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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

microscopically as a generating, conducting porous medium. The

steady-state 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. 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 f’

PEBBLE

tions, der

OW, or negligible conduction and/or radiation are used.

solves a coupled set of nonlinear finite difference equa-

ved 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

microscopically-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

Oak 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
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I. INTRODUCTION

A. Pebble Bed Nuclear Reactor Concept

On October 11, 1945 Barrington Daniels f

cation (granted October 15, 1957) describing

led a U.S. Patent appli-

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

temperature of the AVR was increased to 1223 K

raising the possibility that a pebble bed Very

the mixed-mean outlet

without major problems,

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 SiC, embedded in a graphite matrix. In the
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reference fuel, the coated particles are dispersed throughout the 0.05 m

diameter central region of the 0.06m 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 spent elements from the bottom of the bed.

Most designs are based on thegnce~hrough ~hen gut (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

and 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 Technology Group of the

Energy 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.
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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.

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

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. REVIEWOF THELITERATURE

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. No 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 [5]. 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 microscopically as a porous medium; that is, each region of space

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

Darcy’s law and various intuitive extensions thereof. Darcy’s law states
.

an empirical linear relationship between the flow 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

fraction

High

diameter and superficial velocity (a velocity based on a void

of 1.0) of from 1 to 10[6].

velocity porous media flow analyses have most often used a

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

A?
T-

= alv + a2V2 (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 al and a2 are

factors which depend on both fluid and porous medium properties.
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Ahmed [10] has derived a macroscopic one-dimensional Forchheimer-type

equation from a dimensionless form of the turbulent Navier-Stokes equa-

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 (M%) 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

where x is the spatial coordinate, D is a characteristic length for the

flow, bl and”b2 are factors dependent on media properties, and p

and P represent the fluid dynamic viscosity and density, respectively.

The origin of the terms in Eq. (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 alV and a2Vz 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=>
T J [ 150 (1-s) ~

d2 1+ 1.75 f V* ,

P
P

(3)

where V is the superficial velocity, c is the bed void fraction and d
P
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is the particle diameter. The equation is formed by adding the Blake-

Kozeny equation for purely laminar (viscous) flow through a porous medium

modeled as an assembly of capillaries, to the Burke-Plumner 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 Ergun equation. See for example Radestock and Jeschar [12,13], and

Stanek and Szekely [14-16]. Moreover, in recent papers, Szekely and

Povermo [17] presented direct experimental evidence for the validity of

this approach.

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

as

G? = -~ (k, + k2 IvI), (4)

where the functions kl and k2 can be deduced from Eq. (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

Eq. (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

(5)
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and

avz avz
v —+ 1/— laP- ‘1 ‘2
r ar zaz=-~= ~vz - ~ Vzv,

where

v = (vr2 + VZ50”5.

(6)

(7)

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 compare directly the results obtained from the two differ-

ent formulations given by Eq. (4) and Eqs. (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

expect the inertial terms to predominate

distance from solid surfaces), the terms

equations, where one would

at high velocities (and at a

on the left- and right-hand

sides of Eqs. (5) and (6) are both of the order (V2), 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

similar results, with the d

the velocity ranging from 2

difference would be difficu”

fferences between calculated

to 12%. They concluded that

t to detect experimentally.

gave quite

point values of

the calculated

The inclusion of
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these inertial terms greatly increased the computational labor, and they

questioned 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

f = (!?g!)/(Qg), (8)

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]. Figure 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’

sGdPo
‘Re 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)

Several investigators

temperatures from thermal

fluid phase, or on a unit

temperature.

have derived differential

energy balances on the so”

volume of the bed contain.

equations for these

id phase, on the

ng 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

Wilhelm [23] have derived vectorial differential temperature equations

for

for

and

packed bed chemical reactors, and have presented analytical solutions

certain restricted cases where constant coefficients can be assumed

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] lists 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.



III. 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 diameter ratio, and its void fraction distribution.

In a PBR the bed volume and diameter ratio are both sufficiently large to

allow characterization by a volume-averaged void fraction distribution,

which allows calculation of local macroscopic values of the thermal-
1
I

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

where the products flV and f2V2

resistance terms, respectively.

(lo)

represent the linear and quadratic

Koida [25] has developed expressions for fl and f2 so that

.&_L!__
‘1 ~ R* ‘

h

=Bp
‘2

E* Rh ‘

(11)

(12)



where

Aand B=

‘h =

15

empirical coefficients that are constant for a given

particle shape,

effective hydraulic radius for the flow within the packed

bed (m),

bed void fraction,

fluid dynamic viscosity (Pa-s), and

fluid density (kg/m3).

Rh for a randomly packed bed of spheres is given by [26]

‘h =

where d =
P

()LA
6 1-s ‘

pebble diameter (m). Equation (10) clearly neglects body

(13)

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 < NRe < 4 x 104.

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

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

G, Eq. (10) becomes

?P’- G (9, + 9* Iw ,

where

91 = f,/p , (15)

92 = f2/p* , (16)

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

(14); thus

7X [- E (9, + 92 161)1 = 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 Eq. (17) yields the following

scalar equation

a
[- (91 + 9* 161)‘r] - + [- ’91+ ‘2 161)‘z] = 0’ (18)

T

were z‘ and r’ are the axial and radial coordinates.

The equation is made nondimensional by the application of the

following definitions:

91
,G&~,g<=--&

c = g2 GIN

1 I R
r= :,z=

?’ and a = ~ ,

(14)

(19)
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where

R= bed radius (m),

L = bed height (m), and

IN = 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

components of E*,

[
+ (~ + G*) g2* Gr*

1

la

[

(c+ G*) g2* GZ*-S-F
1

The continuity equation, ~ “ ~ = O, in nondimensional

synmetric cylindrical coordinates is

= o. (20)

form and axi-

(21)

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

are replaced by a single equation of h

stream function, y, defined by

Gr* = -:2,

gher order for the nondimensional

(22)

When so defined, the stream function inherently satisfies the continuity

equation. Combining Eqs. (20) and (22) gives a nonlinear, elliptical

partial differential equation:

a

[ 1[ 1
1( C+ G*)g2*# -$ ~(E+G*)g2*# ‘O. (23)Zr

ra



Because the coefficients

atures in turn depend on

description results in a

equations like Eq. (23).
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are a function of temperature, and the temper-

the mass flux, a complete thermal-hydraulic

set of coupled elliptic partial differential

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):

where $ is the dependent variable,

$ is the stream function, and

and the

For Eq. (23),

4=+,

(24)

C$ , and do are functions used as required to make Eq. (24)

equation transformed identical.

the following functions are used:

a~=o, b+ = (g + G*)g2*, and c = 1.
4

Equations (23) and (24) are expanded and set equal to each other to

obtain

of Eq.

(25)

the expression for d$. The resulting general nondimensional form

(23) becomes

++(C+G*)g2*$ = o.
a

(26)
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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:

-Ww-wa
(27)

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

form of Eq. (24) where

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

complex

macroscopic temperature gradient in the solid phase drives a

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.

Kunni and Smith [29] is used in the

k~’kf = s(l+BNurv)+B(”

where

‘f

k~

B

Y

he static term, k;, derived by

model, given by:

-W[V(;+NUrS)+Y:]S ,29,

= fluid molecular thermal conductivity (W/m=K),

= solid thermal conductivity (W/m”K)

= geometry factor, here equal to 0.95, and

= geometry factor, equal to 2/3 for spheres.

