 FORMAT (//»3Xs oAXIAL®r /92X +POSITION®» 23Xy oRADIAL POSITION®»~ 9 1Xs 1
1 0(o—e) 1 Xr66(0=0))

930 FORMAT C(11X»11F6.3>

990 FORMRT (12X966 (e=edp/)

1000 FORMRT (2%sFH.333%s11F5.3)

1010 FORMRT (2X»F6.393%» 11F6.0)

1020 FURMRAT ¢///»2%5%s «DIMENSIONLESS STRERH FUNCTION®» /324X 31 Co—e))

1030 FORMAT (//7524Xs eDIMENSIONLESS MASS FLUXs GSTRR®s~/»23X» 32 (e=e))

1040 FORMRT (/7/s14XsoRADIAL COMPONENT OF DIMENSIDONLESS MASS FLUX» BRST

1AR®r 75 1 3Xs I3 (o=e))

1050 FORMAT (/775 14XseRAXIRL COMPONENT OF DIMENSIDNLESS MASS FLUX» GZ2STA
1R®s /5 13X 32 (e=e))

IOGOIFU??QT (r77921%s *DIMENSIONLESS COOLANT PRESSUREs PSTAR®» /220Xy 39(e
-

1070 FORMRT (s77:23%»#CODLANT BULK TEMPERATURE:r TF () #27/222Xs 34 (6=e>)
lOBOlFﬂsgﬁT (/;/918890PEBBLE RVERRGE SURFRCE TEMPERATUREs TS (KD ®» /17X
r44 (o=e)
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1090 FORMAT (r//s 16X oMAXIMUM INTERNAL FUELED MATRIX TEMPERATURE (K> ey~
1 »1SXr 43 (0me))

1100 FORMAT ¢/ //s12X%s oPEBBLE INTERNAL SHELL/MATRIX INTERFRCE TEMPERATUR
1E (K) @y 311X 36 (o—e))

1110 FORMAT (s-/5 11Xy oFPEBBLE SHELL-MRTRIX INTERFACE TEMPERATURE GRADIEN
1T (K/CM> @975 10X9 59 (0=9))

1120 FORMRT «/r/»23%s oKILOWATTS/PEBBLE INPUT FROM VYSOPes./;22Xs34 (o=e>)

1130 FORMAT (rsrrp22%»oRUXILIARY OUTPUTY RCIsJ1KDs K = €3125/921Xs 37 (o~
1))

1140 FORMAT (/7/y15X%s @RUXILIARY OUTPUTs PROPTY (12 UrKD» K = @3 12:/518X%s
1 42(o—=9))

1150 FDRMAT (r722XsoEASYPLT DATA FILES CREATEDe®y /,2X»sUSER DESIGNATED R
1ADIAL LOCATIONs J = o512

1160 FORMAT (-ry2X»oEASY3D DATR FILES CRERTEDe>

1170 FORMAT (792X oCONTOUR PLOT FILM FILE CREATEDe)

1180 FORMAT C(I1SsesesF10.450503F10. 4

1190 FORMAT (F10.4ve90sF10.450r05F10,4>

1200 FD;HRT (r/792X9yoTOTAL CP TIME INCLUDING COMPILATION = oyF7,.3>
EN
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SUBROUTINE PLTGRD

PLOTS FINITE DIFFERENCE 5RID
MAKES CALLS TO INSTALLATION DERENDENT ROUTINES

OO00O00

fnﬂnf)ﬁ:;

4
4

4
9

Coovoesesesesre * >oes o 2l o0 o >

caMmMoN ~REACTR- HEIGHT, RADILUS, DKUGEL, FMDOT»> QTOTs TINLET,
1 PINLET» GINLET» REYMINs ARL, ASQ» AFRIC» BFRIC, YFNOM

COMMON ~GEOM~- IN» INMs Ns JMM> Z(@%)s R(@2>» IINMLET@2>s IMINGD
1 » IMAX@2>» IEXITC@2>)s Fl,» VOLS» RVSOP(22>» NDEG

DIMENSION XSCALE(2)» YSCALE(2>» RP(@» 2P (2>
ESTABLISH SCALES

XICALE(1 =R (1)

XSCALE (2> R (UN>

YSCALE (1> =2 (1)

YSCALE (2>=Z (I

CREATE LABELED BLANK GRID

CALL PLOJB (XSCALE»YSCALEs2s1515151»RADIUSIHEIGHT»29HDIMENS IONLESS
1 RADIAL POSITION,-29+22HFINITE DIFFERENCE GRID»22s23HDIMENS IONLESS

2 RXIAL PQSITIOM»28>

10

20

30

PLOT GRID LINES

NP=2

RP(1)=R (1>

RP (2> =R (UM

DO 10 I=1,IN

ZP 1> =Z D>

2P (2)=Z (D>

CALL PLOT (NP»RP»1+2P»12485 1)
ZP(1>=2(1>

ZP (2> =2 (1M

DO 20 J=mi,JN

RP (1> =R ()

RP @>=R (D

CALL PLOT (NPsRPs1s2Pr1+48,1)

PLOT BED LIMITS

DG 30 J=1s,JNM

RP (1> =R (D

RP(2>uR ‘' J+1)

ZP L SIIMLET (D
ZP(@3=sTINLET (J*1)

CALL PLOT (NPyRPe1:ZPr 1548, 1)
ZPCLO=IEXITD

22 (2> =wIEXIT (J+1)

CRLL PLOT (NPsRP»21:ZP2124821) -
RETURN

END



OO00O0O0000

QO O000O0O0OON

OO0

10
20
30
40

1 HAPES.2) + IHUPELDN. 2> s IH(IPEL1,. 4> » IH(IPEL12.5) » SH(IPE13.5) v

10
20

30

49

141

SUBROUTINE DLMNLN (NxsNY>

4

> . \ o &> L o g

MODIFIED LASL IVSTEM ROUTINE <JS29RD

ﬂ(ﬁx

c

[»

c

c ELIMINATES GRID LINEZ FROM CONTRJB OF PLOJB [»
[ LINEAR X» LINERR Y ONLYD C
c C
C 0000060000000 000000090099 * . voo0e > » ol
camMmaN /CJEQ?, IXLe IXRs IYTs IYBs XLs XRs 7T» YB

CALL GYR (YT IYBs IXL)

CALL 5XA (IXL»IXRsIYB>

IF (NX> 40s20,10

CAt.L GYR (IYTr» IYBs IR

IF (NY> 40540,30

CALL GXR (IXLs IXRs IYT)

RETURN

END

SUBROUTINE SBLIN (NNXsMNIO

Loeseses 000090000 soooe > - >ool
P c
C MODIFIED LASL SYSTEM ROUTINE <JS35M> Cc
c MAKES PLOJB CALL TO ZBLIN THE SAME RS B CRLL TO STLIN C
[ JSED TO MRKE CONTOUR PLOT ORIGIN IN UPPER LEFT-HAND CORNER C
[ (>4
Ceoovovevsesd e > ¢S4 0009 *oo 00 * Z
cCOMMON ~CJEO77 IXLs IXRs 17Ts IYBs XL» XRs ¥Ts ¥B

DIMENSION FMT 12> OUTID

DATA (FMTK sK=1512> /2HC(Fs1H s1H.s1H 2 1H) 2 BHUIPET. 0) » BH(IPEB. 1)+ 8

DELETED FOUR LINES THAT MAKE SBLIN DIFFERENT FROM STLIN

Ly=I¥T

IYDEL=-12

IF (NK.GT.? GO TO 10
NC=MAX0 CINT (AL 0G1 0 (AMRX ] (RABS (XL) yABS (KR > D>+, 00001) +1» 1D
IF (MIMDHL»XR) .LT. 0> NCsNC+1
IF (NN,GT. 0 NCaNC+)
NC=NC+NK

ENCODE (10s40GsFMT<2>> NC
ENCODE <10s30sFMT(4>> NK
k=g

50 TO 20
KSMINOC16sMAXO (1N NK> > ~—3
NCxiK+1

ENCODE <(20sFMT <O s0UT> XL
CALL TSP CIXLsIYs1siH+
IXTT=IXL~4oNC+4
1YC=1¥+1YDEL

CARLL TSP (IXTTs IVYC:NC:.0OUT)
IF (NNX.LE.0> RETURN
NX=MINO (NNX» 122)

IXC=IXL

DDXsFLOAT (IXR=14LD> 7NX

DX= (XR~XL) 7NX

DO 30 I=1sNX

AC=XL+1eDX

IATalLTT+IeDDX
1RC=I AL+ eDDX

ENCODE (20sFMT (O sOUT> HC
CALL TSP (IXCs1Ys s 1H+>
CALL TSP (1XTsIYCsMC-OUTS
RETURN

FORMAT <I2>
END
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CW‘W”M..M”WWM

[» c
C MODIFIED LASL SYSTEM ROUTINE <JS33B> ] c
c USED TO MRKE CONTOUR PLOT ORIGIN IN UFPER LEFT-HAND CORMER [
Cc c
Cooovese > > 2a g a1 o2 2o T o0 S OP S POPP0P ool
cOMMON ~CIED?~ TXLr IXRs IYTs IYBs ALs XRs YT: YB

DIMENSION FMT (14>, OUT (2

DATA (FMT K »Kmls 14) /Z6H(F7.0) pSH(FA. 1) »6H(F3.2) 2 7H(F10,.3> s PH(F11,
14> s PHF12. 9> » PH(FL3. 6> » SHUIPE?, DD » BH(IPES, 15 s BH(IPES. 2> » SH (1PEL0.3
2)sIHIIPEL11.92» FHC(IPEL12.3)»IH(IPE13.6) ~

IF (NK.GT.6> 50 TO 10 |
K=MIND (S5 MAXO(OryNKI > +1
NC=i(+5

50 TO 20
K=MINO (169 MAXO (105 NI ) =2
NC=K -1

AsFMT (0O

ENCODE (20,R,0UT> YB
IXTuIXL~3eNC~4

CHANGED IYB TO IYT IN CALL TO T3P

CALL TSP (IXTsIYTHNC,OUT)
CALL TSP (IXLsIY¥TrlsiH+?
IF (NNY.LE.0> RETURN
NHYaMINO (1282 NNY)

CHANGED 1YC=1YB TO lYC=IYT

IvCwIvT
DY= (YT-YB> /NY
DDY=FLOAT CIYT-1YBY /NY
DO 30 Is1sNY
YCaYB+IoDY

IYC USED TO BE = [YB+IeDDY

IYC=1YT-1eDDY

ENCODE <20+Rs0UT) YC
CALL TSP (IXT»IYCaNCsOUT>
CALL TSP (IXLsIYCrlslH+)
RETURN

END



APPENDIX C. PRINT OUTPUT FOR ANALYSIS
OF KFA DESIGN CASE 1013



OLD»PEBBLE

#FUtis N» I sPEBBLE

CTIME 010.417 3EC. FUN LASL20
sSETTLs200

FIETTLs 200,

G0

STARTING TIME RFTER COMPILATION = 11.143

PROGRAM CONTROL “ARIABLES

144

N N vaLs NSWPS NSWP2 NZHWP3
23 22 13 1 e ]
NSWP4 cc RP (1D RP (2> RP (3 RP (4>
1 « 00300 1.000 250 . 0023 1.0090
NUMERICAL COMYERGENCE INFOPMATIOM
MAJOR EAECUTION EQUATION MAX UM LOCATION LACATIAON
ITERATION CP TIME NUMBER RESIDUAL 1 INDEX J INDEX
1 2.471 SEC 1 0015612 24 13
2 ~. 079347 2 a1
3 5569332 2 7
4 « 0009228 4 19
2 4,432 3EC 1 000622 5 13
2 ~. 01287383 3 -4
3 204337 3 19
4 ~. 000074 24 20
3 5.134 SEC 1 . 0003230 22 17
2 ~. 009238 5 2
3 « 109437 1 6
4 -.000033 24 19
4 7.509 SEC 1 ~. 000292 ’ 13
2 ~, 006311 5 2
3 . 073820 16 13
4 ~. 0000494 24 19
3 9.644 SEC 1 ~. 000336 ] 2
e ~, 004744 3 2
3 . 074132 13 13
3 ~. 000033 24 18
6 $11.336 SEC 1 ~-. 000292 10 2
2 -. 003774 10 e
3 ~. 071604 10 19
9 ~. 000035 24 2



10

11

12

13

14

15

16

1?

18

13.114

14,338

16.572

18.3959%

20.104

21.334 3

23.3%%

23.370

27.103 3

28.7%90

30.544

32.313

Sec

SEC

SEC

SEC

SEcC

SEC

3EC

SEC

SEC

S&C

D #Q)N'-.‘ WM e SR - W W Ny - B W0 - S W SN S W S W=

$ W

145

-. 000263
-.003147
-. 073532
-.000033

-, 00025
~. 0027353
-, 072955
-. 000031

-. 000248
-. 002218
-. 069812
-.000030

-. 000243
-, 001367
-. 062320

-. 000028

-. 0002329
-. 001654
-. 0534256
-. 000027

-. 000233
-.001470
-. 034239
-. 000026

~. 000241
-.00132%
-. 050337
-. 000025

=, 000239
-. 001250
-.000024

-. 000223
-. 001331
-. 044362
-. 000022

-.000213
-. 001266
~. 842301
=. 000022

-. 000211
-.001101
- 040207
-. 000021

-. 000202
-+ 000839
-. 036372
-. 000020

12
11
11
24

14
13
11
24

18
13
13
24

18
15
15
24

18
18
15

24

21
19
17
24

a4
21
19
24

24
24
an
24

24
24
21
24

24
a2
24

24
24
24

24
24
24



19

20

21

22

&3

e4

26

34,044

35.776

37.331

41.032

42.313

44.332

46,303

ZEC

[%]
m
[g]

SEC

SEC

SEC

$ @I - W - Wi - E AR A T WV S W

W e

146

-. 0002095
-, 000532
=. 030657
-. 000019

-.000201
=-.00045%
-, 024534
-. 000018

~. 300197
-. 000333
-. 013921
-.000017

=.000193
=, 000246
~. 014092
-. 000017

=.000188
-.000172
-. 010279
-. 000015

-.000124
-. 000123
=. 007439
-. 000016

-. 000179

« 000099
~. 005402
-. 000015

-. 000175

. 000083
-. 003939
-. 000019
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PEBBLE BED RERCTOR THERMAL-HYDRAULIC ANALYSIS CASE 1013

MIXED MERN
COALANT INLET PLEMIM INLET CROLANT
Mass FLOW THERMAL POWER PRESSURE TEMPERATURE
(KG~S> MW MPR> K
783 3005 4.0 523
BED RADIUS BED HEIGHT NOMINAL
D M vaID FRACTION
4.61 ' S.00 39
PEBBLE INNER MATRIX QUTER MATRIX
FUEL-MODERATAR DIAMETER INTERFACE RADIUS INTERFACE RADIUS
ELEMENT TYPE D ™D <M
SHELL . 060 . 0150 . 0250
LOCATION
MAXIMUM PQWER-BALL RADIUS -~ DEPTH FROM TOP
<KW/BALLY (M

4.35 4.610 7 .417
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CALCULRTED YALUES

MIXED MERAN CORE

INLET OUTLET PRESSURE PRESSURE DROP
REYNOLDS NUNBER MPA> MPR
249009 3.930 « 0700

MIXED MEAN OUTLET
CORLANT TEMPERATURE
O

1259

MAXIMUM OUTLET
COOLANT TEMPERATURE
K>

1300

MAXIMIM FUELED
MATRIX TEMPERATURE
IN CORE
<O

1357

MRXIMUM INTERNAL
SHELL-MATRIX INTERFACE
TEMPERATURE GRADIENT
K-CHd>

-299

FIRST LAWY ERROR
CFERCENT>

-2

RADIAL LOCATION
D

3.951

LOCATION,

RADIUS - DEPTH FROM TOP

™M

3.951 7 1.667

LOCATION,

RADIUS - DEPTH FROM TOP

™M

4.6190 7 .62%
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DIMENSIONLESS STREAM FUNCTION

AXIAL
POSITION RADIAL POSITION

0.000 .043 .09%5 .143 .190 .233 .2856 .333 .331 .429 .476

0.000 0.000 .001 .00% .010 .0(18 .028 .041 .0SS .072 .09t .113
. 042 0.000 .001 .005 .9010 .013 .023 .041 .055 .072 .091 .113
. 033 0.000 .001 .00% .010 .013 .023 .041 .0SS .072 ,091 .113
. 1338 0.000 .001 ,005 .010 .013 .028 .041 .0S3 .072 .0%1 .113
167 0,000 ,00f .00S .010 .013 .023 .041 .08 .o072 .031 .11i3
.2089 9,600 .001 .005 .010 .013 .08 .041 .05 .072 .0%1 .113
250 0.000 .00f1 ,005 .010 .013 .023 .041 .053 .072 .09%1 .1123
.292 0.000 .001 ,005 .010 .013 .028 .041 .055 .072 .091 .113
332 0.000 .001 L0065 .010 .013 .0R23 .04% .053 .072 .091 .113
<373 9,000 .091 .005 .010 .013 .028 .041 .05 .072 .091 .113
17 2,000 .001 .905 .010 .013 .0R8 .041 .035 .072 .091 .113
458 0.000 .001 .005 .010 .013 .0233 .04f .05 .072 .091 .113
300 0.000 .091 ,005 .01¢ .013 .029 .041 .035 .072 .091 .113
. 342 0,000 ,001 ,00% ,010 .013 .028 .041 .03 .072 .091 .113
.383 0.000 .001 .905 .910 .018 .023 .041 .055 .072 .091 .113
689 0,000 .001 .00% .010 .018 .028 .041 .035% .072 .0%1 .113
567 0,000 .001 .005 .010 .013 .023 .041 ,0355 .072 .031 .113
.703 0.000 ,001 ,005 .010 .013 .0238 .941 .055 .072 .091 .113
7350 0.000 ,001 ,005 ,010 .018 .023 .0d41 .053 .072 .091 .113
.792 0,000 ,001 ,005 ,010 ,013 .023 .041 .05 .072 .0%1 .1123
.333 0.0060 ,001 ,005 .010 .012 .023 .041 .033 .072 .051 .113
14~} 0.000 .001 .005 .010 .013 .023 .041 .055 .072 .081 .113
217 0.000 .001 .005 .010 .018 .028 .041 ,035 .072 .9091 .113
. 9358 0.000 .Go1 ,505 .010 .013 .028 .041 .035 .072 .091 .113

1.000 0.000 .001 .00 .010 .O018 .028 .041 .05 .o072 .091 .113

DIMENSIONLESS STRERM FUNCTION

AXIAL

POSITION RADIRL POSITION

.524 .571 .6183 .657 ,714 .762 .310 .357 .905 .9%2 1.000

0.000 137 .163 .191 .@g22 .29 .3%1 .32% .3%3 .410 .454 .S00
. 042 137 163 .191 .22 .25 .2%1 .329 .3%83 .410 .4%4 .S00
. 033 .137 .163 .191 .222 .28%5 .2%1 .322 .363 ,.410 .454 .500
139 <137 .163 .191 .222 .285% .2%91 .329 .33 .40% .454 .500
. 167 137 .163 .191 .222 .297 .291 .329 .383 .409 .453 .50
.208 <137 .163 .191 .222 .23 .28%1 .32% .363 .409 .4353 .S00
250 «137 .163 .191 .222 .28S59 .23%1 .,329 .363 .409 ,.4%53 .500
.292 137 163 .191 .222 .855 .2%1 .328 .363 .,409 .4%53 .S00
.333 <137 .163 .191 .22 .2%3 .290 .323 .363 .409 .494%2 .500
« 375 .137 .163 ,191 .22 .28%7 .28%0 .323 .363 .40% .4%3 .S00
417 137 .163 .191 .22 .28%3% .23%0 .323 .367 ,409 .433 .S00
«438 137 L1683 .191 .222 .23% .290 .328 .367 .403 .433 .S00
3500 2137 163 .191 .322 .8%5 .290 .328 .367 .408 .4%3 .S00
<342 <137 163 191 222 .235 .290 .328 .367 .403 ,.4%3 .S00
«383 137 .163 .191 .222 .28%% .290 .323 .387 .403 .4%3 .500
«623 2137 .163 .191 .322 .29 .2%0 .383 .367 .403 .453 .S500
667 137 163 191 .222 .25F .2%0 .328 .357 .403 .4%3 .S500
703 137 L1683 .191 .222 .89% .2%0 .329 .387 .403 ,4%53 .%00
<730 137 .163 .191 .222 .23F .2%0 .338 .3%7 .40 .4%3 .S00
.792 <137 163 .191 .222 .29 .289%90 .32% .267 .403 .453 .S00
. 833 <137 163 .191 .222 .&%% .2%0 .323 .387 .408 453 .500
873 <137 .163 .191 .&22 .23 .2%0 .32% .367 .408 .4%53 .500
«917 137 .163 .191 .222 .28%% .3%0 .333 ,.387 .403 .4%3 .%00
. 938 «137 .163 .191 .222 .,a%% .28%0 .228 .357 .403 ,.4%53 .S00

1.000 «127 163 .191 .222 .2&5% .28990 .323 .367 .402 .4%53 .S00
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DIMENSIONLESS MASS FLUX» GITAP

AXIAL

POSITION FADIAL POSITION
0.000 .042 .0%% .142 .1%0 .23F .2%6 .333 .331 .42% .476
0.000 .996 .996 .996 .96 .996 .996 957 .99F  .993
. 042 396 996 L3996 396,996 .3D6 937 .598  .997
. 033 .996 .99 .36 .96 .995 .996 937 397 993
.12% .9%5 .99 ,996 .99% .995 .99 .397 597 995
L1687 .3% .996 .995 .99% .%9%5 .33% 0337 997 392
.203 .99 ,99% .995 .%9% .95 .39 996 997 .993
.250 .99%  ,99% ,995 ,99% ,99% .99% .99 997 .993
.292 .99% ,99% ,39% 295 .%93 ,.39% .96 .997 L5998
.233 .99%  ,93% ,995 ,99% .99% .99% .95 997 992
. 37S L39%  ,39%  ,99% 995 .99% 535 995 997 PG
.417 .99%  ,99% .99%5 .29% .99%5 .53S L3396 (997 .59
<453 .998  ,39% 395 995 .395 .995 L996 937 998
.S00 .99%  ,99% .35S ,99% .995 .99S L2096 L9977 998
. 542 .996 .39% ,995 ,.99% .39% .99% .99 ,997 993
.533 .996 .39% .99 ,99% .99% .995 L% L,I97 993
525 .99 .99 .995 .95 .95 .995 L2986 397,995
567 "396 .996 .38 998 235 ,996 .995 ,995 .6 997 .393
.703 1396 .996 .99% .39% .935 ,.994 .996 .9%6 .99 997 .993
. 750 (596 .996 .39% ,39% 995 .996 .96 3% 396 997 .993
.792 1996 .996 .99 ,99% 336 996 .95 L9395 ,997 .I9F 993
.323 (396 .296 .996 39S .95 .396 995 ,9%6 .IIT .97 .93%
275 1395 .96 .99 .%%5 .36 .96 396 .396 .D97 .PI7 .993
.917 1396 .396 .995 .9%5 .996 .996 .996 .39 397 997 .98
.53 1996 .956 .396 .996 .995 .96 .9%6 ,3I98 997 P97 .
1. 080 T996 .296 .996 .99% .996 .396 .995 L9995 .96 .FF7 .997

DIMENSIONLESS MASS FLUXs GSTAR
ARIAL
POSITION RADIAL POSITION

524 571 .613 657 714 762 .310 .357 .90% ,352 1.000

0.000 1.000 1,001 1.004 1,006 1.009 1.012 1,004 .394 ,394 396 0,000
. Q42 1.000 1.001 1.004 1,006 1.003 1.012 1.004 .994 .994 .395 0,000
. 033 1.000¢ 1,001 1,004 1,006 1.00% 1.012 1.004 292 ,393 ,397 0,000
. 1235 1.000 1.001 1,004 1,005 1.00% 1.012 1.003 .9%0 .992 ,999 0.000
« 157 .39% 1.001 1,004 1,006 1,002 1.013 1.003 .938 .%%2 1,001 0.000
.208 999 1,001 1.004 1,006 1,009 1,013 1.002 ,.335 .991 1,003 0,000
250 «999 1.001 1.004 1.005 1.009 1.013 1.001 335 .2%1 1.004 0,000
.292 999 1.001 1.004 1,006 1.009 1.012 1.000 .934 .931 1,006 0.000)
333 992 1.001 1.002 1,006 1.009 1.012 1.000 .934 .991 1.007 0.000
«375 999 1.001 1,003 1.006 1.008 1.011 .999 .933 .2391 1.003 0.000
317 .999 1.001 1.002 1,006 1.003 1.011 999 ,933 .991 1.003 0.000
. 453 .9%9 1.000 1.003 1,006 1.008 1.010 .993 .933 .992 1.009 0,000
» 300 L9939 1,000 1.093 1,006 1.008 1.010 .299 .983 .992 1.010 ¢, g0
.54 299 1,000 1,003 1.005 1.008 1.00¢ .3293 ,933 .292 1.010 0,000
» 983 <999 1,000 1.003 1.005 1.008 1,009 297 ,932 ,.992 1.010 0.000
5285 «39% 1,000 1.093 1.005 1.008 1.009 .9%7 .933 ,.992 1.010 0,000
657 999 1,000 1.003 1.005 1.007 1.002 .997 .934 ,.993 Y.01¢ 0,000
708 L399 1,000 1,003 1,005 1.007 1.003 .997 .934 .%93 1.010 4,000
730 »99% 1,000 1,003 1.005 1.007 1.003 .237 .334 ,393 1.010 0,000
. 792 B9 1,000 1,003 1,005 1.007 1.007 .997 .985 .993 1.010 0.000
. 333 .999 1,000 1,003 1,005 1.007 1.007 .99 ,.935 .994 1.010 0.000
375 993 1,000 1,003 1.005 1.007 1.007 .935 335 394 1,010 0,000
<317 399 1,000 1,903 1,005 1.007 1.005 .995 ,936 .29 1.009 0.000
. 998 .999 1,000 1.003 1,005 1.007 1.003 .99 .336 .234 1,009 0.000

1. 999 L399 1,000 1.002 1,005 1.907 1.005 .335 996 534 1.009 0,000
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AXIAL COMPONENT OF DIMENSIONLESS MASS FLUX» GZSTAR

AXIAL
POSITION RADIRL POSITION
0.000 ,048 ,095 .143 .190 .238 .235 ,.333 .331 .429 .475
0.000 996 ,996 ,996 ,996 .995 .996 .995 ,996 997 ,998 938
<042 .996 .996 ,996 ,996 .996 ,396 ,996 397 ,997 ,.993 ,3%9
. 083 996 .99 .996 .396 .998 ,996 .99 995 ,997 .397 994
123 2996 .996 .996 .99% .995 .996 .99 .9G6 397 .397 .998
. 167 996 .996 ,.955 ,995 .99%5 .99% .596 998 997 .997 .993
208 .996 .99% .99%5 .99%5 .393 .995 .99 .996 .396 ,997 ,99%
-850 995 .99%5 .995 .993 .993 .99% .995 .99 ,39%6 997 ,.998
292 995 .99% 995 .995 .993 .993 .99 ,996 ,99% 997 ,998
«333 <995 995 .995 .99 .995 .995 .99 ,996 .996 .997 ,993
«373 2995 995 ,995 .995 .995 .995 .996 .99 .996 .997 .998
317 .995 .99% .995 .99% .99% .995 .99 .99 .99 .997 ,.993
«4358 <995 .99% .995 .995 .99F .99% .9 .99 .95 ,997 ,998
300 995 993 .995 .99F .95 .995 .996 .99 .5%6 397 .899
. 342 996 995 ,99% .995 .99% .995 .996 ,996 .995 ,997 .998
. 383 2996 .995 ,995 .995 .998 .99 .396 .996 .998 .997 .558
523 .996 .9956 ,99%5 .99%5 .995 .995 .99 .9%98 .996 .997 .992
« 657 <995 .996 995 .295 .99% .996 .996 9% ,996 367 ,.993
703 «996 L9956 ,99% 995 .995 .995 .996 .39 ,.296 997 .993
<730 <996 .995 ,99%5 ,995 .995 .996 .9956 ,996 .996 .997 .993
.792 «996 .996 ,996 .39% .996 .995 .996 ,394 ,997 .997 993
«833 996 .996 .996 .995 .995 ,996 995 396 ,297 .997 .998
375 998,996 995 .995 .96 995 ,996 ,335 997 997 ,993
917 996 L9956 D95 .95 ,995 .996 996 998 297 .297 .993
.9358 398 L9956 996 996 .996 .96 .95 D95 P97 997 .393
1.000 996 996 ,996 .995 .998 .996 .995 .99 .996 .3297 .397
AXIAL COMPONENT OF DIMENSIONLESS MASS FLUX, GZSTAR
AXIAL
POSITION RADIAL POSITION
«524 371 K19 .67 714 762 .B310 ,837 .205 ,.952 1.000
0.000 1.000 1.001 1.004 1.006 1,009 1.012 1.004 .224 ,994 396 0.000
. 042 1.000 1.001 1.004 1.006 1.009 1.012 1.004 .994 ,3%4 .99 0.000
. N3 1.000 1.001 1.004 1.005 1.009 1.012 1.004 .992 ,993 ,3%7 0.000
« 135 1.000 1,001 1,004 1.006 1,009 1.013 1.003 .920 ,.393 ,939 0,000
« 167 »999 1.001 1.004 1,006 1.00% 1.013 1.003 .933 .99 1.001 0.000
208 «»999 1.001 1.004 1.006 1.009 1.013 1.002 .%36 .991 1.003 0.000
.230 «999 1.001 1.004 1.006 1.009 1.013 1.001 .935 .991 1.004 0,000
.292 «99% 1,001 1.004 1,006 1.009 1.012 1.000 .934 ,.991 1.006 0.000
.333 »999 1.001 1.003 1.006 1.009 1.012 1.000 .924 .291 1.007 0.000
« 373 «999 1.001 1.003 1.006 1,008 1.911 .999 .983 .991 1.003 0.000
417 «999 1.001 1.003 1.006 1.008 1.011 .99% .333 ,991 1,008 0.009
.453 -999 1.000 1.003 1,005 1.008 1.010 .998 .533 ,992 1.00% 0.009
«500 »99% 1.000 1.003 1.006 1.003 1,010 .993 .933 ,.992 1.010 0,000
- 342 «999 1.000 1.003 1.005 1.003 1,009 .393 .933 .99%2 1,010 0.000
. 383 «999 1.000 1.003 1.005 1.008 1.009 .997 .933 ,992 1.010 0.000
623 <999 1.000 1,003 1.00% 1.003 1,009 .997 .933 .292 1,010 0.000
8667 «999 1.000 1,003 t.005 1,007 L.008 ,997 .934 ,993 1.010 0.000
708 «999 1,000 1.003 1.005 1.007 1.008 .397 .984 .993 1.010 90.000
7390 -999 1.000 1.003 1.005 1.007 1.003 .997 .394 ,993 1.010 0.000
.792 +999 1.000 1.003 1.005 1.007 1.007 .997 .93% ,923 1.010 0.000
.833 «999 1.000 1.003 1.00%5 1.007 1.007 .996 .23%5 .994 1,010 0.000
375 <999 1.000 1,003 1,005 1,007 1.007 .396 .935 ,9%94 1.010 0,000
917 «299 1.00) 1.003 1.00%5 1,007 1,006 .99 .936 ,.994 1,009 0,000
. 958 »999 1,000 1.003 1.005 1.007 1.006 .99 ,.935 ,.994 1.00% 0,000
t.000 -393 1.009 (.G02 1.005 1.007 1.008 .99 .985 .9%94 1.403 0.000
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RADIAL COMPONENT OF DIMENSIONLESS MASS FLUX» GRSTAR