Nurv and Nu are Nusselt numbers for radiant heat exchange between
rs

void spaces and between solid surfaces:

[ ( )]1 -Er

Nurv = h~v dp/kf; hrv =4cst:/ 1+ *“ ~ 1
r

Nurs = h
()

‘r
rs ‘p/kf; ‘~s = 4d~ ~

r

(30)

(31)

where Er is the solid surface emissivity and o is the Stephan-

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

4= 02+ ($, - +2) (&- 0.260)/0.216. (32)

When CS0.260, $= 02. When s> 0.476,$ = $1. 01 and $2 are

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

here. For the range

10 s: <300,
f

()‘f
0.2426

$, = 0.2770 ~ Y
s

(33)

$2 = 0.1293
()
‘f

0.3292

~
.

In the fluid phase, heat is transferred between fluid regions at

different temperatures by two mechanisms: molecular conduction and

turbulent dispersion in the interconnected interstitial voids of the

solid phase. These combined effects are approximated by a single effec-

tive therms

‘fe =

where

conductivity coefficient for the fluid phase [23] given by

E kf +pcE, (34)

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

d phaseE = turbulent thermal diffusivity of the flowing flu.

(m2/s)o

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

.yJ?
‘Pe

(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

Er

I .%,~ ‘Pe,r
r=r

and

Ez

I .J!fL.~ ‘Pe,z
Z=z

(36)

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 numbers above correspond to “consensus” values reported by Deans

and Lapidus [7].

The distributions of local fluid bulk temperature and pebble

surface temperature can be obtained by the solution of equations

average

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:

~o(-kse ~ts)+hav(ts-tf)-q =0, (37)
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where

h = convective heat transfer coefficient (W/m2=K),

a
v

= pebble surface area per unit volume of the bed (m-]),

‘f =

t~ =

q =

The terms

in the so”

local value of the bulk temperature of the interstitial

fluid (K),

local value of the pebble average surface temperature (K), and

energy release rate per unit volume of the bed (W/m3).

in Eq. (37) represent, from left to right, effective conduction

id phase, convective transfer between the phases, and internal

generation from fission and decay. Introducing the following nondimen-

sional variables

t~
Ts =

‘f C* = CGINL, ~—, Tf=— . ‘fe

‘fIN ‘fIN ‘ ‘fIN
f

‘fIN ‘

k
KS =A, av*=av L,h*=~ , and q* = q L2

‘fIN ‘fIN ‘fIN ‘fIN
(38)

allows Eq. (37) to be transformed by the same methods and definitions

used to obtain Eq. (26). The result, in axisynwnetric cylindrical coor-

dinates is

-+[rK+l-$[fKsa ‘r[h*a~(Ts-Tf)-q!=Oy ‘3’)

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

for the fluid phase yields

C* [+ (’f%)- * (’f~)l

-dr’fs-+[? ’fr~l-rh’av’ (Ts-’f) ‘Os ’40)

where it should be noted that

ficients are anisotropic.

Values for the convective

from

app1

the effective thermal conductivity coef-

heat transfer coefficient, h, are obtained

the Jeschar correlation [33] for the Nusselt number, which is

ed locally:

‘Nu =
~= 2.()+ [~NRe]0*5 + 0.005>,

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

particle diameter, dp, is given by

sGdP,
‘Re P

(41)

(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 ts and tf. 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),

and (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 = O, r = 1, and both z limits (inlet and

outlet) which need not be parallel.

Once the numerical solution has converged and the pebble average

surface temperatures have been obtained, the internal temperatures and

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

‘1
= radius of inner fueled/unfueled interface (equal to zero for

the conventional ball),

‘2
= radius of outer fueled/unfueled interface (m),

‘3
= pebble radius (m), and

Q = power per ball (W/ball).

For the conventional element, the temperatures at.rl and r2 are given by

Q
‘1 = 8nksr2 + ‘2 ‘

and

‘2 ‘HA) ‘ts.

(43)

(44)

The temperature gradient at the fueled/unfueled interface is given by

I A___
%= 4mksr$

For the shell ball

.$1
‘1 s (r23-rl3,

(r/jrI’)_ r,3(_+-_L)]+‘~y

(45)

(46)
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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

ks(z) = 17. + 20.5 e-15”37z (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

from the differential equations of the mathematical

PEBBLE were derived

model by integrating

over finite areas, based on

tween the nodes of the grid

vation laws are obeyed over

assumed distributions of the variables be-

[28,35]. This approach ensures that conser-

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 VO”

terized by macroscopic average values.

The coupled system of nonlinear algebraic equat.

point iterative method, with the option of under or

ume are well charac-

ons is solved by a

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

places low demands on computer storage. Details

finite difference equations from their different”

rapid convergence and

of the derivation of the

al 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 code. 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 a$ 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 equation 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, 0, in the field must not exceed a pre-

scribed value, that is

[($N) - $N-1))/ 1$N)
<cc,

max
(48)

where the bracketed superscripts denote the values for the Nth and Nth-1

iterations, respectively. 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 synxnetry, 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$ w 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 = O. The mass

flux, G*, is set equal to zero at the impervious wall to approximate the

no-slip 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).

IMIN, IMAX and IEXIT. The

applied from IMIN to IMAX.

so that grid points lie on

The boundaries are set with the arrays IINLET,

successive substitution formula is only

The code does assume that the grid is defined

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 others. A listing of the code, as set up for a coupled thermal-

hydrualic test problem, is 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-scalemockup was con-

structed and extensive velocity and mass-diffusionmeasurementswere

made [21]. The PBRE was designed to be a 5 MM(t) all ceramic, hellum-

cooled pebble bed reactor system, with the core volume containing approx-

imately 11700 sphericalfuel-moderatorelements [36].

The mockup used unfueled graphite spheres, 0.0381 m in diameter,

loaded in a Plexiglascore model. The cylindricalcore had an inverted

conical core support plate with an included solid angle of 120°,which

had a central 120° conical ball discharge dome. A free-surfacefill

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 experimentalBed 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 structurebelow

the slotted core support plate, flowed upward through the interstitial

voids

cone.

Po

n the bed, and exhausted to atmospher.

nt velocitieswere measured above the

c pressure above the fill

bed with a hot-wire anemom-

eter, and averaged over all angular measurementsat each radial position

to give the mean radial velocity profile. The velocitiesmeasured cor-

respond to superficialvelocities,and the angular averagingmakes com-

parison of measurementswith an axisymmetriccylindricalcoordinate

predictionreasonable.
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Once a bed was constructedand measurementshad beenmade abovethe

fillcone,graphitesphereswere removedto form flat-toppedbeds at

threeaxialpositions. Referringto Fig. 6, FC denotes the location of

measurementstakenabovethe fill cone,FT denotesthe flat top configu-

rationwith the fill cone removed,I denotesthe intermediateconfigu-

rationwith the upperhalf of the bed removed, and E denotesthe bed

configurationwhere onlythe entranceregionwas filledwith spheres.

For eachbed, the flowratewas variedto give Reynoldsnumbers,basedon

the pebblediameterand superficialvelocity,between1150and 9400. The

smallbed to balldiameterratio,and complicatedinletgeometrycaused

somemodelingdifficulties,but the PBREmockupmeasurementsofferthe

onlyexperimentaldata availablefor relativelylargepackedbeds of

large,uniform-diametersphereswith an interstitialfluidflowingat

highReynoldsnumbers.