AXIAL
POSITION RADIAL POSITION
0.000 .0N43 .0%% .143 .190 ,233 .286 .323 .281 .429 .476
0.000 0.000-0,000=9, 000-0, 300=-0, 000=0, D00=0, 000=0, 090=0.000~0. 00¢=0. 000
. 042 0,000 .000 L,000 .000 ,000 000 .GO1 .0O1 .001 ,001 ,.001
. 033 0.000 .000 ,000 .000 .000 .001 .001 .001 .001 .001 ,001
. 1235 0.000 .000 .000 .00H .000 .001 .001 .001 .001 .001 .001
. 167 6.000 .000 .000 .000 .000 000 .000 .0U01 .601 .001 .001
.208 0.000 .000 .000 .000 .000 .000 .000 .000 .000 .001 .0G1
.250 0.000 .000 .000 ,000 .00G .000 .000 .000 .000 .0G0 .00O
292 0.0600 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
.333 0.000 .000 ,000 .000 .00O0 .000 .000 .000 .0040 .000 .000
373 0.000 -, 000 -, 000 =-.000 -.000 -,000 -.000 ~.,000 -=.000 -.000 ~.000
417 0.000 -.000 ~-.000 -.000 -.000 -.000 -, 000 -.000 -.000 -,000 -, 000
453 0,000 =, 000 =, 0006 —. 000 -, 000 =.000 =.000 =.000 ~.000 -,000 ~.000
500 9.000 -, 000 -, 600 -, 000 -.0N0 -, 000 —.000 -. 000 -. 000 -,000 -.000
. 542 0.600 -, 000 =.000 =. 000 -.000 =.900 -, 000 =, 000 -.000 =.000 -, 000
.533 0.000 ~.000 -, 000 -.000 -.00) -.00¢ -.009 -,000 ~,000 =,000 ~,000
. 625 0.000 -.000 -.000 -.000 -.009 -, 000 -,000 -,000 -, 000 -,000 -,000
» 557 0.900 =, 000 -, 000 -. 000 -, 430 -, 000 -.000 =. 000 =. 9990 =-. 000 =.000
703 0.000 -.000 =, 000 -,00) -, 000 ~,000 -.000 =-.000 ~.000 —-.000 -, 000
. 750 0.000 -. 000 -. 000 -. 000 -, 000 ~. 000 -.000 -,000 -.000 -.000 -.000
.72 0.000 =.000 =, 000 =, 000 =000 ~.)00 -, 000 -, 000 =-,000 -.000 -.000
233 0.000 -.000 =, 000 -.000 -.000 -.000 -.000 -.000 ~.000 -.000 -.000
373 9.000 -.000 -, 000 =, 000 -, 000 =, 000 -. 000 -.000 -,000 -.000 ~.000
317 0.000 -.000 -, 000 -.000 -.000 ~,000 -,000 -.000 -.000 -.000 -.000
- 253 D.000 -.000 -, 000 ~.000 -.000 -.DD0 -.000 -.000 -.000 -,000 -.000
1.000 0.000-9, 000-0.000-). 000=-0, 000-0, 00N~). $00-0. 000-0. 000-0, 000-0. 000
RADIAL COMPONENT OF DIMENSIONLESS MASS FLUX» GRSTAR
AXIAL
POSITION RADIAL POSITION

.324 .571 .5619 .67 .714 ,762 .310 .337 905 ,952 1.000
0.000 =0.000=9,9000~0.000~0.000-0. 000=D, 000~0, 000~0, 0000, 000~0, 000 0,000
» 042 .001 .091 .991 .000 .000 .000 -,000 .001 ,002 .0DO1 0.000
. 032 .001 .001 .00F .00%1 .00t .000 -.000 .001 ,003 ,002 0.000
=125 .00t .001 ,001 .001 .001 .000 -.000 .002 ,.004 .003 0.000
«1567 .001 ,001 .00l .001 .001 .001 .000 .002 ,.004 .003 0.000
.208 .00t .001 .001 .001 .001 .001 .00t .002 .004 .003 0.000
239 .000 ,001 .001 .001 .001 .001 .001 .002 .003 ,002 0.000
.2%22 <000 ,000 .001 .,001 .001 .001 .002 .002 .003 .002 0.000
«333 «000 ,000 ,000 .000 .001 .001 .002 .002 ,002 .002 0.000
» 375 <900 .000 .000 .000 .000 .001 .00%f ,002 .002 .001 0.000
.17 ~.000 -, 000 .000 .000 .000 .001 .091 .001 .002 ,001 0.000
453 -.000 -, 000 -, 000 .,000 .000 .000 .%501 .001 .00l ,001 0.000
«500 -.000 -, 000 =, 000 .00 .000 .D00 .001 .001 .001 001 0.000
<3542 =.000 -, 000 -, 000 =, 000 .9D00 .000 .00f .001 .,001 .000 0.000
. 983 <.000 =, 000 -, 000 -, 000 .000 .000 .00%1 .001 .000 .000 0.000
. 525 -.000 -, 000 -, 006 -. 000 .000 .000 .001 .001 ,000 .000 0.009
« 567 -.000 ~-,000 =,000 -. 000 -, 000 ,000 .001 .0DO1 =.000 -,000 0.000
.708 =.000 -, 000 -.000 =, 000 -.0C? .00 .00 .000 -.000 ~.000 0,000
g1 -.000 -, 000 -,000 =000 .000 .000 .00f .000 -,000 —.000 0.000
« 792 =.000 -. 000 -.000 -, 000 -.00¢ .000 .001 .000 -.000 -.000 0.000
3323 =.000 ~.000 -, 000 -, 000 -, 000 ,000 .001 .000 —.000 -=,000 0.000
« 375 -.000 -, 000 -, 008 -, 000 -.000 ,000 .00t .00D0 =,000 =-,000 0.000
317 -.000 -, 000 -,000 -, 000 -, 000 .000 .000 .000 -,000 —,000 0.000
<998 =.000 =, 000 -, 000 -, 300 =, 000 -, 000 .000 ,090 -,000 -,000 0.000
i.000 =0.000-0.000-0¢, 000-0. 000-0. 000~0. 000~0. 000=0. 000~0, 000-0. 000 0.000
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DIMENSIONLESS COOLANT PRESSUREs PSTAR

RXIAL
POSITION RADIAL POSITION

0.000 .043 ,095 .143 .190 .233 .236 .323 .331 .423 475

0.000 1.0060 1,000 1,000 1.000 1.000 1.000 1.000 1.000 1.0060 1.000 1,000
. 042 999 999 999 299 ,99% 999 ,99% 995 ,999 998 993
. 083 999 (293 ,999 .%99 ,399 ,%99 993 983 9990 599 399
.129 L3098 L,993 ,993 .993 ,.998 ,993 ,393 ,%92 903 ,998 ,993
«167 2998 .993 .993 .998 .993 .993 999 .998 .993 .99% ,.993
.208 LBO7 L9997 997 .997 997 .II7 997 .997 .297 .9G7 397
«290 2996 .996 .99 .996 .996 ,9%6 996 .99 .395 D98 954
292 2995 935 L9956 .995 ,9986 ,996 .95 9% .96 D6 L9365
« 333 2995 995 .99S ,.P9% 995 .995 .99F .995 .3IeT 29T 995
379 2994 ,294 994 ,994 984 994 .99¢ 333 994 904 904
«417 2993 993 .93 .993 .993 .993 .93 .993 .392 993 393
.4%58 #9993 993 ,993 .392 ,.993 ,.933 .99 .933 .33 992 332
. 9500 L2992 .992 992 992 .92 P92 (992 .P%2 .29 .9 .9ue
. 342 991 L9321 991 .991 391 ,931 LIl D1 B3l .FM L3991
.933 «990 .9%90 990 .990 .990 290 900 930 39D .IB0 930
« 529 «990 .9%0 ,990 .99) .990 .90 990 .3G) .99) .BHH %)
«667 .989 .933 932 .339 ,93% ,33% ,939% .33 ,.539 .9233 L9289
.703 .283 ,333 .9383 .983 .933 ,929 .9383 .93% .38 .%@3 923
« 730 «983 .,983 .983 .937 L.,937 .937 .97 .37 L9377 WSV .95V
792 .987 .987 .9897 .937 .9897 987 (937 (%37 .937 .337 927
333 386 L9256 386 .935 936 L9856 (IS I35 .IBH .ITE L D35
<373 938 .98% ,335 - ,23% L3285 .32% .53 .325 .935 .935 .335
«917 <934 984 ,934 .934 ,234 .924 .334 .334 ,934 .3924 324
«933 «983 .933 .963 .9$83 .933 .33 .933 .333 ,933 ,933 L9353
1.006 932 .932 .932 .¥32 .982 .93& .32 .932 .I¢/2 .92 .982

DIMEMSIONLESS COOLANT PPESSUREs PSTAR

AXIAL
POSITION RADIAL POSITION

.24 371 .B19 .567 714 762 .310 .3%7 ,205 .9%2 1.000

0.90090 1,000 1.000 1.000 1.900 1.000 1.000 1.000 1,000 1,060 1.000 1,000

042 <999 ,999 ,999 .999 .99 ,99% 993 ,999 ,999 ,993 943
« 083 <993 ,999 9933 ,999 ,939 ,99% ,9E5 989 ,993 393 959
.125 993 998 993 ,993 .993 ,993 .992 ,993 .93 ,993 993
. 167 «993 ,993 .998 .998 .993 .99% .38 L9988 993 ,995 963
.208 397 L997 997 L9977 .BO? D97 P97 LIGT  L,9G7 L.9D7 997
-230 <996 ,996 996 .96 .996 L9356 .998 995 .995 .995 L9985
292 395 996 .996 .996 .996 .9956 .996 .996 .996 995 395
«333 993,395 ,993 ,995 ,995 ,995 .995 ,995 395 335 L9555
« 379 994 ,994 ,994 ,994 .3994 .994 .994 ,994 ,3%4 994 ,3%4
«417 «993 L,993 293 993 .993 ,993 ,993 ,993 ,993 ,933 ,993
«453 992 993 992 ,993 393 .993 .992 993 993 993 .93
500 992 .992 .992 .99%2 .392 .I92 .9%2 .992 .92 .99 392
«S542 991 .991 991 .991 ,991 391 391 ,931 ,.D91 991 991
583 <920 390 .990 .P90 990 .990 .990 .9R) ,BFRQ .90 9%
623 990 390 .9%0 .920 990 330 990 .3I%0 .50 990 ,999
«667 989 .989 .93% .,939 ,929 .929 ,989 .939 .939 999 ,933
.708 «988 .988 .933 .928 .989 .933 .92% .923 .933 ,983 922
750 2987 987 LBBF  .987 L9597 L.937 957 .IWT .87 ,987 ,987
792 937 987 L9837 L9377 987 L.EB7  .937 .97 .37 ,987 ,9aET7
«833 986 986 .9B6 .936 .986 .95 936 P38 P36 .5 .988
<9795 +93% .935 .33% .9385 .93 .25 .935 ,935 285 .935 935
917 «984 .984 ,984 .934 .934 ,934 ,334 ,934 ,234 ,984 ,924
. 988 «983 .,983 ,933 .983 .923 .933 .9833 .923 .933 ,983 .933

i.000 932 .982 .932 .932 .98Q .932 .92 .9¢B2 .982 .932 .932



COOLANT

BULK TEMPERATURE»

154

TE k)

AXIAL
POZ1ITION RADIAL POSITIOM
6.006 .043 .09 .142 .190 .238 .286 .332 .331 .429 .475
3. 000 S37 337 537 537 537 527 %37 9537 %37 537 337
. 342 510 510 510 510 510 510 599 K0% 608 509 607
. 033 531 571 591 591 530 590 53% 638 683 536 659
125 771 771 771 771 771 770 769 768 767 766 764
<167 347 247 847 347 347 345 345 344 342 341 838
203 MS 913 915 15 914 213 912 310 909 907 905
259 74 974 373 973 374 973 971 270 963 966 964
«292 1026 1026 1026 1026 10326 1024 1023 1021 1019 1018 101S
.333 1071 1971 1071 1071 1070 1069 1067 1065 1063 1062 10359
379 1102 1103 1102 1103 1107 11056 1104 1102 1100 1099 109
417 113% 113% 1139 1139 1139 1137 1135 1133 1131 1130 1127
<433 1155 1163 1163 1163 1164 1163 (151 (1S9 1157 1196 1192
«300 1136 11356 1136 1186 1136 1124 1132 1180 1179 1177 1174
542 1204 1204 1204 1204 1203 1201 1200 1193 1196 1194 1191
.933 1213 1213 1218 1213 1217 12156 1214 1212 1210 1209 1206
«H2T 1230 12320 1230 1220 1229 1227 12326 1224 1222 1221 1217
6657 1240 1240 1240 1240 1239 1237 1236 12834 1232 1231 1227
703 1243 1248 1243 1243 1247 12495 1344 1242 1240 1239 1235
<730 1334 12334 1234 12354 12353 1252 12850 1248 1247 1245 1242
. 732 1260 1260 1260 1260 1253 1257 128%6 1254 1252 1251 1247
.333 1264 1264 1264 1264 1263 1282 1260 1253 1257 1235 12%2
.37 1263 1268 1268 (268 1267 1265 1864 1252 1261 12%T9 1295
.17 1272 1gva 1a72 1271 12871 1262 1265 1266 1264 1263 1260
. 252 1275 12873 12735 1275 1274 1273 1271 1269 1268 1266 1263
1.000 1879 1279 12879 12873 12873 1276 1275 1273 1271 1270 1267
COOLANT BULK TEMPERRTUREs TF KD
AX1AL
POSITION RSDIAL POSITION
-524 .371 .619 .667 .714 .762 .810 ,357 .905 .9%2 1.000
2.000 336 336 325 9536 535 535 526 538 S37 S32 338
. 042 606 6095 504 602 600 S93 50e 6135 612 #Ale 614
. 083 534 632 579 676 674 689 675 598 631 591 591
.125 762 759 736 7931 749 742 749 732 769 756 766
. 187 336 332 829 823 8220 812 321 862 344 235 935
.208 301 333 893 287 384 874 336 233 912 896 896
. 2350 960 955 951 944 242 231 994 998 972 5459 949
292 101t 1066 1002 293 392 930 93F 1033 1023 99¢ 994
. 333 1054 1050 1045 10356 1035 1023 1038 1093 1067 1033 1033
«373 1091 1087 1082 1073 1071 1059 1076 1138 1104 1067 1067
.417 1122 11123 1113 1103 1102 1090 1107 1170 113% 109 1094
453 1148 1143 1133 1129 1128 1116 1134 1197 {161 1117 1117
3500 1159 1165 1160 1150 1149 1138 1157 1219 1183 1137 1137
. 342 1186 1182 1177 1167 1156 1156 11?5 1237 1201 11%3 1153
583 13201 1197 1191 1132 1181 1171 1191 1291 1216 1166 1155
529 1813 12309 1203 1194 1193 1133 1204 1262 1227 1177 1177
<887 1222 1213 1213 1204 1202 1194 1215 1271 1237 1187 1187
.708 12331 1227 1231 1212 1210 1203 1224 12378 1245 1195 119%
7350 1237 1332 1223 1219 1217 1210 1232 1233 12%1 1202 1202
. 792 1243 123% 1233 1324 1223 1216 1238 1239 13%6 1203 1208
333 i248 1243 1233 1229 1227 1222 1243 1291 1261 1213 1212
. 379 1352 1247 1242 12332 1231 1226 1243 1293 1264 1217 1217
<317 1855 1351 1246 1237 1235 1231 12%2 1295 1267 221 1221
. 398 1259 1255 1249 1241 1233 1235 1256 1298 1270 122% 122%
1.000 1262 1253 12%3 1244 1242 1239 1260 1300 1273 1229 1229