B. CodeValidationConcerns

Normally,code validationrelieson analyticalsolutions,or data

from geometricallysimpleexperiments;in this case,no two-dimensional

analyticalsolutioncouldbe obtained,and no simpleexperimentwas

available.The onlycomparisonthat has beenmade with a knownsolution

involvedmodelingan isothermal,uniform-property

pressureconditionsat the inletand outlet,this

yielda uniformvelocityprofile(plugflow).The

uses a rectangulargrid,modelingan axisymnetric

bed. With constant

configurationshould

plugflowcalculation

cylinderwith flat,

constant-zinletand outletfaces,havinga uniformvoid fractionof

0.39. The pressureboundaryconditionsare basedon symnetryat r = O

and r = 1, and constantpressureat the inletand outlet,with the inlet
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face value specified at 1.0. Boundary conditions on v at both the inlet

and outlet correspond to parallel, axial flow (i.e. ~$/~z = O). The axis

of symmetry and impervious radial wall must both be lines of constant $.

Because the introduction of $ 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 = O at r = O for all z.

Once the value of Y has been set at r = O, the Y distribution for

plugflow can be determined from Eq. (22), by setting GZ* = 1 and inte-

grating from r = O to r = r. Thus for plugflow, ~ = 0.5 rz. This

function is shown in Fig. 7. The wall values of Y can then be set at

0.5,

each

gram

which ensures that the area-averaged dimensionless mass flux across

bed cross-section equals unity [16]. For this configuration, pro-

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 technique 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 V 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



STREAM FUNCTION FOR PLUGFLOW
0.6

0“5

o “4

o-3

0-2

0.1

-ol~
0.0 0“2 o “4 0.6 0.8 0
DIMENSIONLESSRADIAL POSITION, r/R

Fig. 7. The radial distribution of ~ for plugflow.



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 [353 that this plausible (and physically correct) technique is

known to cause numerical problems. Since the inlet boundary condition

on ~ 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 inlet 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 13FCwas calculated on a 21 x 51 grid. The grid definition and

outlet boundary conditions were then adjusted to model Beds 13FT, I, and

E. Bed 13Ewas calculated on a 21 x 16 grid. The grid for Bed 13FC is

shown in Fig. 6.

A relaxation

value of 1.0 was

of Bed 13FCa for

parameter of 1.285 was used for the calculation of~; a

used for the pressure recovery calculation. Calculation

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, S, 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 approachinga 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 distributionused by PEBBLE for

the cylindricalportion 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 measurementson 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-surfacefill

cones.

The porous medium model is difficult to apply in the entrance region,

which has numerous structuralsurfaces and contains a relatively small

number of spheres. Bundy [21] measured a large void fraction

lowest part of the entrance region, a low value higher in the

a mean value of only O.366 for Bed 13E. It was believed that

in the

region, and

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(c = 0.26) at the bottom of the cylindricalbed.

Wadsworth [41] had previously observed rhombohedralpacking near the

bottom of flat-bottomedbeds.

In the absence of detailed informationon the distributionof c in

the entrance region, the void fraction distributionassigned to this

region in PEBBLE was manipulatedto give the approximateshape of the

reported velocity profile, causing the flow to enter the calculational

bed in approximatelythe same manner as it had entered the experimental

bed. The resulting distributionused the area void fraction of the core
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support plate (including no-flow regions) for the value of E 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 assumed 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. In 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 discussed

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
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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

a~ld13 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)0 Note, however, that other choices could have been made in assigning

the distribution of s 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

cylindrical volume [38-40].

Calculated and measured

in Fig. 14. The calculated

formed by simply dumping spheres into a

velocities above the fill cone are compared

velocity profile is in good agreement

the experimental measurements. Since the entire fill cone region

assigned a uniform void fraction of 0.401 in the numerical model,

with

was

the

good agreement between the

is probably not the result

bution. The results shown

measured and calculated FC velocity profiles

of a fortunate choice of void fraction distri-

in Fig. 14, therefore, indicate that the
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Fig. 11. Comparison of predicted and measured
exit velocity profiles above PBRE Bed
13Ea (entrance region).
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Fig. 14. Comparison of predicted and measured
exit velocity profiles above PBRE
Bed 13FCa (entire bed topped by fill
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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 require

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 [171that the profiles should be similar as

long as the quadratic term dominates the resistance to flow. In

reporting the PBRE mockup measurements, Bundy [21] questioned the

apparent Reynolds number effect shown in the data, stating

II...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 technique 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

limit the ability of PEBBLE to perform an

local void fraction does not

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 large power reactors have bed-to-ball diameter ratios of

about 200, and even have an array of

reflector to minimize, or eliminate,

modeled accurately (on a macroscopic

structural depressions in the radial

the wall effect. These beds can be

scale) by assuming the entire bed to

be characterized by a nominal void fraction of 0.39. IiIaddition, the

combination 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

in question.

Further validation of the flow model will require

ts accuracy may be

data from a

geometrically simple flow experiment. The experimental bed should have a

large bed to ball diameter ratio

outlet faces. Its void fraction

the radial and axial directions.

beyond the exit face to minimize

and parallel, constant-z inlet and

distribution should be measured in both

Annular flow dividers should be used

the tendency of the flow to return to an

empty tube velocity profile, ensuring that

proper velocity. The possibility of using

annular regions should be investigated.

the anemometer measures the

a circular hot-wire in these



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 axisymnetric power distribution

is 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. All 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 ball

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

lines near the axis of symmetry were added to aid in the calculation of

G* at r = O (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

like 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

21.

co

version of PEBBLE. The new finite difference grid is shown in Fig.

Boundary Conditions

The boundary conditions for 4 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 = O, and the assumption of an adiabatic wall at r = 1,

or stated mathematically,

aTs 2Tf

ar ‘F=
o. (49)

The

mal

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

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 = O

can be calculated from

1

[

3TF

‘FI = G*c* h* (1 -c) (TS1 - 1) + Kfz ~ 1+1, (50)

and

‘S1 = m-=T-
(51)

where T=7 and TC7 represent the nondimensional fluid and solids tem-
11. O*

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 condition? or

32Ts

a22
z=1

32Tf
-

322 2=1

= o, (52)

gave essentially the same answers and enhanced the rate of convergence.

Considering the structure supporting the bed, balances 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



60

I\
*E

I=E
13



61

coolant. The code calculates the bed power from the VSOP input, and the

coolant mass flow rate, specific 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 terms appear.

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-mean outlet temperature is now 1259 K; an error

of only -0.2%.

The equation for the pebble average surface temperature is numer-

ically 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.
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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 convergence 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 Results

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

OTTO 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 of the core. This strategy flattens

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



63

I-L



64

.

.
xC
A

?
7
2

c
c
l

(
n

l
a

mzm



65

#

o0%
’

E“
mG

U
n

IL

..



‘

nnaJa
.

2.P

.mL



67



TEMPERATURES AT r/R = O
1400“o

1300“o

1200“o

1100“o

1000“o

900 “o

800”0

700 “a

600”0

500” C

./” —. —. —. —._ .—._. _,_. _._. —.—
------------------------./”

/
i

i
i /“8’”
i i
//”,,

.“
.’

,’
,’

#’
,“

,’
~’

/

kEGEm
—COOLANT BULK TEMPERATURE
---------iVERAGE SURFACE TEMPERATUREr

~—- MAXIMUM FUELED MATRIX TEMPERATURE
I I I I

0“0 0“2 o “4 0“6 0.8

DIMENSIONLESSAXIAL POSITION, z\L

Fig. 28. Calculated ax”al distribution of temper-
atures at the core centerl ine for KFA

Case 1013.PR3000 Design

. 0

‘o



T EAT r/R = O .
1400“o

1200“o

g

69

1000 “ o

600”0

600”0

400“o

./” —“—.—.—.-.—

./”y “—.—.—.—..—,—, -

./

--. -- . . ----------------------’

/

/’
i ..”O’’”””
i o:”’
i /’

.“
.’

.’
,“

.“
.“

.’

f
LEGEND

—COOLANT BULKTEMPERATURE
---------/VERAGESURFACETEMPERATURE
—-MAXIMUM FUELEDMATRIXTEMPERATURE

I I I I
.0 0.2 0.4 0“6 0.8 10.,

857’

DIMENSIONLESSAXIAL POSITION, z/L

Fig. 29. Calculatedaxial distributionof temc)er-
atures at the hot radius for KFA PR3000
Design Case 1013.

.



70

TEMPERATURES AT r/R = O .952
1300‘o

1200“o

1100“o

1000“o

900 “o

800.0

700 “ o

600 “O
/

1/
,’

,’
,’

,’
?’

,’
?’

,’
,’

LEGEND
—COOLANT BULK TEMPERATURE
---------AVERAGESURFACE TEMPERATURE

).0
500”0

DIMENSIONLESSAXIAL POSITION, z\L

—- MAxIMuM FUELED MATRIX TEMPERATURE
, 1 1 I

0“”2 o’“4 0“.6 0.8 1“0

Fig. 30. Calculated axial distribution of temper-
atures at the cold radius for KFA PR3000
Design Case 1013.



71

COOLANT OUTLET TEMPERATURES
1310“o

1300“o

1290”0

1280”0

1270“o

1260”0

1250”0

1240“O

1230”0

1220“o

DtM!kNsfoiLEss‘;ADIA;;osITpoi,r/lRO

Fig. 31. Calculated coolant outlet temperatures
for KFA PR3000 Design Case 1013.



72

—-- - .-. . ---
DIMENSIONLESS RAUIAL I-’u>ITION

0.0 .1 .e .s .W .5 .8 .7 .m .m I
0.0 ●

.1 ~E•Œì1“•Xç“•€ç“••ç“•pE•Œx7“•lç“•”ç“•¤ç“•pE•Œ•/“•€ç“•¨ç“•¸ç“•pE•Œ 7“•”ç“•¼ç“•Ìç“•pE•ŒŒ2“•¨ç“•Ðç“•àç“•pE•ŒÈ7“•¼ç“•äç“•ôç“•pE•Œ´2“

-z ,-

.* ,

.5,

THERMAL POWER PER BALL (KW/BALL)

Fig. 32. Contour plot of thermal power per ball values
from VSOP. The contours are evenly spaced,
from A = 0.140 kw/ball to P = 4.850 kw/ball.



73

Fig. 33.

—

—

—

—

DIMENSIONLESS RAOIAL POSITION
.3 —

—

—

—

.5

—

—

— —

.7

—

—

—

.9

—

—

—

o

MASS FLUX STREAMLINES

Calculatedmass flux streamlines. Contours
are spaced at 0.5 rz, where r = O for
contour A and r = 1 for contour P, with r
increasingin steps of 1/15.



74

DIMENSIONLESS RAOIAL POSITION
0.0 .1 .Z .3 .U

O.op
.5 .6 .7 .8 .9 ! .0

.!
3

h

.Z

.3 L

N

.4

.s ,

tt
.6

6

.7 F

.6

E

.8 -c

1.OJ A

NORMALIZED ISOBARS

Fig. 34. Calculated equipressure lines. The contours
are evenly spaced, from A = 0.982 to P = 1.0.



75

z
o

DIMENSIONLESS RADIAL POS17?ON
0.0 .1 ..2 .3 .* .5 .6 .7 .0 .s 1.0

0.0+
—

> E

.1 /

F

.* ~~

.3

.* ~~

.5 ~~

.6 ~~

.0 ~

COOLANT BULK TEMPERATURE (K)

Fig. 35. Contour plot of calculated coolant bulk
temperatures. The contours are evenly
spaced, from A = 535 K to P = 1300 K.



76

—---- .. -a -. -... .,

f) IMENSIONLESS RADIAL PUS1 IIUN

.t! .s .V .5 .0 .7 .8 .s I
0.0 .1

0.0

.*

u

I .. -.// \\

\,.o~
PEBBLE AVERAGE SURFACE TEMPERATURE (K)

Fig. 36. Contour plot of calculated
surface temperatures. The
evenly spaced from A = 648

pebble average
contours are
Kto P= 1307 K.



77

0.OO’

.l~

.e

.3

.4

.5

.6

.7

.(

.1

I .,.

DIMENSIONLESS RADIAL POSITION
1 .? s II 5 8 7 ●

[

MAXIMUM INTERNAL FUELED MATRIX TEMPERATURE (K)

Fig. 37. Contour plot of calculated maximum internal
fueled matrix temperatures. The contours
are evenly spaced from A = 763 K to
P = 1357 K.



7

the region with the higher heavy metal loading. The peak at r = 1.0

results from the graphite reflector,wh

neutrons. These power peaks cause a ma”

velocity radial profile.

ch acts as a sourceof thermal

distributionin the coolant

Referring to Eq. 26, E varies as u and g2* varies as l/P. For

helium, u increases and P decreaseswith increasingtemperature. Thus,

the resistanceto flow through the bed increaseswith temperature. Since

the convective heat transfer coefficientdecreaseswith decreasing gas

velocity, the problem compounds itself. The distributionof the dimen-

sionlessmass flux, G*, is shown in Fig. 24. In this figure the wall

value of G* = O is not plotted so the scale can be expanded to show the

detail. The flow maldistributionis not large, +1.3% and -1.7% from the

mean. Streamlinesand isobars are shown in Figs. 33 and 34. The mass

flux distributioncan be quantifiedfrom 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

calculatedcore pressure drop is 0.7 MPa.

The remaining figures show the distributionsof coolant bulk temper-

ature, pebble average surface temperatureand maximum internal fueled

matrix temperature. Examinationof the plots will show a radial mal-

distributionof all three temperatures. This maldistributionis pri-

marily caused by radial differences in the axially integratedthermal

power, compounded by the flow maldistributiondiscussed above. For

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

while for the adjacentvolume, centered at r = 0.833, the axially inte-

grated power is 192.9 MW(t).

Figures 28, 29 and 30 show the axial distributionsof the three

temperaturesat the core centerline,the hot radius and the cold radius,

respectively. This type of temperaturedistributionis characteristicof

OTTO fuel cycles. Figure 31 shows the radial distributionof coolant

temperatureat the outlet, and the mixed-mean outlet coolant temper-

ature. Temperaturestreaking in the coolant is importantto the de-

signers of the core support structure,because the materials problems at

these temperaturesare very significant. Other maxima and quantitative

values can be found in the print output in Appendix C.

As with the isothermalflow model, further validationof the coupled

thermal-hydraulicmodeling of packed beds will require data from well-

characterizedexperiments. The heating of spheres in the experimental

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

—



VII. CONCLUSIONS

A mathematical model and numerical solution

developed that allow calculation of macroscopic

technique have been

values of thermal-

hydraulic variables in an axisymmetric pebble bed nuclear reactor core

under steady-state conditions. The nonlinear fluid flow model and numer-

ical solution technique have been validated by comparing predictions with

data from the ORNL PBRE full-scale mockup. The computer code PEBBLE has

been shown to predict distributions of coolant velocity and pressure

adequately, limited only by knowledge of

fully coupled thermal-hydraulic analysis

KFA Design Case 1013, has been completed

the geometry of the bed. A

of a large power reactor design,

using calculated fission power

profiles. The code PEBBLE calculated a mixed-mean outlet coolant

temperature which is within one degree K of the analytic value.