PEBBLE

155

AVERAGE SURFACE TEMPERATURE» T3 (K>

ARIAL
POSITION RADIAL POSITION
0.000 .048 .095 .143 .190 .238 .235 ,333 .331 .42% .475
0.000 669 689 662 659 659 669 562 667 667 66T 654
. 042 785 7S5 76 786 7SS oS4 753 752 7Nl 749 743
.083 342 242 Ss2 242 341 240 339 333 237 235 333
.12% 917 917 917 217 917 315 214 912 11 09 207
.167 380 980 990 980 979 P73 TP 975 973 9T I
.203 1031 1031 1031 1031 1030 1022 1027 1026 1024 1022 10i9
.2%0 1075 1078 107% 1075 1075 1073 1071 1070 1063 1055 1083
.292 1113 1113 1113 1113 1112 1110 1109 1107 1105 1103 1100
.333 1144 1144 1144 1144 1143 1142 1140 1133 1136 1135 1131
.37% 1169 1162 1169 1169 1165 1167 1165 1163 1161 1160 1155
.417 1190 1150 1180 1190 1139 1133 1186 1134 1132 1131 1177
.4%58 1207 1207 1207 1207 1206 1204 1203 1201 112 1197 1194
.500 1220 1220 1221 221 1220 1213 1216 1215 1212 1211 1203
.542 1232 1232 1232 1232 1231 1230 1223 1236 1224 12323 1219
.583 1241 1241 1241 1241 1240 123% 1237 1235 1234 j232 1229
.625 1249 1249 1249 1249 1248 1246 1245 1243 1241 1240 1336
657 1255 12%% 1255 12%5 12%4 1253 1351 1249 1243 1245 1243
.708 1260 1260 1260 1260 1260 1252 12%6 1255 1253 12351 1242
. 750 1265 1265 1265 1265 1264 12563 1261 12%9 1257 12% 1252
792 1268 1262 1263 1263 1267 1266 1264 1263 1261 126D 1257
.333 1272 1272 1272 1272 1271 126% 1268 1265 1264 1263 1260
.37% 1278 127% 127% 1275 1274 1272 1271 1269 1267 1266 1263
.917 1273 1272 1273 1277 1277 1275 1274 1272 1270 1269 1265
.953 1231 1291 1231 1281 1286 1279 1277 1275 1274 1272 1269
1.000 125% 128% 123% 1234 1224 1282 1231 1279 1277 1276 1273
PEBBLE AVERRGE SURFACE TEMPERATURE» TS <KD
AXTAL
POSITION RADIAL POSITION
.S24 .SP1 .619 .667 .714 .762 .310 .357 .305 .952 1.000
0.000 653 661 653 556 653 643 653 674 670 675 675
.042 746 723 740 736 732 V@S 733 763 7S3 TRl 761
. 033 330 227 923 @213 S14 305 314 355 337 833 232
.12% 203 909 99% 239 926 375 835 935 211 900 904
.167 965 961 956 942 947 934 46 1005 75 955 955
.208 1015 1011 1006 993 995 933 997 1063 102% 999 299
250 1059 103 1050 1041 1040 1026 1041 1107 1971 1033 1033
.292 1096 1091 1086 1077 1077 1062 1073 1146 1103 1063 1063
.333 1127 1122 1117 1107 1107 1093 1109 1173 1132 1097 1097
.37% 1152 1148 1143 1132 1133 1119 1135 1204 1165 1120 1120
.417 1172 1163 1164 1153 1153 1140 1157 1226 1186 1133 1133
.453 1132 1185 1130 1179 1170 1157 1175 1244 1204 1153 1153
.500 1203 1199 1194 1154 1134 1172 1191 1253 1212 1166 1166
.542 1215 1211 120% 1195 1195 1134 1204 1259 1230 1177 1177
.333 1224 1220 1215 1205 1204 1194 1214 1277 1239 1136 1186
.52% 1231 1233 1222 1212 1212 1202 13223 1254 1247 1194 1194
56T 1238 1234 1229 1219 1213 1210 1231 1239 1253 1200 1200
.708 1243 1240 1234 1225 1323 1216 1237 1232 1253 1206 1206
750 1242 1244 1239 1222 1228 1221 1242 1295 1262 1211 1211
.792 12%2 1243 1243 1233 1232 12325 1247 1228 1265 1215 121S
.333 1255 1251 1246 1237 123% 122% 1251 1299 1263 1212 1219
.37% 1253 12%4 1249 1240 1238 1223 1255 1301 1371 1222 1322
.917 1261 1257 1251 1243 1241 1237 1253 1302 1272 1226 1326
.953 1265 1261 1255 1246 1244 1241 1262 1304 1276 1222 1229
1.000 1266 1264 (2%8 1250 1248 1245 18656 1307 1272 1233 1233



MAXIMUM

156

INTERNAL FUELED MATRIX TEMPERATURE K>

RAXIAL
POSITION RADIAL POSITION
0.000 .043 095 .143 .19%0 .238 .236 .333 .381 .429 .476
0. 000 202 302 302 302 302 301 300 789 797 795 793
. 042 233 939 93% 93% 933 937 935 933 931 928 928
. 083 1031 1031 1081 1031 1930 1079 1077 1075 1072 1070 1066
. 135 1123 1183 1134 1184 1133 1181 1179 1176 1173 1171 1148
. 167 1244 1244 1245 1245 1244 1242 1249 1233 1235 1233 12329
203 1275 1275 1275 1275 1274 1272 1270 13268 1266 1264 1260
«230 1295 1295 1295 1295 1294 1292 1290 1382 12386 1284 12381
292 1305 1305 1305 13095 1304 1302 1300 1298 12% 1394 12391
«333 1309 13209 1309 1309 1303 1306 1304 1302 1300 12399 12393
« 379 1302 1209 1309 1309 1308 1306 1304 1301 1292 1293 1225
417 1306 1306 1306 1206 130% 1303 1301 1299 1298 12%7 12393
. 4353 1303 1303 1303 1303 1302 1300 12%% 1297 1295 1293 1290
3500 1300 1300 1300 1300 1299 129%7 1296 12824 123%2 12%0 1287
. 542 1297 1297 1397 1297 1296 1295 1293 1251 1289 1238 12234
« 533 1295 1295 1295 1295 1294 1292 1291 1332 1387 1386 1282
528 1293 1293 1293 1293 1292 1290 1282 1287 1387 12384 1281
687 1292 12% 1292 12%2 1291 12%0 1283 12335 12334 1283 12380
. 708 1290 1290 1291 1290 1290 1238 1286 1239 1283 1381 1378
o750 1290 12%0 1290 1290 1299 1237 1236 1284 1382 1281 1&877
TR 1289 12832 1233% 1289 1288 1337 128% 1263 1382 12881 12738
. 333 1289 1299 12383 123% 1238 1237 1235 1233 12332 1280 1277
<373 1290 1290 1290 12390 1289 1235 1236 1834 1283 1231 1378
«217 1291 1291 1292 1291 1291 123389 1287 1385 1234 12393 1279
<358 1295 1295 1253 1295 1294 12923 1291 1839 1233 12886 1283
1.9000 1293 1293 1293 1298 12397 1295 12%4 1292 1290 12389 1286
MAXIMUM INTERNAL FUELED MATRIX TEMPERATURE <)
AXIAL
POSITION RADIARL POSITION
.S524 .571 .B19 .667 .714 .762 .810 .357 .905 .9%52 1.000
0. 000 790 786 782 F78 772 763 772 811 303 814 831
. 042 %22 917 912 905 399 886 900 961 942 947 978
. 083 1062 10956 1050 1041 1037 1021 1033 1103 1659 1959 19099
. 125 1182 1157 1150 1140 1137 11230 1132 1215 1162 1147 1193
- 167 1223 1218 1212 1201 1200 1131 1197 1891 1237 1195 1242
208 1254 1350 1244 1231 1833 1213 1231 1331 1873 1213 125%.
.2850 1275 1870 1355 1252 1855 1235 1251 1345 1233 1232 1252
292 1285 1231 12876 1363 1266 1246 1262 1354 1298 1236 1268
3323 1290 1295 1281 1253 1271 1293 1269 1357 1302 1240 1253
« 379 1299 1236 12831 1258 1272 13%4 1271 13956 1303 1242 1265
+317 1887 1284 1880 1267 1270 1293 1271 1354 1303 1338 1257
« 452 1285 1281 13876 1265 1267 12%2 1271 13S2 1363 1235 1251
.500 1232 1372 1274 1362 1264 12T0 1371 1349 1301 1334 1247
<542 1280 1876 12371 128%% 1262 1243 12869 1343 12897 1232 1243
«9593 1377 1874 1269 1253 12%9 12347 1363 1333 1395 12331 1290
- 6235 127S 12872 1267 1257 1857 12496 1368 1337 1293 1331 123%
«567 1278 1271 1288 12T 1355 1245 1268 1331 1291 1231 1237
. 703 1273 12870 1265 1254 1854 1246 1267 1387 12339 12831 1236
7350 1273 1869 1284 1254 1354 1245 1357 1324 1238 1232 12336
792 1273 12852 1264 12% 1353 1245 1263 1321 12837 1232 1236
C 333 1873 1269 12862 12%4 1393 1247 1269 1320 1286 1233 1234
«373 1274 . 1269 1254 1255 13%3 1247 1270 1318 1886 1235 1237
917 1275 1271 12585 12358 1355 1251 1272 1318 12836 1237 1238
« 953 1879 1274 1269 1260 18%9 1255 1&76 1320 1239 1233 1240
1.000 S1881 1277 1872 12563 13852 13%3 12880 1323 12393 1243 1244
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PEBBLE IMTERNAL SHELL-MRTRIX INTERFACE TEMPERATURE (K:
AXIAL
POSITION RADIAL POSITION
0.000 .048 .09% .143 .130 .238 .286 .333 .381 .48% .475
0.000 726 véé 7as 726 7as 7as va4 7es a2 721 g &
. 042 834 334 934 324 333 332 321 329 328 328 324
- 083 944 944 344 44 243 242 41 339 237 3% @32
.129% 1031 1031 1031 1031 1030 1023 1027 1025 1023 1021 1013
« 1567 1093 1093 1093 1093 1092 1090 1089 1037 1035 1083 1079
208 1135 1135 1135 1£3% 1134 1132 1131 11239 1137 1133 11a2
250 1169 1169 1159 1169 1163 1166 1165 1153 1161 1153 1156
292 1194 1194 1195 1195 1194 1192 11%0 1188 1135 1133 1181
« 333 1214 1214 1214 1214 1213 1212 1210 1&03 1205 1203 1201
«373 1229 1229 1229 122% 12238 1226 1224 1ae2 1220 1219 1215
417 1240 1240 1240 1240 1239 1237 1235 1233 1231 1330 1&a7
453 1248 1248 1243 1243 1247 1245 1243 12842 1240 1238 1335
.300 1254 12%4 12%4 18%4 12%3 123%2 1230 1342 12345 1245 1242
. 542 1260 1260 1250 1260 12%9 127 13%6 12%4 252 1250 1247
.33 1264 1264 1264 1364 1263 1262 12360 12853 1295 13835 12352
. 629 1267 1267 1267 1267 1267 1255 1863 1262 1260 1385% 1339
667 1271 1271 1371 1371 1270 1269 1367 1285 12363 1262 12393
.708 1273 1273 1273 12872 1372 1271 1363 1267 1385 1264 1251
7350 127% 127% 1275 1275 1275 1273 1271 13870 1363 1268 12363
792 1277 12877 1277 1277 1276 12?5 1873 1871 1270 1263 1244
«333 1279 1279 1279 12379 1273 1&77 1879 13873 137 1270 12s7
875 1231 1281 1281 1281 12330 1279 1277 1876 1374 1272 1269
.317 1283 1283 1284 1233 1283 1231 127% 1278 1375 1&87% 12371
9353 1237 1287 1237 1237 1286 1235 1283 1&31 1230 1278 1237%
1.000 1230 1290 1290 1299 1239 1233 1286 1234 1333 12831 1278
PEBBLE INTERNAL SHELL-MATRIX INTERFACE TEMPERATURE K>
AXIAL
POSITION PADIAL POSITION
.524 .S71 .819 .867 .714 .7vH2 310 .3S7 .9¢T .352 1,000
0. 000 717 714 711 703 703 B37 704 733 Tav 734 741
« 042 321 317 213 803 302 794 304 350 3237 841 %53
. 083 929 924 M9 913 209 397 207 251 935 329 247
.139% 1014 1009 1004 396 293 are S9) 1054 1021 1005 1429
« 167 107% 1971 1065 1056 1055 1039 1053 1187 1087 1033 1077
.208 1117 1113 1107 1097 1097 1081 1097 1177 1133 1093 1110
<250 1151 1147 1141 1131 1132 1115 1131 1202 1164 1121 1135
292 1176 1172 1167 11% 1158 1141 1156 12335 1139 1140 1154,
»333 1196 1192 1187 1176 1177 116l 1177 18%S4 12309 1158 1170
375 12106 1206 1202 1190 1192 1176 1133 1283 1224 1173 1183
«417 1221 1218 1213 1202 1293 1189 12056 1330 12335 1181 1189
- 438 1230 1226 1221 1210 1211 1137 1215 1280 1245 1183 1195
«300 1237 1233 1228 1217 1213 1205 1&2% 1397 128%% 1193 1200
. 542 1242 1238 1233 1223 1224 1211 1832 1301 13%% 1200 1305
. 583 1247 1243 12323 12823 1228 1217 1337 1303 1263 1305 1209
+ 633 1250 1246 1241 12331 1231 1221 1242 1305 127 1210 1213
« 567 12%4 1250 124% 1335 1234 1225 1248 1307 1363 1313 1215
708 12%6 12%2 1247 1237 1237 12323 13%0 1307 a7 1216 1219
« 750 12%2 12%% 1243 1240 1239 12331 1333 1303 1873 1220 1321
792 1261 1257 12%2 124942 1341 1234 13%6 1303 1274 1222 1329%
«8933 1363 12%8 1233 1344 1243 1337 1232 1303 1375 1335 12326
.973 1265 1261 12355 1245 1244 123% 1281 1308 1377 1228 1229
2 X4 1267 1263 123%7 1249 1247 1243 13844 1309 137 1230 133
. 9958 1271 1266 1261 12%2 1391 1247 1888 1311 1332 1334 1234
1.000 1274 1270 1264 1356 1354 1351 1372 314 138% 1837 1237




PEBBLE THELL ‘MRTRIX

158

INTERFACE TEMPERRTURE GRADIENT (K-CM>

AXTAL
POSITION RADIAL POSITION
0.000 .048 .09% 143 .190 .2338 .2%6 .333 .3321 .42% .476
D. 609 -136 ~13% =136 =136 =136 =-13% <-13% =134 =133 -132 =131
. 042 -133 =183 =183 =183 =137 -137 -136 -18% -134 =183 =122
. 023 -24% -245 -24F =245 =244 -244 =-243 =242 -241 -240 =239
. 125 -272 =272 =~272 =272 =272 =271 =871 =270 -269 =263 =267
. 167 -271 ~@71 =271 =271 =270 =-27i =263 =269 =265 =267 =266
208 -2%0 =2%0 =-2%) -250 =-2%p =249 =843 =243 ~243 <-248 -—246
250 -28% -g2% -22% -z2%5 -22%5 =224 -223 -223 -223 -223 -222
.292 =197 =197 =197 =197 =196 =196 =126 =135 =193 =195 =195
.333 -163 =169 -169 -169 =169 =163 =168 =163 =167 =168 ~168
375 =143 =143 =143 =143 -142 =142 =142 =141 ~-141 =142 -141
417 -119 =119 ={19 -119 -11? =118 =118 -118 -113 =119 =118
452 -93 ~93 =53 =93 -93 -93 -93 =93 =93 -9 -98
3500 -31 =31 -31 =31 =31 =31 ~31 =21 -31 -31 =31
. 54e -7 -7 57 =57 -57 -57 ~57 -57 -67 -57 -57
« 583 =33 1= =33 -S5 -39 -355 ~33 -33 -35 =35 -33
«529 =43 -4% -43 -45 -43 -43 ~-43 -45 -43 -45 ~-43
567 -37 ~37 -37 -37 =37 =37 ~37 -37 -37 -37 =37
.703 -21 ~31 =31 =31 -31 =31 -31 =31 =31 -31 =31
. 750 -23 -23 -25 =25 -25 -2% -23 -25 -25 -25 -29
. 792 -21 ~21 -21 -21 -21 -21 =21 -21 -21 -22 -22
<333 -13 ~13 -13 ~-13 -13 -13 -13 -13 -18 -13 -18
« 375 =15 ~16 -15 ~16 bt 1) =15 =~13 =15 -15 -16 -16
<37 ~14 ~-14 -13 ~-14 ~14 -14 -14 -14 -14 =14 -14
. 353 -14 ~14 -14 -14 -14 -14 -4 -4 -14 -14 -14
1.0910 -13 ~13 -13 -13 -13 -13 -12 -13 =13 -13 -13
PEBBLE SHELL-MATRIX IMNTERFACE TEMPERATURE GRRDIENT (K CM
AX 1AL
POSITION RADIAL POSITION
.%24 .571 .61% .€67 .714 .762 .B810 .3%7 .%05 ,.9%52 1.000
0.000 -130 -128 =126 =134 =121 =117 =121 =149 =135 =141 <-159
. 042 =130 =173 ~175 =173 =171 =165 =171 =197 =183 =190 <220
« 0893 -237 =235 =232 -228P -228 -221 -224 -~-2%4 =237 =231 =272
. 1285 ~265 =253 -a61 -257 -257 -2%50 -2%3 -286 =264 -2%2 -299
« 157 -264 =~263 -262 -258 -2%59 -252 -2%6 -2%¥2 =267 =246 -233
203 -245 -244 243 -239 -242 -23% -232 -a75 -2%0 -224 ~-266
<2359 -221 =220 =229 =216 -220 =-g14 =215 =243 =221 =198 =237
292 =194 =133 =193 =190 =194 =-1858 -189 =213 =194 =171 =~203
«333 =167 =167 =167 =164 =157 =163 -163 =183 =166 =147 =17S%
373 ~141 =141 =142 =139 =143 =133 =133 =155 =141 =124 =143
317 -118 =118 =119 -117 =120 ~-116 ~116 =131 =119 =102 =~122
433 -93 ~93 -23 =97 =99 97 =93 =111 =101 -84 <~109
-300 =31 ~31 -32 =80 -2 =20 -31 =93 -84 -59 -3
« 542 =57 =57 -57 -£6 -53 =565 =57 =76 =59 -357 =67
«583 -3 -35 =35 =55 -355 -55 -55 -53 -37 =47 =55
« 525 -435 ~45 ~45 =45 =45 =435 -45 =52 -47 -33 =45
557 =37 -33 =33 -37 =33 =38 -33 -+3 =33 -32 =37
703 =31 ~31 -31 =30 =32 =31 =31 -33 -31 -26 =31
+ 750 -2 =25 -25 -25 -26 -26 -a5 -29 -a7 -21 -a5s
. 792 -21 ~21 -ee2 -21 -22 =21 -21 -24 -22 -18 -21
. 333 -12 ~13 -1 -13 -13 -13 =13 =21 ~-13 -13 -17
375 -16 =15 -16 =15 =13 -15 -13 -17 -15 -13 -13
<37 -14 ~14 ~-14 =-14 =15 -14 -14 =18 -13 -1 -13
<938 -14 =14 -14  ~14 -1S -14 -14 -18 -14 -10 -11
1.000 -13 =12 -13 -13 ~14 -14 -14 =17 =15 -1 -11
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KILOWRTTS/PEBBLE INPUT FROM VSOP

RXIAL
POSITION RADIAL POSITION
0.000 .043 .99% 142 .190 .238 .386 .333 .381 .423% .476
0.000 4,000 4,000 4.000 4,000 2.994 3,982 2,971 3,943 3,927 2,397 3,365
« 042 4,100 4.100 4,100 4,100 4,092 4,077 4,061 4,044 4.025 3,997 3,972
« 0832 4.3260 4,360 4,360 4,350 4,354 4,342 4.331 4.314 3.393 4.234 4.356
125 4.280 4,230 4.280 4.290 4.374 3.262 4.331 4.234 4.219 4,212 4.192
. 167 3.9%0 3.950 3.950 3.950 3.945 2.923 3.230 3.91% 2.909 3.%02 3.332
208 3,500 2.%00 3.500 3.9500 3.495 3,432 3.480 2.47F 3,470 2,470 32.992
«2%0 3.080 3,080 3.080 3.080 3,076 3,063 3.060 3,033 3.050 3,050 3.044
.292 2.660 2,660 2.660 2.6560 2.6%3 2.454 2.650 2.543 2.540 2.540 2.534
«333 2.270 2,270 2.270 2.270 2.268 2.264 2.260 2.25% 2.351 &.2%5% 2.2%4
«37S 1.910 1.910 1.910 1,210 1.208 1.904 1.300 1.3%F 1.391 1,358 1.294
417 1.590 1,%90 1.590 1.5%0 1{.%593 1.594 1.%530 1.530 1.%31 1.983 1,334
«433 1.310 1,310 1.310 1.310 1.310 1.310 1.310 1,310 1.310 1,310 1.210
+350) 1.080 1.030 1.036 1.030 1.080 1.080 1.030 1.030 1.030 1,020 1,030
342 390 .3%90 .3%0 ,3%90 .390 .390 .390 .390 .3%0 330 cd)]
«333 .730 .730 .730 ,730 .?30 .739 .?30 .730 .7V21 .733 .734
«623 «500 .600 .600 .500 .600 .500 ,E00 500 ,.B01 ,.603 504
«687 «500 .500 ,.%00 ,.S00 .3500 .500 .500 .S00 L,S00 ,500 .S00
.703 410 410 410 410 L4100 410 L4910 L4103 L4910 ,410 .410
«730 «340 ,340 .340 .340 .240 .340 340 .240 340 340 340
.79 280 .2330 ,.230 .2&20 .220 .230 .2330 .23%¢ ,281 .333 .220
333 2840 ,240 .240 240 240 .240 .240 240 L2940 ,240 .E40
«373 210 .210 .210 .210 .219 .210 .210 .210 .219 .210 .210
«917 <190 L190 .1%20 120 L1990 .190 .120 L1900 .1%D) .190 .190
«953 «190 190 .190 (190 120 130 L1900 120 190 130 130
1.069 <120 .180 .180 .120 .120 .130 .180 .120 .130 .120 .130
KILOWATTS-PEBBLE INPUT FROM vIOP
AXIAL
POSITION RADIAL POSITION
.924 .571 .619 .867 .714 ,TE2 L2110 857 L9055 .3%2 1.000
0. 000 3.827 3.777 2.720 3.660 3.%7% 3.45% 2.574 4.12% 4.010 3.167 4.530
« 042 3.937 2.695 2.846 2.780 2.72% 3.605 3.724 4,312 4.107 3.144 4.800
« 032 4.222 3.18%5 4.140 4.030 3.064 2,937 3,998 4,522 4.217 4.111 4.2%0
.12% 4,162 4.132 4.100 4.034 4.041 3.227 3.974 34.497 4.143 3,953 4,700
167 3.836 3.340 3.320 3.760 3.735 3.677 3.734 4.354 3,303 3,551 4.370
208 3.431 3.420 3.404 3.3%0 3.395 3.397 2.3%0 3.3458 3.501 3.134 3.720
.250 3.026 3.013 3.014 2.263 3.016 2,926 2.947 3.32T 3.032 2,717 2.240
.292 2.621 2.613 2.618 2.97% 2.526 2.546 2.5%4 2.877 2.520 2,311 2.7950
«333 2.241 2.242 2.248 2.205 2.242 2.1%4 2.131 .45 2.283% 1,974 2.350
« 375 1,933 1.892 1.893 1.865 1.912 1.354 1.354 2.081 1.395 1,863 1.930
417 1.573 1.582 1.592 1.560 1.602 1.534 1,556 1.755 1.593 1.371 t.430
432 1.305 1.303 1.2156 1.235 1.323 1.2323 1.304 1.9490 1.347 1,135 1.340
500 1.080 1.033 1.092 1.070 1.101 1.072 1.086 1,344 1.122 .%23 1.100
542 820 .2%4 .896 .830 .911 .382 .895 1.019 .21 ,TE0 .30
«523 o730 734 740 730 .743 .7T31 .T33 .3386 .TSS ,821 .740
«525 800 604 .610 .500 .5183 .501 L5511 L5294 .H2S .S13 .510
<667 -300 .504 .506 L4395 511 501 .S502 .571 .512 .423 .S
703 410 414 415 L9405 481 L9411 G413 L4530 L9419 345 410
790 2340 .344 .3¢45 L340 .354 341 340 .3238 354,237 .30
. 792 .235 .234 .290 .28% .294 .231 .3@834 .22 .283% 237 .&30
333 240 .240 .290 .23F5 .2%4 .240 .341 &7 243 193 &30
373 210 (210 .210 .&05 .207 .200 .&05 .233 .2 ,18%8 .200
.37 190 130 L1990 .135 194 130 135 L2123 .13% 143 .170
«9353 «120 130 .190 185 134 190 133 215 .135 ,140 1S9
1.000 130 .180 .130 .1735 .184 .130 .133 .22F .19 .143 .1%0
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EASYPLT DATA FILES GREATED
1JSER DESIGNATED RADIAL LOCATIONs J = 21

EASY3D DRTA FILES CRERTED
CONTOUR PLOT FILM FILE CREARTED

TOTAL CP TIME INCLUDING COMPILATION = 77,378

sSTOP
s



APPENDIX D. PRINT OUTPUT FOR ANALYSIS
OF ORNL PBRE BED 13FCa




sQLD» B13FC

sFUNsN» ImB13FC
CTIME 007.457 SEC.
sSETTL»200
SSETTLs200.

-LG0 :
STIME = 3.177000
OPTIONS FOR PROGRAM

162

FUN LASL20

AND QUTPUT CONTROL

I = 51 JN = 21 CC = ,00500000 RPC1> = 1.293000
RPC(4 = 1 NSHPL = 3 NSWP4 = 2

I2STEP = 1 IRSTEP = 1 IPRESS = IVOID = 1
IAXIAL = 1 IRAD = 1 IFILML = O IFILME = |
IFILM3 = 0 IFILMg = 1}

MAXIMUM RESIDUALS IN FIELD

ITER = 1 RSDUCD
RUNTIME = 4.242000
ITER = 2 RSDU1)
RUNTIME = £.515000
ITER = 3  RSDUCID
RUNTIME = 12.46900
ITER = 4  RSDUCD
RUNTIME = 16,44500
ITER = S RSDUC1>
RUNTIME = 20.44300
ITER » 6  RSDUCD>
RUNTIME = 24.40500
ITER = 7 RSDUCD
RUNTIME = 28,37300
ITER = 8  RSDUCL)
RUNTINE = 32.34300

PREDICTIONS FOR OAK
VALUES OF GEOMETRY

HEIGHT = 1.351725
FMDOT = 1.433000
REYN = 6873.847
AFRIC = 24.30000

POQUT = 100000

® -62.26226 RSDU(4) = ~,002T51299
= -,180232

= -,0173049 - R3DU4> = -. 00142899

- RSDU4» = ~,00150810

R3DU(4> = =, 00140124

=-.0114262

= ~,00830163 RSDU(4> = -, 00135949

= -, 00681434 RSDU(4> = -, 00136906
= —-.00570949% RSDU(4) = -, 00137142
= -,00488153 RSDUC4> = -.001341358

RIDGE PBRE BED-13FCH
AND INLET VARIABLES (S.I. UNITS)

RADIUS = .381000 DKUGEL = .0381000
GINLET = 3,153235 VELIN = 2.775681
TINLET = 316 FRICF = 35,60795%

BFRIC = ,173400 ANGREP = .401426
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STREAM FUNCTION

RAXIAL
POSITION RADIAL POSITIOM

0,000 .050 .100 .150 .200 ,250 .300 .350 .400 .450 .500
0.000 0.000 0.000 0.000 0.000 9.000 0,000 .049 .049 .043 0.000 0.000
.008 0.000 0.000 0.000 0.000 0.000 0.000 .049 .050 .054 062 0. 000
. 016 0.000 0.000 0.000 0.000 0,000 0.000 .043 .053 .060 «073 L0386
. 024 0.000 0.000 0,000 0.000 0,000 0.000 .049 .058 .065 .077 « 091
«033 0.000 0.000 0.000 0.000 9,000 .035 .047 .060 ,069 .031 « 095
. 041 0.000 0.000 0.000 0.000 .020 .031 .044 .050 .071 .035 .099
« 049 0.000 -0.000 0.000. .00% .016 .023 .041 .057 .073 .053 .103
. 057 0.000 0,000 0.000 .00% .0i3 .025 .03% .054 .072 .031 .103
« 063 0.000 0.000 .001 .004 .011 .021 .037 .053 .071 .091 .112
« 073 0.000 .000 .001 .004 .010 .020 .036 .0%2 .071 .0%1 113
081 0.000 .000 .001 .00% .010 .020 .03% .058 .071 091 .1195
. 090 0.000 .000 .002 .005 .011 .020 .03% .052 .071 .o0%2 1186
« 098 0.000 .000. .002 .005 .011 .,022 .036 .053 .071 .093 « 117
«106 0.000 .001 .002 .006 .03 .023 .037 .053 .07 .093 117
«151 0.000 .001 .003 .008 .016 ,.027 .040 ,.055 .072 .093 .118
187 0.000 .001 .004 .010 .03 .028 .041 .055 .072 .033 .117
242 0.000 .00% .005 .010 .018 ,029 .041 .03 .072 .093 .116
.288 0.000 .001 .005 .010 .018 .02% .041 035 .072 .092 .116
334 0.000 .001 .00S .010 .018 .029 .041 .053 .072 .0%2 .116
379 0.000 .00F% .005 .010 .018 .029 .041 .055 .072 .092 .11S5
425 5.000 .001 .005 .010 .0i18 .023 .041 .,053 .0v2 .092 .115
«470 0.000 .001 .005 .010 .0f8 .029 .04t .0S5 .072 .092 .i15
-316 0.000 .001 .003 .010 .013 .029 .041 ,055 .07 .092 .115
.S61 0.000 .001 .005 .010 .01 .029 .041 .053 .072 .09 .115
«607 0.000 .001 .005 .010 .018 .029 .041 .055 .072 .092 .11
«633 0,000 .00f .005 .010 .018 .029 .041 .055 .071 .092 .11S
.698 0.000 .001 .005 .010 .018 ,029 .041 .055 .071 .091 .11S5
. 744 0.000 .001 .005 .010 .018 ,028 .041 .0S5 .071 .051 .114
739 5.000 .00F .004 .010 .013 .023 .040 .05¢ .070 090 .113
«833 0.000 .001 .004 .010 .018 .027 ,.039 .053 .063 .088 .110
.880 0.000 .001 .004 .009 .017 .026 .033 .0S%1 .066 .084 .105
886 0.000 .001 .004 .009 .017 ,025 .037 .050 ,065 ,.083 .104
-.892 0.000 .001 .004 .009 .015 .026 .037 .0%50 .065 .o032 .102
.898 0.000 .00i .004 .009 .016 .025 .03 .04% .064 .031 .101
. 904 0,000 .001 .004 .009 .016 ,025 .036 .043 ,063 .030 .09%
«910 0.000 .00L .004 .009 .016 .024 .035 .043 .052 .073 .097
.916 9.000 .001 .004 .009 .01 .024 .034 .047 .061 ,077 .0%4
.928 0.000 .001 .004 .009 .015 ,.023 .034 .046 ,053 ,075 .092
.928 0.000 .001 .004 .008 .015 .023 .033 .044 ,058 ,.073 .039
.934 0.000 .001 .004 .008 ,014 ,022 .032 .043 .056 .070 .087
«540 0.000 .001 .003 .003 .014 .021 .031 .042 .054 .08 .084
«946 0.000 .001 .003 .007 ,013 .02t .029 .040 ,0352 .065 0.000
«.9%2 0.000 .00t .003 .007 .013 .020 .02% .038 .050 0,000 0.900
. 938 0.000 .001 .003 .007 .012 ,.019 .0&87 .035 0,000 0.000 9,000
. 964 0.000 .001 .002 .006 .011 .018 .02%5 0.900 0,000 0.000 0,000
«970 0.000 .00t .003 .006 .013 .016 0.000 0.000 ¥.000 0.000 0.000
» 378 0,000 .001 .002 .005 .010 0.000 0.000 0.000 0.000 9,000 0.000
982 0.000 .001 .002 .005 0.000 0,000 0.000 0.000 0,000 §.000 0.000
,988 0.000 .001 .002 0.000 0,000 0,000 0.000 0.000 0,200 0.000 0.000
994 0.000 .000 0.000 0.000 0,0¢0 0.000 0.000 06.000 0,000 0.CG0C 0.000
1.000 0.000 0,000 0.000 0.000 0.000 0,900 0.00¢ 0.00% 0,000 0.060 9.000
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STREAM FUNCTION