The pebble bed has been treated microscopically 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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integrating over finite areas, based

butions of the variables between the

most appropriate for a porous medium

already includes the assumption that

on assumptions about the distri-

nodes of the grid. This method is

model of a packed sphere bed, which

the thermal-hydraulic variables in a

sub-volume of the bed can be well characterized by average values. The

result is a code which places rather modest requirements on such computer

resources as CP time and storage.

The computer code is very flexible, as demonstrated by 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

selected

the code

improvement in the boundary conditions applied to model a

physical system. The modular form of PEBBLE facilities changing

as the modeling of pebble bed nuclear reactors is refined.
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APPENDIX A: NUMERICAL SOLUTION

A.1 The Domain of Integration

For the purpose of the derivation of the f“

TECHNIQUE

nite difference 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 displays 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 summarized in

Table 1.

A.2 Integration of the Equation
.

The double integral which we wish to evaluate is

(A-1)
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where the integration limits

rectangle.

Inspection of the above

90

are the coordinates of the sides of the

equation reveals that all the terms but

the last could be formally

amination of Table 1 shows

fluid phase thermal energy

integrated once

that a$ is zero

balance, and c*

if aowere a constant. Ex-

for all equations except the

can be assumed constant for

engineering purposes. We denote a suitable local average value of a+

near the point P as a
@9P”

+ ADVECTION TERMS +

+ DIFFUSION TERMS +
+ +

(A-2)
+ C 1: ‘d~‘rdz=0’

+ SOURCE TERM +

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 advection terms.

Itwill be sufficient to outline the procedure for only one of these

in detail, for the treatment of the others will follow similar lines.

Ifwe denote the first integral by the symbol Ia,

r.n

(A-3)

If both @ and IJJare well behaved functions, there exists an average

value of @e, which is denoted 7$e, such that

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

Ia = .a
( )

@,p Fe Vne - 4Jse ●

(A-4) s

(A-5)

The next task is to express ~e, $ne and Vse 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?e. We will allow the user the option of

using either upwind differences or central differences on the advection

terms. Central differences are rmre accurate, but upwind differences

may be required to ensure convergence with certain equations. For up-

wind differences it is assumed that~e

by the fluid upstream of the e-face of

differences we assume that

Fe = f%;% ,

For upwind differences

H ($~e-$se) -
Ia=a

OsP ‘E 2

takes on the +

the rectangle.

[

(Vne-*se) + +ne -lje

+($
P 2 ‘H

In this equation, the presence o.f the ~-difference,

bracket and then within a modulus sign, ensures that

in the square brackets in the equation will be zero.

value possessed

For central

(A-6)

. (A-7)

first within a

one of the terms

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.

lar

the

We now assume that the

corner of the rectangle

four neighboring nodes,

value of the stream function at a particu-

is equal to the average of the values at

such that
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4$E+ VJE+$p+lJS
vse = 4

. (A-8)

Assembling

terms yields

the expression for Iadv, the sum of all the advection

I
adv = AE ($P - $E) + AW (OP -$~~)

+ AN (@p -@N) + AS ($P -+s),

and

and

I =AE* (+P + OE) + AW* (Op + $~~)
adv

+AN* ($P + ON) + AS* ($P + $S)S

(A-1O)

(A-11)

where



b. Diffusion Terms

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

evaluate the integral

(A-12)

Assuming that

(rE+ ‘p) ,
re ~

2
(A-13)

(b, E+ b,p),
b~,e= 2

c@,E ‘E - c&P 4P
3

‘E- ‘P

Equation (A-12) can be integrated to yield

Id =
b(#),E+ b&P . ‘E+ ‘P . c&E$E- c(#),P$P , ‘N- ‘S .

2 2 .zE- Zp 2

(A-14)



The other diffusion terms

yielding Idiff, the sum of the
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may be evaluated by similar arguments,

integrals of all four terms:

ldiff = BE (c$,E@E - c$,p$ p) + BW (c(),w@w - C$,p$ p)

+ BN (C$,N$N - CO,P$P) + BS (C$,S@S - C@,p$p)~

where

BE = b@,E

()

+ b$,P ‘N - ‘S
8 (rE + rp),

‘E - Zp

BW =
bb ,W

()

+ b&P ‘N - ‘S
8 (rw + rp),

‘P - Zw

BN = b@,N

()

+ b@,P ‘E - %
(rN + rp),

8a2 ‘N - ‘P

and

()Bs = bhs+b$,p‘E - ‘W (rs + rp).
8a2 ‘P - ‘S

c. Source Terms

The final integral we must evaluate is

r,n z,e

Isor ‘[,5 ~w 4rd dzdr.

(A-15)

(A-16)

Here we note that there is a double integral to evaluate, since

d+ may assume various forms, according to the particular variable under

consideration, making it impossible to perform the first integration

immediately as was done with the other terms. This problem can be

avoided by 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 rp



96

is a close approximation to the space-average value of r, Eq. (A-16)

may be integrated to yield

I
sor = ‘@,P “ ‘P’

where

Vp=rp(’Ejzw) (Njrs),

(A-17)

(A-18)

which represents the approximate volume swept out by the rotation of

the rectangle through an angle of

It is now a relatively simple

each variable in finite diffewnce

one radian about the axis of symmetry.

matter to express the d$,p term for

form. 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

with a similar expression describing the axial derivative.

d. The Complete Finite Difference Equation

The integration of the general differential equation over the small

control volume has been completed. We may now assemble the expressions

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

AE ($P - $E) +AW ($p-@W) +AN (@p- @N) +AS ($P- @S)

-BE (CO,E$E - C$,p+p) - Bw (Co,w!$w- C$,p+p)

-B, (co,~$, - c~,p!$p) - Bs (c~,s @s - C$, p @p)

(A-20)
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For central differencing of the advection terms

AE* ($P + @ + AW* (@p + @w) + AN* ($P + $N)

+ AS* (+P + $S) - BE (CO,M$M - c@,p$p)

- BW (C$,w$w - Co,p+p) - BN (Co,N@~ - C$,pop)

- Bs (c@,J$s - C$,p$p) + q$p Vp = 0“ (A-21)

Equations (A-20) and (A-21) are the major outcome of the effort so far;

they provide an algebraic relation be~een 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@pto the left-hand side

where, for upwind differences on the advection terms,

CE=(AE+BEC ~,E)/XAB,

CW=(AW+BWC ~,W)/ZAB,

CN = (AN + BN C$,N)/ZAB,

CS = (AS + BS c$,S)/XAB,

D=-d ~,p Vp/~AB,

(A-22)

(A-23)
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and

‘AB=
AE + AM + AN + AS + C+ ~ (BE + Bw + BN + Bs).

Y

For central differenceng of the advection terms

IX = (-AE*+ BE C@,E)/~AB*,

CW = (-AW*+ BW C.,w)/XAB*,

CN = (-AN*+ BN c$,N)/~AB*,

CS = (-AS* + BS C.,s)/XAB*,

D =- (A-24)
‘$,p ‘P/zAB*’

and

~AB* . -(AE* + AW* + At14*+ As*) + Co,p (t3E+ 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

x 1 I(Aj + Co,j ‘j) ‘j -
‘+P ‘P

J = N, S, E, W 9 (A-25)
‘P =

x (Aj + co,p Bj)
j =N,S, E,W

where x= N S E w denotes summation over nodes N,S,E, and W.
j$ss

Dividingboth the numerator and denominatorby “p

x I 1:Aj’ + Cd j (bd j + bb p) Bj” @j - $,P
“=N, S, E,W Y

op =J Y

z
.

{
Aj”+c ;P(b $,j

+ b$:p) Bjz}
j = N, S, E, W (A-26)

where A.” and B
J

j’ are related to Aj and Bj by
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Aj*

and

Bj‘

Equation

PEBBLE.