AXIAL
POSITION RADIAL POSITION

.500 .5%0 .600 .6%0 ,700 .70 .800 .3850 .%00 .950 1.000

0.009 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
« 003 0.000 0,000 9.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000
- 016 .086 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
. 024 .091 .104 0.000 0.000 0.000 0.000 0.000 0.000 0.000 9.000 0.000
« 033 L09% .109 .123 0.000 0.00C 0.000 0.000 8.000 0.000 0.000 0.000
- 041 L099 .113 .129 .153 0.000 0.000 0.000 0.000 0.000 0,000 0,000
« 049 .103 .120 .133 .161 .192 0,000 0.000 0.000 0,000 0.000 0,000
« 057 .109 .127 .147 .172 .202 .233 0.000 0.000 0.000 0,000 0.000
« 055 112 .133 L15%  .181 L.211 .243 .27% 0.000 0.000 9.000 0.000
. 073 113 .138 .162 .13% .21% .2%2 .286 .322 0.000 0.000 0.000
- 081 115 L1405 169 197 .228 .261 .296 .334 .372 0.000 0.000
- 030 .116 .142 .171 .203 .23%5 .269 .305 .344 .36 .427 0.000
« 093 L117 143 173 .206 .242 .278 .313 .3%2 .397 .436 .500
+106 117 L1449 174 207 .244 .286 .321 .33 .409 .443 .300
«131 .118 .146 .179 .204 ,235 .267 .303 .342 .387 .439 .500
«197 L117 .144 172 .200 .229 .2%9 .289% .331 .377 .427 .500
242 116 .143 .170 .19?7 .226 .2% .292 .327 .373 .422 .500
.293 116 142 (169 196 225 .25% .890 .326 .372 .421 .500
334 116 .142 .16%9 .196 225 .254 .290 .326 .372 .421 .S00
. 379 118 .142 169 .195 .224 .2%4 .2%0 .32% .372 .421 .S500
. 4295 115 .142 169 .195 .224 .2%¢ .289 .325 .372 .421 .S00
+470 <118 .142 .169 195 224 .2%4 .28% .325 .372 .421 .300
<316 115 .141 .16% .19 .224 ,2%4 .239 .3237 .372 .421 .S00
« 361 <118 .141 .16% .195 .224 .2%4 .289 .32 .371 .421 .3500
<607 .11% .141 .16% .195 .224 .254 .239 .325 .371 .421 .S00
-633 115 .141 .169 .19% .224 .2%¢4 .289 .3335 .371 .421 .500
«538 115 L.141 .168 .19% .224 .233 .289 .383 .371 .420 .S500
«744 114 .140 .167 .194 .223 .2%2 .288 .324 .371 .420 .S500
« 739 .113 .139 .166 .192 .221 .25%1 .286 ,.383 .369 .419 .S00
. 839 .110 .1356 .162 .188 .216 .2456 .832 .318 .366 .416 .%300
3380 .105 .128 .1%3 .1?3 .206 .235 .269 .306 .353 .404¢ ,.300
.886 .104 .126 181 .176 .203 .232 .266 .303 .346 .397 0,000
.392 102 .124 .148 .173 .199 .29 .361 .297 .337 0.000 0,000
«398 .101 .122 .145 .169 .196 .224 .28% .291 0.000 0.000 0.000
. 904 099 .119 .142 .166 .192 .220 .250 0.000 0.000 0.000 0,000
910 .097 .117 .138 .162 .187 .214 0.000 0.000 0.000 0.000 0.900
.916 .094 .114 .135 .153 .183 0.000 2.000 0.000 0.000 0.000 0.000
. 922 .092 .111 .132 .154 0.000 0.000 0.000 0.000 0.000 0.0909 0,000
. 928 .089 .108 .128 0.000 9.000 0.000 0.000 0.000 0.000 0.000 0.000
<934 .037 .104 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000
940 . 084 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0..000 0.000 0,000
946 0.000 0.000 ¢.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
952 0,000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.900
. 993 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
964 0.000 0,000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
970 6.090 0,000 0.000 0.000 0,000 0.000 0.000 0.00C0 0.000 0,000 0,000
975 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000
«982 0.000 0,000 0.000 9.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000
. 988 0.000 0,000 0.9000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-t 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000
1.0.0 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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DIMENSIONLESS PRESSURE

RXIAL
POSITION RADIAL POSITION

0.000 .0350 .100 .150 .200 .250 .300 .350 .400 .459 .S00

0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.031 1.031 1.031 0.000 0.000
« 008 0.000 0.000 0.000 0.000 0.000 0.000 1.031 1.031 1.031 1.031 0.000
016 0.¢J0 0.000 0.000 0.000 0.000 0.000 1.031 1.031 1.031 1.031 1.031
. 024 0.000 0.000 0.000 0.000 0,009 0.000 1,031 1.031 1.031 1.031 1.031
033 0.000 0.000 0.009 0.000 0,000 1.031 1.031 1.031 1.031 1.031 1.031
. 041 0.000 0.000 0.000 0.000 1.031 1.031 1.031 1.031 1.030 1.030 1.030
« 049 0,000 0,000 0.000 1.031 1.031 1.031 1.031 1.031 1.030 1.030 1.030
« 03?2 0.000 0.000 1.031 1.031 1.031 1.031 1.031 1.031 1.030 1.020 1.030
- 0563 0.000 1-031 1.032 1.031 1.031 1.031 1.031 1.030 1.030 1.030 1.030
- 073 1.031 1.9031 1.030 1.030 2.030 1.030 £.030 1.030 1.030 1.030 1.020
- 081 1,030 1.030 1.02% 1.030 1.030 1.030 1.030 1.030 1.030 1.030 1.02%
- 090 1.029 1.029 1.029 1.029 1.029 1.030 1.030 1.030 1.030 1.029 1.02%
- 098 1,029 1.029 1.02%9 1.029 1.029 1.029 1.02% 1.02%9 1.029% 1.029 1.029
.106 1.029 1.02% 1.029 1.02% 1.02% 1.029 1.029 1.029 1.029 1.029 1.029
=151 1.0287 1.027 1.027 1.027 1.0238 1.023 1.029 1.029 1.0a8 1.027 1.027
»197 1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026
. 242 1.0289 1,027 1.029 1.025 1.025 1.02% 1.025 1.025 1.02% 1.025 1.025
.288 1.023 1.023 1.023 1.023 1.023 1.023 1.023 1.023 1.023 1.023 1.023
+ 334 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022
« 379 1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020
423 1.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019 1,019
470 1.017 1.017 1.017 1.017 1.017 1.017 1.017 1.017 1.017 1,017 1,017
316 1.016 1,016 1.016 1.016 1,016 1.016 1.016 1.016 1,016 1.016 1,016
961 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014
60?7 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013
- 6353 1.012 1.011 1.011 1.011 1.011 1,011 1.911 1.011 1.011 1,011 1.012
698 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1,010 1.010 1.010
. 744 1.008 1.008 1.003 1.008 1.008 1.008 1.003 1.003 1.008 1.00%8 1,008
789 1,007 1.007 1.007 1.007 1.007 1.007 1.007 1.007 1.007 1.007 1,007
.833 1.003 1.005 1.003 1.005 1.005 1.005 1.005 1.003 1.005 1.003 1,005
.880 "e004 1.004 1.004 1.003 1.003 1.003 1.002 1.003 1.003 1.004 1.003
.996 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1,003
.892 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003
898 1,003 1.003 1.003 1,003 1.003 1.003 1.003 1.003 1.003 1.003 1,003
904, 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 {.002 1.002
910 1.003 1.003 1.003 1,002 1.003 1.003 1.003 1.003 1.002 1.002 1.002
916 1.003 1.003 1.003 1.003 1.003 1.003 1.002 1.002 1.002 1.002 1.002
.922 1.002 1.002 t1.002 1.002 1.002 1.002 1.002 1.002 1.002 1,002 1.001
«928 1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.001 1.001 1.001
934 1.002 1.002 1.002 1.002 1.002 1.002 1.062 1.001 1.001 1.001 1.000
<940 1.002 1.002 t1.002 1.002 1.002 1.001 1.001 1.001 1,001 1.000 1.000
« 946 1.002 t1.002 1.002 1.001 1.001 1,001 1.001 1.001 1.000 1.000 90.000
932 1.001 t.001 1.001 1.001 1.001 1.001 1.001 1.000 1.000 0,000 0.9000
<958 1.001 1.001 1.001 1.001 1,001 1.091 1.000 1.000 0.000 0.000 0.000
« 954 1.001 1.001 1.001 1.001 1.001 1.000 1.000 0.000 0.000 0.000 0,000
970 1.001 1,001 1.001 2,000 1.000 1.000 0.000 0,000 0.000 0.000 0,000
.976 1.0¢0 1.000 1.000 1.0006 1.000 0.000 0.000 0.000 0.000 0.900 0.000
.982 1.000 1,000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 D.000 0.000
988 1.000 1,000 1.000 0.000 0.000 0.000 0,000 0.000 9.000 0.000 0.000
« 994 1.000 1.000 0.000 0,000 0.0V 0,000 0.000 0.009 0.000 0.000 0.000
1.000 1.000 0,000 0.000 0,000 0.000 0.000 0.000 0.009 0.000 0.000 0.000
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DIMEMNSIONLESS PRESIURE

AXIAL
POSITION RADIAL POZITION

500 .S%0 .500 .650 .700 .750 .300 .350 .900 .950 1.000

0.000 0.000 0.900 0.000 0.000 0.000 0,000 0,000 0,000 0.000 0.000 0.000
. 003 0.900 0,000 0.000 0.000 0.000 0.000 0,000 0,000 0.000 0.000 0.000
.016 1.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
. 024 1.031 1.031 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000
. 033 1.031 1.031 1.031 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0,000
. 041 1.030 1.031 1.031 1.021 0.000 0.000 0,000 0.000 0,000 0.000 0.000
. 049 1.030 1.030 1.031 1.031 1.031 0.000 0.000 0.000 0.000 0.000 0.000
. 057 1.030 1.030 1.031 1.031 1.031 1.031 0.000 0.000 0.000 0,000 0,000
« 068 1.030 1.030 1.020 1.031 1,031 1.031 1,031 0,000 0,000 0.000 0,000
073 1.030 1.0289 1.02% 1.030 1.030 1.031 1.031 1.031 0.000 0.000 0.000
« 031 1.029 1.02%9 1.029 1.029 1.030 1.030 1,030 1.031 1,031 9,000 0,000
. 090 1.029 1.029 1.02% 1.02%9 1.02% 1.029 1.030 1.030 1.031 1.031 0.000
. 092 1.029 1.02% 1.029 1.028 1.028 1.028 1.029 1.029 1.02%9 1.030 1.031
106 1.02% 1,029 1.029 1.023 1.029 1.027 1,028 1.028 1.029 1.029% 1,029
«1S¢ 1.027 1.027 1.027 1.027 1.027 1.0a856 1.026 1,026 1.026 1.026 1.026
«197 1.026 1.026 1.026 1.026 1.026 1.086 1.026 1.026 1,026 1.026 1.026
242 1.025 1.025 1.025 1.025 1.025 1.025 1.025 1.025 1.025 1.025 1.02S
.298 1.023 1.023 1.023 1.023 1.023 1.083 1,023 1.023 1.023 1.023 1.023
. 334 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022
.379 1.020 1.920 1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020
.42% 1.019 1.019 1.019 1.019 1.019 1.019 1,019 1.019 1.019 1.019 1.019
«470 1.017 1.017 1.017 1.017 1.0617 1.017 1,017 1.017 1.017 1.017 1,017
.916 1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016
.361 1.014 1.014 1.014 1.014 1.014 1.014 1,014 1.014 1,014 1.014 1.014
.607 1.013 1.013 1.013 1.013 1.013 1.013 1,013 1.012 1.013 1.013 1,013
533 1.011 1.011 1,011 1.011 1.011 1.011 1.011 1.011 1.021 1.011 1.0}12
698 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.020 1.010 1.010
. 744 1.008 1.003 1.003 1.003 1.008 1.003 1,008 1.008 1.003 1.009 1.008
- 799 1.007 1.007 1.007 1.007 1.007 1.007 1.007 1.007 1.097 1.007 1,007
.835 1.005 1.005 1.005 1.00S 1.005 1.005 1,004 1,004 1.004 1.004 1.004
380 1.003 1.003 1.003 1.003 1.002 1.002 1,001 1,001 1.001 3.001 1.000
.836  1.003 1.003 1.003 1.002 1.002 1.001 1,001 1.001 1.001 1.000 0,000
.892 1.003 1.003 1.002 1.002 1.002 1.001 1,001 1.000 1.000 0.000 0,000
.398 1.003 1.602 t.002 t.002 t.00L t.0061 t.006 L.00C 0.000 0.0GC G.0Q0
904 1.002 1.002 1.002 1.001 1.001 1.000 1,000 9,000 0,000 0,000 0.000
.910 1.002 1.002 1.001 1.001 1.000 1.000 0.000 0.000 0.000 0.000 0.000
916 1.002 1.001 1.001 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
.922 1.001 1,001 1.090 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
928 1.001 1.000 1.000 0.000 0.00) 0.000 ¢,000 0.000 0.000 0,000 0.000
934 1.090 1.000 0.000 0.000 9.000 0.000 0,000 0.000 0.000 0,000 0.000
« 340 1.600 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000
9455 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 ©.000 0.000 0.000
. 9352 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000
.9%8 0.000 0,000 0.000 0.000 0.000 0.000 0,000 ¢.000 0.000 0.000 0.000
« 964 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000
<970 0.000 9.000 9.000 0.000 0.000 0.000 ¢.000 0.900 0.000 0.000 0.000
. 975 0.000 0.000 0.000 0.000 9.J00 0.000 0.000 0,000 0,000 0.000 0.000
. 982 0.000 0.000 0.000 0.000 0.000 0.900 9,000 0,000 0.000 0.000 D.000
. 938 0.000 0.000 0.000 0.003 0.000 0.000 D,500 0,000 0.000 0.000 0.000
«394 %.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000
1.000 0.000 9.000 0.000 .000 0.000 B.000 0,¢0¢ 0.000 0.000 0.000 0,000
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DIMENSIONLESS MASS FLUX

AXIAL
POSITION RADIAL POSITION

0.000 .050 .100 .150 .200 .2%50 .300 .3%50 .400 .450 ,.S509

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 9.000 0.000
« 008 0.000 0.000 b.000 0.000 0.000 0.000 0.000 .278 .580 .751 0.000
. 016 0.000 0.000 0.000 0.000 0.000 0,000 0.000 .527 .576 .686 ,631
« 024 0.000 0,000 0.000 0.000 0.000 0.000 .533 ,%88 .623 .663 .618
. 033 0.000 0.000 0.000 0.000 0,000 1.099 .979 ,6835 .590 .637 .610
« 041 0.000 0.000 0.000 0.000 1.187 1.109 1.013 .796 .640 .551 .548
- 049 0,000 0,000 0.000 1.2%5 1.15% 1.108 1.010 .936 .733 .718 .717
« 057 0.000 0.000 0.000 .960 1.065 1.132 1.034 ,98% .907 .320 .739%
059 0.000 0.000 .451 .710 .3878 1.093 1.071 .982 .940 ,.919 .365
. 073 0.000 .138 .250 .639 .3817 1.023 1.030 1.000 .963 .950 .943
- 081 069 .166 .481 .649 .753 1.004 1.076 1.011 .987 ,976 .976
«090 «265 .347 .S541 .600 .76F t.011 1.062 1.013 .998 .992 .997
« 098 «378 .433 ,490 .517 .362 1.013 1.013 1,007 1.003 1.005 1.013
106 406 .441 .504 .703 .916 .94 .991 .997 1.004 1.013 1.024
151 556 .600 .702 .868 .9%2 .351 .923 .92% .968 1.030 1.0%8
«197 .301 .318 ,370 .%916 .936 ,.925 .901 .397 .%41 1,001 1.026
.242 .92 .914 .%518 .91 .923 .915 .389 .834 .92%5 .984 1,003
.288 922 .922 .%22 .%22 .926 .211 .884 ,.878 .918 .976 1.000
334 «92t .921 .921 .921 .924 .909 .882 .37 .91%5 .974 .992
379 <920 .920 .920 .919 .923 .%08 .381 .874 .914 .972 .996
428 «919 .919 .920 .919 .922 .907 .330 .873 .914 .972 .995
«470 «919 .919 .919 .918 .922 .907 .390 .873 .914 ,972 .996
. S16 .919 .919 .919 ,.918 ,%22 ,907 .380 .873 .913 .9%72 .995
«361 «918 .919 .919 .918 .921 .906 .879 ,373 .913 .972 .395
«607 »918 .918 .913 .917 .921 .90 .B79 .373 .913 ,971 .99%
«653 «217 .917 .917 .916 .920 .9835 .878 .372 .912 .971 .995
698 .914 .914 915 .914 .9183 .902 .876 .870 .911 .99 ,.994
« 744 «909 .90° .909 .909 .,9128 .893 .872 .366 .907 .98 ,990
.789 .898 .893 .893 .8%8 .901 .887 .862 .355 ,3893 .957 .982
-335 .878 .878 .878 .377 .881 .3867 .842 .337 .377 .935 .962
.880 +847 .847 .845 .345 .848 .33% .S81¢4 .306 .833 .973 .902
886 .841 .840 .839 .338 .336 .82% .815 .811 .339 .357 .874
892 .332 .831 .830 .38 .82% .820 .812 .811 .322 .340 ,.8%2
.898 «.821 .821 .81% .317 .314 .810 .805 .205 .312 .324 .332
. 904 .30% .809 .807 .805 .302 .798 .795 .79 .S01 .30% .314
910 «796 .79% .793 .791 .788 .786 .734 ,.734 .7V83 .793 .79
<916 «730 .779 .778 .776 .773 .?71 .770 .771 .773 .7?8 .r82
.922 762 762 .760 .7S3 .757 .?55 755 755 .758 .762 .765
. 928 743 .742 .741 .739 .738 .?37 .733 .739% .742 .746 .7S1
934 721 .720 .719 .718 .718 .718 .71% .722 .v25 .730 .732
«540 <697 696 .696 .693 .59 .697 .700 ,704 .708 .710 .723
946 »670 ,670 .669 .670 .B72 .675 .679 ,6385 .587 .701 0.000
992 641 641 641 643 647 552 €38 868 676 0.000 0.000
+9358 »608 .608 .609 .613 .620 .523 .634 ,549 0,000 0.000 0.800
. 9464 »572 .S72 .374 .581 .591 .601 .618 0,000 0.000 0.009 O0.000
970 »3931 .S31 .335 .547 .550 .581 0.000 0,000 0.000 0.000 0.0G00
- 976 +484 .4383 ,493 .511 .537 0.000 0.000 0,005 0.000 0,000 0,000
.932 +»428 .430 .447 .431 0.000 0.000 0,005 0,000 0.000 0,000 0.0GC0
.988 +3%4 .364 .406 0.000 0.000 0,000 0.000¢ 0,000 -0,000 ¢.008 0,000
994 «347 .332 0.000 0.000 0.000 0,000 0.000 0,000 0.000 0.000 0.000
1.000 «342 0,000 0,000 0,000 0.000 0.200 0.000 9,000 0.000 9.000 0,000
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DIMENSIONLESS MRTI FLUX

AXIAL
POSITION RADIAL FOSITION

.S00 .S30 .600 .650 .700 .750 .800 .8%50 .%006 .9506 1.000

0.000 0.000 6.000 0.000 0.000 0.000 0.000 0.000 9.000 0.000 0.000 0,050
. 008 0.000 0.009 0.000 9.000 0.000 0.000 0.000 0.000 0.000 0.000 0.400
. 015 .631 0.000 0.090 0,000 9.000 0.000 0.000 0.000 0.000 0.000 0.000
. 024 .618 5?7 0,000 0,000 0.000 0.000 9.000 0.000 0.000 0.000 0.000
« 033 .610 .599 .631 0,000 0.000 0.090 0.000 0.300 9.000 0.000 0,000
. 041 548 650 .783 .930 0.000 0.000 0.000 0.000 0.9000 0,000 0.000
. 049 .717 .7835 .873 .981 1.010 0.000 0.000 0.000 0.000 0.000 0.000
. 057 .78% .824 ,910 .997 .985 .9%59 0.000 0.000 0.0008 0.000 0.390
. 063 .8685 .864 .919 .971 .982 .965 .959 0.000 0.9000 0.000 0.000D
. 073 .48 .922 .936 .971 .984 .IVO 975 .983 6.000 0.000 0.000
. 031 2976 L9990 .978 .981 .992 .392 .96 .997 1.141 0,000 0.000
- 090 .997 1.010 1,034 1.015 1.006 1.006 1.000 1.026 1.042 1.233 0,000
. 093 1.013 1.02% 1.044 1,072 1.051 1.020 .934 1.006 1.017 1.123 0.030
108 1.024 1.036 1.0%2 1,074 1.130 1.063 .376 1.024 1,053 1,002 9.000
»151 1.058 1.037 .94 ,924 .907 .333 .234 .%72 1.084 1.13% 0.000
. 197 1.026 1,000 .921 .873 .8%56 .833 .902 .944 1.060 1.294 0.090
.2492 1.008 .981 .903 .3%% .841 .371 .3893 .%60 1.050 1.33% 0.000
.298 1.000 .974 ,399 .355 .8323 .370 .393 .963 1.055 1.345 0.000
. 334 .998 .972 .596 ,893 .837 .370 .393 .965 1.057 1.330 0.000
.379 .996 ,971 .39%5 .833 .837 .370 .394 .966 1.053 1.351 0.000
423 .996 .371 .395 .8%3 .837 .870 .8%4 .966 1.0%3 1.352 0.000
470 .99 .971 .39%5 .5%3 .837 .870 .894 .966 1.059% 1.352 0.000
.S16 .996 .97t .89% ,353 .837 .870 .394 .966 1.039 1.3%2 0.000
961 995,970 L.595 .853 .837 .870 .394 .956 1.059 1.353 0.009)
607 .995 .970 .39% ,853 .837 .870 .8%4 .967 1.05% 1.353 0.000
.693 «995 ,270 .8%4 .853 .837 .371 .39 .967 1.060 1.354 0.000
. 698 .994 .969% .8994 .353 .337 .871 .89 .963 1.061 1.356 0.000
. 744 .990 .267 ,.3% .8%2 .833 .372 .897 .371 1.065 1.261 0.000
.789 .982 .960 .883 .3%0 .837 .374 .9C1 .973 1.074 1.375 0.000
« 939 «962 .942 .875 .342 .834 .876 .2H7 .991 1.093 1.414 0.000
.880 902 .897 .354 .8927 .322 .862 .211 .993 1.142 1.531 0.000
.886 874 .87% .38955 .934 .333 .9%9 .913 .972 1.123 1.656 0.000
.392 .852 .39%52 .942 .834 .340 .362 .906 .9%2 1.173 0,000 0.000
398 .832 .933 .838 .326 .334 .9%4 ,33% .942 0.000 0,000 0.000
. 904 -814 .816 .315 .316 .825 .340 .879 0.000 0.000 0.000 D.00)
.910 .798 .300 .801 .804 .310 .332 0.000 0.900 0,000 0.000 0.000D
.916 .782 .7885 .788 .789 .303 0.000 0.009 0.090 0,000 0,000 D.00D
.922 766 .?70 771 .782 0.000 0.800 0.000 ©¢.000 0.000 0,000 0.000
. 928 o781 752 L7563 0.900 §.000 0.000 0,000 0.000 0.000 0.000 0,000
« 93¢ 732 .744 0.000 0.000 0.000 0.000 0.000 0.000 0.000 9,000 0,000
940 «723 0.000 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
. 946 0.000 0.9000 0.000 0.000 0.000 0.000 0.900 0.000 0.000 0.000 0.90030
9952 0.000 0.000 0.000 0,000 0.000 0.000 9.200 0.060 0.000 0,000 0.000
. 933 9.000 0.000 0,000 0.000 0.000 0.000 0.000 0.900 0.000 0,000 0.000
264 0.000 0.000 0,000 0.900 0,000 9.000 0,000 0.000 0,000 0,000 0.000
«970 0.000 0.000 0.000 0.000 0.000 0.000 0.080 9.000 0.000 0,000 0,000
«976 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 N.004 0,009 0.000
982 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0,000 0.005 0,R)0
.983 0.000 0.000 0,000 9.000 0.080 9.9000 0.000 0.000 0,009 0.000 D.DOD
994 0.000¢ 0.000 0,000 ).000 0.000 0.000 0.000 0.000 9,660 G.04D 0.000
1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.d00



AXIAL COMPOMENT OF MASS FLUX

169

AXIAL
POSITION RADIAL POSITION

0.000 ,050 .:100 .150 .200 .2%50 .300 .359 .400 .450 .3500

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.0090 0.009 0.000 0,000
- 008 0.009 9,000 0.000 0.000 0.000 0.000 0.000 .161 .4352 .607 0.000
.016 0.000 0.000 0.000 5.000 0.000 0.000 0.000 .317 .479 ,S587 .545
. 024 9.000 0,000 0.000 0.000 0.000 0.000 .660 .47 .470 .566 .S41
.033 J.000 0.000 0.000 0.000 0.000 .952 .342 .631 .3538. .569 .547
. 041 0.000 9.000 0.000 0.000 1.028 .990 .95 .773 .é21 .603 .576
« 049 0.000 0.000 0.000 1.086 .591 1.008 .954 ,.897 .783 .631 .637
« 037 0.000 0.000 0.000 .3%56 .957 1.0356 .993 ,93% .902 .813 .724
« 059 0.000 0.000 .435 .631 .849 1,036 1.057 .976 .93% .919 .3846
. 073 0.000 .137 .3%59 .638 .816 1.017 1.076 .999 .%959 .950 .9435
. 031 069 .185 .453 .627 .797 1,003 1.076 1.011 .987 .9?7% .973
» 090 265 .322 .S00 .33F7 .760 .398 1.061 1.013 .993 .992 .995
« 093 «373 404 ,.481 .614 .843 .9946 1.015 1.005 1.003 1.004 1.011
.106 4056 .430 .502 .593 L838% .979  .983 .996 1.003 1.012 1.023
.151 566 .599 ,.699 .,3961 .949 .949 .97 .95 .968 1.030 1.053
«197 .801 .313 .353 ,914 ,.935 .285 .90i .997 .941 1.001 1.026
242 9.2 .914 918 ,.921 .%8 .3715 .839 .284 .985 .934 1.008
.283 .922 .922 .922 .23 .926 .11 .884 .8783 .918 .976 1.000
334 .921 .921 .%21 .921 .924 .909 .832 .87 .915 .574 .998
. 379 .920 .90 .920 .919 .923 .908 .881 .874¢ .914 .972 .996
« 429 919 .919 .220 .919 .922 .907 .880 .873 .914 ,972 .99
«470 .919 .919 .919 .918 .922 .907 .830 .373 .914 .972 ,99%6
«516 .919 .919 .919 .918 ,922 .907 .880 .873 .913 .972 .996
961 <918 .919 .913 .918 .921 .906 .879 .873 .9123 .972 .99
607 .918 .918 .918 .917 .91 .906 .379 .372 .913 .971 ,995
.653 .917 .917 .917 .916 .90 .905 .878 .872 .912 .971 .99%
<698 .914 .5914 .915 .914 .913 .903 .876 .870 .911 .969 .994
« 744 .909 .209 .909 .902 .912 .398 .872 .8966 .907 ,965 .990
« 739 .393 .893 .993 .898 .901 .887 .862 .336 .897 .95 .9%2
838 .878 .873 .878 .877 .881 .367 .842 .836 .376 ,934 ,.950
«330 .847 .347 .346 .845 .847 .834 .812 .805 .833 .876 .896
«386 .841 .240 .339 .837 .835 .826 .813 .810 .828 .8%4 ,.86S
.3%2 .832 .83t .330 .827 .324 .317 .30 .807 .318 .834 .839
.893 .21 .821 .819 .81 .812 .80 .301 .800 .806 .814 ,315
904 «809 .809 .806 .803 .799 .794 .790 .788 .791 .79% .793
.910 <796 797 792 .739 .735 .780 .?76 .774 .7?5 ,??5 .77°2
«916 «780 7?79 777 7?73 .769 .765 .761 .7%58 .7%6 .754 .?51
.92 7B 761 799 73T 751 F47 743 .73% 736 .733 .729
328 «743 742 .739 .736 .732 .727 .723 .719 .715 .711 .707
«334 .721 720 .717 .714 .710 ,705 .701 .696 .692 ,5683 ,.684
«940 <697 .69 ,693 .690 .686 .8681 .677 .672 .668 .664 .666
« 946 «670 .669 ,666 ,663 .699 .635 .651 .647 .643 .645 0.000
. 252 «641 ,640 .637 .633 .630 .627 .623 .620 .622 0.000 0.000
. 9358 .608 .607 .604 .601 .S93 .996 .S593 .597 0.000 0¢.000 0,000
. 964 .572 .570 .567 .963 .%64 .563 .569 0.000 0.000 0.000 0.000
«970 .53t .52% .3525 .585 .%2é .535 0.000 0.000 0.000 0.000 0.000
976 -484 ,482 .478 .431 .494 0.000 0.000 0.000 0.000 0.000 0.000
.9382 429 427 .424 .443 0.000 0.000 0.000 0.000 5.500 0.000 0.000
.983 -3%54 .3%59 ,373 0.400 0.000 0.000 0.000 0.000 0.000 0.000 0.000
994 «247 .206 0.900 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000
1.000 .342 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000
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AXIAL COMPOMENT OF MASS FLUX

AXIAL :
POSITION RADIAL POZITILA

.%00 .S50 .600 .650 .700 .7S0 .3090 .8%0 .200 .S%0 1.000

0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0,000 0,000 0.000 0.000
. D03 0.000 0.000 0,000 0,000 0.00C 0,000 5.000 0.000 0,000 0.000 0.000