= Aj/Vp3

(A-27)

= Bj/Vp (b$,j +b
@,P)”

(A-26) expresses the substitution formula in the form used by

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

= RP$P(N)+ (l- RP)OP
$p

(N-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 tie

previous value from ~teration N-1. If very slow variations in $ are

necessary for stability, RP can be set equal to an arbitrarily small

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-dimensi onalization 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 PROGRAMPEBBLE

AND ITS SUBROUTINES

The program as listed is set up for

the coupled thermal-hydrualic test problem:

KFA Design Case 1013.



LASL Identification No.: LP-1046

102

c
c
c
c
c
c

c
c
c
c
c
c
c
c

;
c
c
c
c
c

:
c
c
c
c
c
c
c
c
c
c
c
c
c
c

:
c

PROGRRM PEBBLE (IIIJTPUT,TRPEZ,TRPE3,TRPE4STRPE5,TRPE6STRPE7sTRPE8
1 sTRPE9~TF@E10sFILM)

+*+ SET IJPTO FiNfiLYzEKFfIPOWER RERCTIIR PR3000~ CRSE 1013 *
REF: E. TEUCHERT~ L. BOHLJ H.J. RUTTEN RND K.FI.HRSSS

JUL-1114-RG> OCTOBER 1974

C+**W++**-****** ~**+*++***~ ++-****** ~**c
c+m++~++~ -m*++~*++m++**-**-mw ~~we ~c
c c
c PEBBLE - R PRtlGRfiMFOR THE THERMftL/HYDRRULIC RNRLYSIS c
c c
c OF R STERDY-STRTE PEBBLE BED NUCLERR RERCTOR CIIRE c
c
c (RXISYMMETRIC CYLINDRICAL CUtlRDINflTEGEOMETRY> E
c c
c c
c K.R. STRIIH
c GROUP Q-13 :

RERCTDR RND RDVRNCED HEFtTTRFiNSFER TECHNOLOGY c
: LOS fiLRMOS SCIENTIFIC LRB13RFIT0RY c
c c
c PROGRl?M IS DOCIJMENTED IN R DISSERTATION c
c FOR THE DEPARTMENT ❑F IIECHRNICRL ENGINEERING c

CIILORF!DOSTRTE UNIVERSITY c
E
c - VERSION FISIIFJULY 15s 1978 - :
c c
c+++~ ●W+ ~*++*e+4mmm++**e+*m+4-**
c~

~m+memc
•****~++~****+++++ •*M***m++*-*~ m~m-c

crn*****-e*****+~~~wM**~ K
c c
c c

VFK!I13BLESSTORED IN THE RRRRY R<IsJsK) c
; c
c K CORRESPONDING DIMENSJIINLESS VflRIRBLE
c —- —---— --—--- —---- :
c c
c 1 STRERM FUNCTION, PSI
c :
c 2 FLUID BULK TEMPERFITIJREsTF c

c
: 3 RVERRGE PEBBLE SURFflCE TEtlPERRTURE~ TS c

c
: 4 PRESSURES PSTRR

:
: 5 MftSSFLUX, GSTRR
c :
c 6 <XI + GSTfIR>+G2STQR
c

c
c

c 7 RRDIRL DERIVATIVE ❑F PSI c
c c
c B RXIf3LDERIVATIVE OF PSI c
c c
c g RXIRL COMPONENT OF MRSS FLUXS GZSTRR c
c c
c 10 RRD16L COMPONENT OF MRSS FLUX, GRSTRR c
c c
c c
c+-+++--+++-+++++e~m~ -m*m*e++++*~ ++*++*C
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c
c K

c 2
c
c 3
c

4
E
c 5
c
c 6

: 7
c
c 8
c
c 9

E

c 11
c

12

VflRIRBLES STORED IN THE RRRRY PROPTY(ISJSK)

CORRESPONDING VRRI13ELE
———.-..-—,___-___,

CO13LRNT DENSITY~ RHO (DIIIENSICINFIL,KG/M-3)

FRICTION PRRRMETER RflTIIIsXI

FRICTION PRRflMETER, G2STRR

VOID FRPICTION, EPSILON

DIMENSIONLESS SPECIFIC SURFRCES RVSTRF?

XIZCDOLRNT DYNRMIc ~IscusITy <(pf+-~>~-1>

G2STRR*H0 (KG41-3)

DIMENSIONLESS CONVECTIVE COEFFICIENT, HSTftR

DIMENSIONLESS VOLUMETRIC GENERRTIDN
RFITEsQSTRR

DIMENSIONLESS EFFECTIVE SOLID PHRSE
THERMRL CONDUCTIVITY, KS

DIMENSIONLESS EFFECTIVE FLUID PHRSE
THERMFIL CONDUCTIVITY (RRDIRL>, KFR

DIMENSIONLESS EFFECTIVE FLUID PHRSE
THERMRL CONDUCTIVITY (RXIRL>S KFZ

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

:
c
c
c
c
c

;
c

c
c

VF?RIRBLES STORED IN THE RRRRY TEMPIN(IsJsK>
c

c

K
c

CORRESPONDING VRRIFIBLE
:—

c
—-—— --——-. —— c

: 1
c

PEBBLE INTERNFILFUELED/UNFUELED
c

.
INTERFRCE TEMPERATURE <K> :

: 2 FUELED4NFUELED INTERFRCE TEMPERATURE :
GRfiDIENT (K/CM)

:
c

c 3
c

M13XIMUMFUEL TEMPERATURE (K>
c

.

ce~~
:

~M***w*w**~~ -6*MW*** ~w~w~
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c

c

c

c

c

c

c

c
c
c

:
c
c
c
c
c
c

c
c
c
c
c
c
c
c

COMMON /REt3CTR/HEIGHTs RftDIUSSDKUGELS FMDIITJC!TLIT,TINLETs
1 PINLETs GINLET, REYNIN, ?3RL,FISQ,FIFRIC,BFRIC, VFNOM

COMMON ~PROP/ PRIIPTY(2S,22,12), PCtlND<23), CP, CSTRR, DSUBPCS ECIVR
1 , EUVR, FKC, SIGMR4, TFILMC, BETFIK,GFtMMRK,HENTC

CDMMON ~GEOMz IN, INMs JN, JNM, 2(2S>, R(22>, IINLET<22>J IMIN(22)
1 s IMfIX(22)>IEXIT<22>S PI, VCILS,RVSOP<22>, NDEG

COMMON ~NUMERz RP(4), RSDU<4>, LOCI(4), LCICJ(4>, REDUCE, ICIVER

CCIMMIIN/EQN/ REs F!MsFINsRS, RSUMJ BE(25), BW(25>, BN(22)s BS(22),
1 BBEs BBW, BBN, BBS, NSWP1, NSWP2, NSWP3, NSktP4? IUPMND

COMMON /BfiLL/TEtlPIN(2S~22~3)s IBRLLs Rl~ R2

COMMON /RESULT/ IOUTP<12>~ IFILMIs IFILM2s IFILM3) JLUCTPr IDJ
1 INDEXS KUFISNC

CRLL SECOND (STIME>
PRINT 80s STIME

SPECIFY BED GEOMETRY RND INLET VFILUESFOR RERCTOR
-——.——---—-——--—.—-—
FMDOT = CCIIILRNTMRSS FLOW (KG/S>
PINLET = INLET PLENUM CtlOLRNTPRESSURE (PfI>
TINLET = MIXED MERN INLET PLENUM CDOLFINTTEMPERATURE <K>
RftDIUS,HEIGHT = BED DIMENSIONS <M)
VFNilll= NIIMINRLBED VOID FRRCTION
KW/BfILL INPUT IS ENTERED IN POWER BLCJCK-DRTR SUBPROGRAM
REF: JUL-1114-RGV 1974v PP. 16s17

FMD0T=785.
PXNLET=40.E05
TINLET=523.
RRDIUS=4.61
HEIGHT=5.O
VFNOM=O.39

SPECIFY FUEL/MODERRTOR ELEMENT (PEBBLE) GEOMETRY
———.———-———._—._

IBRLL = 1 FOR CONVENTIONAL BFILL
IBRLL = 2 FOR SHELL BRLL
DKUGEL = PEBBLE DIRMETER <M)
R1 = INNER RRD1us OF FuELEDzuNFuELED lNTERFRCE (M)

(IGNORED IF IBRLL = 1>
R2 = nuTER RRDIus OF FuELED/uNFuELED INTERFRcE (M>
REFs JUL-1114-RGS 1974, P.17

IBRLL=2
DKUGEL=O.06
Rl=o.o15
R2=0.025
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c
.

:
c
c
.

:

:
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

SET i3PT10NS FOR PRCIGRRIICONTROL
——.—---——-—----——
NMFIX= MPtXIMUMNUMBER 13FllFIJORITERATIONS
IN = NUMBER OF RXIFILGRID POINTS
JN = NUMBER OF RfIDIPILGRID POINTS (=VIILS+4.)
VIILS= NUMBER flFEL?UFILRftDI13LVOLUMES FOR VSUP INPUT DRTR
NDEG = DEGREE ❑F NEMTONS DIVIDED-DIFFERENCE POL’fNCINIFIL

USED TO INTERPtlLFtTEVSOP THERMRL POWER DRTR TO
EVENLY SPRCED RRDIFtL GRID POINTS (NDEG.LE.2>

NE = NIJMEERRF EQuRTIaNS
cc = cONVERGENCE CRITERION

NSUP1 THROUGH NSWP4 = NUMBER OF SWEEPS DF MESH FOR EQURTICINS
ONE THROUGH FOUR FUR ERCH NRJOR ITERRTION

IUPWND = FLRG FOR DIFFERENCING OF RDVECTIIIN TERMS
1 a uF’uIND DIFFERENCES
IITHER= CENTRRL DIFFERENCES

RP(l> THROUGH RP(4> = RELRXFITIUN PRRftMETERS FOR EC!U13TIONS
ONE THROUGH FOUR

REDUCE = REDUCTION FRCTOR USED IF SUBSTITUTION OVERRIDE
IS NECESSRRY FOR TEIIPERRTURE EQURTIONS

IOVER = FLftGTtlPRINT SUBSTITUTION OVERRIDE INFORMATION
1 = PRINT
DTHER * NIIPRINT

ICTRL = FLRf3TO PRINT PRDGRffM CONTROL INFURMRTIDN
CPTMRX = MRXIMUM CP TIME

NMRX=50
IN=25
Jp4x~2

VOLS*18.
NDEG=l
f4E.4
CC=().1)1)51)01)
NSWP1=l
NSWP2=2
NSMP3-!!i
NSMP4=1
IUPUND=O
RP(l>=l.
RP(2)=0.25
RP<3>=0.0025
RP<4>=1. O
REDUCE=O.99S
IOVER=O
ICTRL=l
CPTMRX=1OO.
IF (ICTRL.NE.1> GO TO 10
PRINT 90s INsJNsVOLSSNSMP1,NSWP2JNSWP3
PRINT 100s NSkIP4,CCsRP<l),RP(2>pRP(3)sRP(4>

10 CONTINUE
c



c
c
c
c
c
c
c

:~
c
c
c
c
c
c
c
c
c
c
c
c

:
c
c
c
c
c
c
c
c
E
c
c

c
:
c
c

c

c
c
c

c

SET OPTIONS FUR OUTPUT CONTROL
.--—------—-————-.
IQUTP = FLFv3STO SELECT VRRIRELESFUR PRINTOUT
VffRIffBLEI = DIMENSIONLESSSTREWI FUNCTION

DIMENSIONLESSMfISSFLUX, GSTFIR
RRDIRL COMPONENT❑F DIMENSIONLESSMI%SS
FLUX, GRSTRR
RXIHL cDMpuNENToF DIMENSIONLESSMass
FLUX, GZSTRR
DIMENSIONLESSCCIULfiNTPRESSURE?PSTRR
COllLRNTBULK TEMPERt3TURE,TF (K)
PEBBLE flVERfiGESURF13CETEMPERATURE,TS <K)
MRXIMUM INTEi?NfILFUELED MRTRIX TEMPERATURE <K)
PEBBLE INTERNRLSHELL/MRTRIXINTEROFFICE
TEMPERATURE (K>
PEBBLE INTERNt3LSHELL/MflTRIXINTERFRCE
TEMPERATUREGRIWIENT (K/CM)
POUER PER BFILLINPUT FRClllVSIIP(KW~BRLL)
ftUXILIRRYUUTPUT (CUNTR13LLEDBY KOR FINDINDEX)
INDEX = 1 FUR Ft(IsJsKUfI>

IFILM1 =

IFILM2=

IFILM3 =

INDEX = ❑THER FUR PRUPTY(IsJ,KDfi>
FLfiGFOR CRERTIUN UF PLOT FILES FOR TGRS/TSURFftCE/TM9X
VERSUS FIXIRL POSITION FtT CENTERLINE, HOT RRDIUS ftND
USER DESIGN13TEDRtlDIUSSET BY JLOCTF’
FILSO PLOT OF TGf?S 13ND MIXED MEftN CDULRNT TEMPERATURE
RT OUTLET VERSUS RRDIUS <TflPE2 THRDUGH TRPE5)
FLRG FOR CREfiTICIN UF 3-D PLOT FILE FOR THERMRL POWERS
TEMPERATURES FtNDDIMENSIONLESSMt%SSFLUX VERSUS
2-D POSITION (TfiPE6 THROUGH TRPE!O)
FLRG FUR CRERTIUN OF CONTOUR PLOT FILM FILE FOR
PIIWERS TEIIPERFITURESS STREFiM FUNCTION RND PRESSURE
NUMBER OF CONTOURS IS SET BY NC (NC.LE.21>

ID = FOIJR DIGIT IDENTIFYING CODE FOR CRLCUL!3TION
INUM = FLRG FOR OUTPUT OF NUMERICRL CONVERGENCE INFURtll?TION

DRTR IUUTP ~lslslsl~lrlslslslslslsO~

IFILM1=l
IFILM2=1
IFILM3=1
fq@16
JLKICTP=21
INDEX-2
KOR=l
ID=11)13
INUM=l

SPECIFY CIINSTftNTSFOR FRICTIONPRRFIMETERS
--———---—---------—-—---———
FIFRICRND BFRIC = CONSTRNTSR RND B,IN FORCHHEIMERCOEFFICIENTS

RFRIC=24.5
BFRIC=O.1754

INM=IN-I
JNM=JN-1

CRERTE FINITE-DIFFERENcEGRID fINDINITIALIZEVRRIRBLES

CfiLLGRID
Ct7LLINIT

—



c
c

20
30

:
c

c

40

c
c
c

50

60
70

c
c
c

c
c
c

c

c
80
90
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BEGIN ITERRTION CYCLE