016 .%45 0.000 0,000 0,000 0.000 0,000 0.000 O.000 0.000 0.000 0,000
. 024 .S41 .499 0.000 0,000 0.000 0,000 0.000 0.000 0.000 G.000 0.000
. 033 .547 .513 .%90 0.000 0.000 0.000 0.000 0.00% 0.000 0.000 0.000
. 041 .576 .S53 .6%4 .505 0.000 0,000 0.000 0.000 0.000 0,000 0.000
. 049 637 .629 .696 .930 .%7% 0.000 0.000 0.000 0.000 0,000 0.000
. 057 .724 .712 .760 ,54% .364 ,331 0.000 0.000 0.0500 0,000 0.000
- 065 .846 .79% .308 .3%53 .934 .8%56 .831 0.000 0.000 0.000 0.000
073 .94% .853 .8%4 .377 .8% .89%2 .863 .351 0.000 0,000 0.000
. 081 973 .983 .47 .907 .911 .911 .912 .3%91 .93% 0.000 0.000
« 090 .99% 1,005 1,027 .993 .93% .%26 .931 .9%% .923 1.196 0.000

« 093 1.011 1.022 1.040 1.067 1.030 .241 .924 .938 .933 1.087 0.000
.106 1.023 1.034 1,050 1.072 1.328 1.023 .833 1.023 1.004 .974 0.000
«151 1.053 1.037 .264 .923 .904 .927 .988 .96% 1,079 1.187 0.000
197 1.026 1.000 .921 .37% .85% .392 .900 .963 1.059 1.293 0.000
.242 1.008 .921 .903 .3%% .541 .871 .892 .960 1.050 1.33% 0.000
.288 1.000 .974 .398 .8%4 .333 .370 .893 .963 1.053 1.346 0.000

«334 .998 .972 .396 .8%3 .837 .870 .893 .965 1.057 1.3%0 0.000
379 .99 .971 .89% .3%3 .837 .970 .894 .966 1.058 1.351 0.000
. 423 .996 .971 .89% .8%3 .837 .5870 .894 .966 1.058 1,352 0,000
,470 .996 .971 .89% .3%3 .837 ,570 .894 .966 1.059 1,352 0.000
. 516 .996 .971 .89 .3%3 .837 .370 .894 .966 1.0359 1.3%52 0.000
951 .996 .971 .39% .3%3 .837 .970 .894 .966 1.059 1.333 0.000
6507 .99% ,970 .89% .3%3 .837 .870 .89%4 .957 1.059 1.353 0.000
.653 .99% .570 .894 .353 .837 .871 .895 .967 1.060 1.354 0,000
698 .994 .969 .894 .3%3 .837 .871 .395 .968 1.061 1.356 0.000
. 744 .990 .967 .39%2 .3%2 .838 .372 .397 .971 1.06% 1.361 0.000
« 739 982 .96y .887 .849 .837 .374 .901 .977 1.074 1.373 0.000
.93%  .950 ,940 .372 .339 .831 .373 .904 989 1.092 1.413 0,000
«330 .89 .832 .332 .819 .810 .351 .989 .981 1.098 1.5%52 0.000
. 386 .26% .3%5 .326 .309 .812 .33% .831 .945 1.094 1,623 0.000
.892 .839 .530 .s811 .801 .205 .326 .361 .3%4 1.082 0.000 0.000
.393 .31% .808 .79% .793 .792 ,307 .830 .357 0.000 0.000 0.000
.904 793 797 .7P? L7722 774 .783 .30% 0.000 0.000 0.000 0.000
<910 P72 J7E5 758 .7%4 754 ,765 0.090 0.00D 0.000 0.000 0.000
. 915 751 .745 .?3% .735 .739 0.000 0.000 H.000 0.000 0.000 0.9000
.922 P29 .724 .718 .720 0,000 0,000 0.000 0.000 0,000 9,000 0.000
.928 .707 .702 .703 0,060 0.000 0,000 0.000 §,000 0,000 0.000 0.000
+934 684 .685 0.000 0.008 0.000 0,000 0,000 0.009 0.000 0,000 0.9000
«940 .666 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

«946 0.000 0,000 0.000 0.000 ¢.000 0.000 0.000 0.080 0.000 0.000 0,000
.9952 3.000 6.000 ¢.008 §6.0080 3.000 §.000 0.000 0,000 0.000 0,000 0.000
.9538 0.000 9,000 0.000 0.000 0,000 0.000 0.000 §.000 9.000 0.000 0.000
<964 0.400 0.000 0.000 0.000 0.000 0,000 0.000 9.000 0.000 0.000 0.000
» 370 0.000 0.000 0.008 0.000 0.000 0,000 0.000 0.000 0.000 0,000 9.000
. 976 0.000 5,000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000
.982 5.000 0.000 0,000 0.000 0.000 9,000 0,000 0.700 0.000 0.000 0,000
988 0,004 0,000 0,000 0,000 0.000 0,000 0.000 J.000 0,000 0,040 0.000
994 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 G.000
1.000 0.000 0.000 0.000 0.000 0,000 0,000 0,600 0.000 0,000 0.000 0.000



mn

RADIAL COMPONENT OF MASS FLUX

AXIAL
POSITION RADIAL POSITION

0.000 .050 .100 .1%0 .200 .2%50 .3200 ,.350 .400 .450 .300

0.000 0.000 0.000 0.000 0.000 0.000 0.500 ¢.009 0.000 €.000 0.000 0.000
. 008 0.000 0,000 0.000 0.000 0.000 0.000 0.000 ~.227 =.451 -.350 0.000
.016 0.000 0,000 0.000 0,000 0.000 0.000 0.000 -.421 -, 477 -.356 -.315
. 024 0.000 0.000 0.000 0.000 0,000 0.00) .177 =.347 =.408 =-.346 -.299
. 033 0.000 0.000 0.000 0.000 0.000 .SS¢ .2%52 -.06% -.263 -.287 ~-.270
« 041 0.000 0.000 0.000 0.000 .S93 .500 .335 .190 -.153 ~.244 -.23%7
. 049 0.000 0.000 0.000 .528 .5%4 .4%53 ,.330 .26 -.003 -.227 -.330
. 057 0.000 0.000 0,000 .434 .487 .457 .271 .174 .034 -.109 -.303
. 069 0.G00 0,000 -.119% .201 .223 .316 .175 .109% .040 -.01% -.131
. 073 0.000 -, 013 -, 030 -. 025 .054 ,.111 .0%4 .05& ,010 -.034 -,030
. 081 0.000 -.01S -.161 -.168 -.025 -.024 .011 .006 ~-.013 =-.042 ~-.077
. 090 0.000 =, 127 -.207 -.074 -.087 ~-.163 -.047 -.027 -.028 =.045 -, 0569
. 098 0.000 -.156 -.093 -.05% -.180 -.212 -.079 ~.044 ~.034 -, 042 -, 059
.106 0.000 =.095 -.047 -.08% -.219 -.166 —.032 ~.045 =.030 -,.034 -, 047
. 131 0.000 -, 027 -.060 ~. 085 ~.080 —.062 -.042 -.021 -. 005 .001 -,001
197 0.090 -.022 -.04% ~, 082 -.038 ~-.025 ~.017 =-. 009 -.001 .005 .,012
242 0.000 -.010 -.016 —-.014 -, 010 -.005 -.003 .000 .003 .006 .00%
.288 0.000 -.00t -.001 ~-.00f -,000 .000 .001 .002 .003 .004 005
334 0.000 .000 .000 .000 .00f .00f .001 .002 .00z .002 .003
«379 0.000 .000 .000 .000 .00f .001 .00f .001 .001 .0901 .001
. 423 0.000 .000 .000 .000 .000 .000 .000 .001 .001 ,QU1 .001
<470 0.000 .000 .0090 .000 .00 .00 .,000 .000 .000 .000 000
316 0.000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
.961 0.000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
607 0.000 .000 .000 .000 .00f .00f .001 .001 .001 .001 .001
«633 0.000 .000 .001 .001 .00f .001 ,002 .002 .o002 .002 .002
698 0,000 .001 .001 .002 .003 .003 .004 .004 .004 .005 .005
744 0.000 .001 .003 .004 .005 .006 .008 .0562 .010 .011 .O11
.789 0.000 .002 .005 .007 .010 .0t3 .01S .017 .020 .022 .025
.339 0.000 .004 .008 .012 .017 .022 .02 .029 .034 .041 .050
380 g.000 .003 .416 ,.023 .037 .0%6 .G5%4 .041 027 .0%: .110
. 836 0.000 .009 .01% .030 .042 .02 .064 .0S52 .044 .074 .127
.892 0.000 .012 .023 .036 .050 .067 .074 .074 .077 .104 .147
.893 0.000 .013 .027 .042 .056 .072 .033 .090 .102 .1233 .165
904 0.000 .015 .031 .047 .063 .030 .0%94 .107 .124 .150 .133
«»910 0.000 .017 .035 .053 .071 .03% .106 .133 .144 .170 .201%
«916 0.000 .020 .03% .0%% .080 .100 .119 .140 .12 .13 .218
.92 0.000 .022 .044 .066 .039 .111 .133 .155 .130 .208 .236
. 928 0.000 .024 .049 .074 .093 .123 .147 .172 .19% .22%6 .25%
934 0.000 .027 .0954 .021 .109 .13 .162 .18% .217 .245 .262
«940 0.000 .030 .060 .090 .1230 .14 ,.178 .2807 .23% .853 .233
« 946 0,000 .033 .066 .09 .132 .164 ,195 .228% .244¢ .274 0.000
.9%2 0.000 .036 .073 .110 .146 .180 .213 .234 .264 0.000 0.000
. 958 0.000 .03% .081 .132 .181 .197 .223 .254 0,000 0.000 0,000
« 964 0.000 .043 .091 .13 .173 .210 .241 0.900 0.000 0,000 0,000
370 0.000 .0456 .103 .154 .193 .227 0.000 0.000 0.000 0.00) 0.000
976 0.000 .050 .120 .172 .210 0.000 0.000 0.000 0,000 0.000 0.000
- 952 0.000 .055 .142 .188 0.000 0.000 0.000 0.000 0.000 0.000 10.000
.993 0.000 .098 .159 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
<994 0.000 .130 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0,000
1.090 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 9,000 B, 00
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RADIAL COMPOMEMT CF MAST FLUX

AXIAL
POSITION RADIAL POSITION

LS00 L9950 600 (630 .700 730 300 BI0 300 J3T0 1.9000

0.000 0.000 0,000 0.000 0.600 0.00) 0.0060 6,000 4.060 0.000 9.000 0,000
. 002 0.000 0.909 0.000 0.000 0.000 0,000 0,000 0,000 0,000 0,000 0.000
.016 -.31% 0.000 0.000 0,000 0.000 0,060 0.000 0.000 0.000 0.000 0.000
« 024 -.299 -.283 0,000 0,000 0,000 0,000 4.00G6 6.000 0.000 0,000 0.000
. 023 -.270 ~.290 -.340 0.000 0.000 0.000 0.000 0.000 0.000 H.000 0,000

.0N41 -.297 -.342 -.431 ~.46% 0.000 0.000 0.000 0.000 0.000 0.000 0,000
. 049 -.330 -.413 ~.%23 -.5c4 ~.305 0.000 0.000 0.990 0.900 0,000 0.000
. 057 -.302 ~. 416 ~,500 =,530 ~.4?72 ~.430 0,000 0,000 0.000 0.000 0.00N
« 063 -, 181 ~. 3261 =.43% -.48% -,429 -.446 ~.480 §.000 0,000 0.000 0.G00
0?73 -.080 ~,228 -.382 -.417 ~.406 ~. 404 -.4945 -.492 0.000 0.000 0.000
. 081 =077 -.114 -,242 ~,374 -.394 ~.3%3 -,400 =-.44% =.570 0.000 0.000
. 090 - 069 =. 097 =.119 =-.230 ~.361 -.392 -.364 -.363 =-.43% -,320 0.000
. 098 -, 059 ~.078 -.095 -.102 -.20% -.3%3 -,33% -.189 -,406 -.302 0.000

108 -, 047 ~, 062 -.072 -, 072 -.061 -.213 =.270 -.034 ~.332 -.23% 0.000
. 131 -, 001 -.001 .00% ,036 .065 .110 .0%7 ,073 .104 .0%4 0.0G00

« 197 .012 ,019 .026 .G33 .040 .047 .0%2 .0% .043 057 4.000
242 L0099 .012 .01% .017 .019 .020 .020 .020 .017 L0I9 0,000
.288 .00%5 .006 .007 .008 .008 .003 ,007 .0NO7 .00S .004 0.000
324 L0023 .003 .002 .003 .903 L0033 .002 .002 .002 .001 0.000
. 279 .001 .001 .00F .001 .001 .001 .001 .9O1 .001 .000 0.000
. 425 .001 .09} .001 .001 .001 .001 .000 .0QO0 .000 ,O00 0,000
470 .000 .000 .60¢ .000 .000 .000 .000 .000 ,000 .U00 0,000
316 .000 ,000 .000 .000 .000 .0GO .000 .000 .000 .0GOD 0.000
<361 .000 .000 .000 .000 .000 .0Q0O0 .000 .000 .0G0 .000 0.000
607 .001 .00t .00¢ .49 .001 .001 .001 .001 .000 .000 0.000
.632 .002 .002 .002 .002 .002 .002 .002 .00F .001 .001 0.000
»598 .008 .005 .005 .00% ,005 .005 .004 .(03 ,002 .001 0.000
. 744 .01t .0t2 .012 .012 .012 .011 .O010 .03 .005 .004 0.000
. 739 028 .027 .083 .029 .023 .027 .9023 .022 .017 .012 0.00n0
339 .050 .059 .065 .066 .067 .066 .06 .062 .038 .045 0.000
.380 L110 167 1325 .166 .175 .133 .203 .154 .38 .301 0.000
. 336 .127 .133 .218 .20t .209 .186 .&3% .227 .403 .330 0.000
.392 .147 193 .2287 .233 .242 .247 .283 .326 459 0.000 0.900
.398 .165 .203 .233 .2847 .26 .281 .213 .363 0.000 0.000 0.000
. 204 .183 .216 .244 .263 .234 .304 .343 0.000 0.000 0.000 0.000
.210 .201 .231 .2%3 .280 .295 .32%5 0.000 2.000 0,000 0.00% 9,000
. 216 .218 .247 .272 .237 .314 0.000 0.000 0.089 0,000 0.000 0,000
. 922 .226 .264 .279 .305 0.000 0.000 0.000 0.2003 0,000 0.00) 0,000
. 923 .255 .270 .293 0.000 0.000 0.0045 0.200 0.000 0,900 0.000 4,000
. 934 .262 .291 0.000 D,000 0.000 0,000 0.000 0.000 0,000 0, NGO D, 020
. 240 «233 G.000 0.000 0,009 0.000 0.000 0,000 0.000 0,000 V.000 0,000

«946 0.000 0.008 0,060 0.000 0.000 0.000 0.000 0,000 0,000 V.000 0.000
. 952 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0,000
358 0.000 9.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000
» 964 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000
9370 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000 9.000
-T) 0.000 0.000 0,000 0.000 0.000 0.000 0.000 9.000 0.0G0 0.90%5 0.000
. 982 0.000 0,000 0,000 0.000 0.000 0.006 0.000 0.000 0.000 0,000 0.000
. 988 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0.000 0.000 6,000 G. 400
-39 0.000 0.000 0.000 0.000 0.000 08.000 0.000 0.030 0,000 0.000 0.000
1.000 0.00u 0,000 0,000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0,000

STREAM FUNCTION CONTOUR PLOT CREATED
ISDBAR PLAT CREATED
RUNTIME = 2%,08300 SESSION = 47,36200
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