IF <INUM.NE.1> GtJTO 20
PRINT 110
PRINT 120
ITER=O
CONTINUE
ITER=ITER+l

CFILLSOLVER FOR ELLIPTIC PRRTIFIL DIFFERENTIAL EQUfITIUNS

CflLLPDE

CfILLSECOND (TIME>
RTIME=TIME-STIrlE
IF <INUM.NE.1) GO TO 40
PRINT 130s ITERsRTIMEs (LsRSDU(L>~LOCI <L)sLllCJ(L>~L=lSNE>
IF <RTIME.GE.CPTMf3X>GO TO 60
IF (ITER.EC!.NMfIX>GO TO 60

CHECK FOR CONVERGENCE

RES=O.
DO 50 K=l,NE
IF <FIBS<RES).LT.RBS(RSDU<K))> RES=RSDU(K>
IF <RBS<RES>.GT.CC) GtlTO 30
GO TO 70
PRINT 140, ITER
CONTINUE

COMPUTE PEBBLE INTERNFILTEI’IPERRTURESRND GRFIDIENTS

CRLL TEMPS

OUTPUT Ci?LCULRTIONfILRESULTS

CRLL RESULT

STOP

FORMRT (//s2XS*STftRTINGTIME FtFTERCOMPILFtTIflN= +,F6.3>

2 /s6X?8(-)~4X,8(-+) ~4Xy8(M)p4XV8<M)p4XS8 <+-+>v4X~8(rn>p/V9
3 X,12S10X~12S9XSF3. O,lOX,I1,11XSI1S1OXSI2>

100 FURMRT </s7XS+NSWP4+S9XS*CC+S8XSORP<l) ●,7xv*RP<2>+,7xv+RP(3)+, 7X,*
lRP(4)*~/,6X~8(*?S4XS8 (-)s4XS8(+-+) s4Xs8<rn) !4Xs8(*)94xJ8(+-
2+>?/S9X,IlS8XSF7.SS6XSF5.3S7XSF5.3S6XSF6.4S7XSF5. 3s/>

110 FURMP!T (/z/s23XS+NUMEi?ICfILCONVERGENCE INFIJRMftTION+~/tSXS70(+-+)>/
1 9sxP70(*-*)J/)

120 FIIRMRT (zS7X~+MRJUROS6XS*EXECUTION+~3XS+EQlJRTION*~4X,qRXIMLlM+S5XS
1 *LDCRTIllN*~4Xs*LDCfITION*,/~5X,*ITERRTIDN*~5X,+CP TIME+,5XS*NUMBER
2+,5XSORESIDURL*,5X,+I INDEX+,5X,+J INDEX+,/,5X,9(**>,4XS9 (*-*),3X
3 $8(+-*>s4Xs8(*>S4Xr8(e> t4XS8(*)~z>

130 FIIRMRT (/s8X,12S7X,F6.3S+ SEC+,7X, I1,6X,F1O.6S6XS 12,10X,12,/,3<34X
1 tIls4X,F12.6S6X~ 12S10XS12,/>>

140 FURMRT <//s2XS+DID NOT CONVERGE IN +?12J+ NfIJllRITERFiTInNS+,/>
END
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BLOCK DRTR PO(JER

COMMON /FPCIWER/PBFILL(25J22>

REtiDKW~BIiLLDFITRFROM VSOP CRLCUL13TIllNINTO PBRLL<I,J>
J INDEX RUNS FROM 4 TO VOLS+3
KFfICFISE 1013 tdfvsCRLCULRTED ON 18 ELVJRLRfIDIfILVOLUMES
REF: JUL-1114-RG? 19749 P. 22

CDc DRTR statements fjLLDIJl 0NL% sINGLE-Subscripts DO-LOOP-IMPLYING
NOTRTIt3N
THIS BLOCK DRTR SUBPRDGRRM IS EQUIVALENT TO

DD 10 J=4PJNII
DO 10 I=l,IN
RERD PB9LL(IsJ)

10 CONTINUE

Df3TfI(PBRLL(L)sL=76s1OO) /4.00,4.10,4.36v4.28~3.95~3.SO?3. 08~2.66~
1 2.27? 1.91?1.S991.31S1. 08~0.89~0.73~ 0.60v0.SO~ 0.41~0.34~ 0.28~0.24s
2 0.21s0.19s0.19s0.18~
DRTR (PB17LL(L>sL=101s125> /3.97,4.06?4.33~4.25s3.93~3.48v3. 06s2.65
1 ~2.26?l .90vl.58vl.31~1. 08s0.89~0.73v 0.60s0.50s 0.41s0.34~ 0.28v0.24
2 ~0.21~0. 19v0.19~0.18~
DRTFI (PBFILL(L)sL=126s1SO> /3.93v4.03v4.30~4.22s3.91v3.47~3. 05v2.64
1 s2.25s1.89v 1.58s1.31sI. 0e~0.89? 0.73~0.60V0.50S 0.41v0.34~ 0.28~0.24
2 s0.21S0. 19,0.19S0.18~
DRTR (PBFILL(L>,L=151,175) /3.89,3.99,4.28~4.21s3. 90,3.47~3.05v2.64
1 ?2.26~1.90, 1.59~1.31vl. 08v0.89~0.74s 0.61s0.SO~ 0.41v0.34s 0.29v0.24
2 ~0.21~0.19,0.19~0.18/
DFtTFI(PBRLL(L>sL=176s200> /3.85,3.96~4.24*4.18s3.87v3.44~3. 0492.63
1 ~2.25~1.89~ 1.5SSl.31Sl .0B~0.89~0.73V 0.60~0.50V 0.41v0.34~ 0.29s0.24
2 90.2190. 1990.1990.lW
DPITR <PBfiLL<L>sL=201s225) /3.80s3.91s4.20~4.14~3.84~3.42v3. 01s2.61
1 ~2.23Pl.B8~ l.57~1.30vl. 08*0.89~0.73~ 0.60~0.50s 0.41~0.34P 0.28?0.24
2 ?O.21V0.19*0.19?0.18/
DRTR <PBRLL<L)sL=226~250> -’3.74,3.87~4.16~4.12v3.84v3.42s3. 03?2.63
1 ~Z.26~1.91V l.60Vl.32~1. 10v0.90S0.74~ 0.61S0.51S 0.4Z~0.35V 0.29V0.24
2 ~0.21s0. 19*0.19?0.18~
DRTR (PBRLL(L)~L=251~275) /3.69~3.81v4.llv4.07~3.79v3.38v2.99~2.60
1 ~2.23~1.88~ 1.58~1.31vl .08s0.89v 0.74v0.61v0.50v 0.41~0.34~ 0.29s0.24
2 ~0.21r0.19~0.19~0.18/
IMITR (PBRLL(L>sL=276s300> ~3.63s3.75~4. 05~4.00v3.73v3.32~2.94*2.55
1 s2.18~1.85~ 1.54vl.28vl.06v 0.87v0.72v 0.59v0.49~O;40~ 0.34?0.28~0.23
2 ~0.20z0.18s0.18~0.17/
DFITR <PBRLL(L)sL=301~325) /3.55,3.72~4.07v4.06s3.el~3.43~3. 05~2.66
1 ,2.28sl.94~ 1.63vl.35~1. 12~0.93~0.76~ 0.63v0.52Y 0.43s0.36v 0.30~0.25
2 Po.2190.20s o.20?o.19~
DRTR (PBFtLL{L)tL=326s350) /3.45,3.60s3.93~3.92~3.67v3.29v2.92v2.S4
1 ,2.19~1.85~1.55~ 1.29~1.07~0.88~0.73~ 0.60s0.50v 0.41~0.34v 0.28?0.24
2 Y0.20~0. 19~0.19~0.18~
DRTR (PBFILL(L>,L=351,375> /3.28,3.40,3.68~3.65v3.41v3. 05,2.71~2.3S
1 ,2.02~1.71, 1.43~1.19v0.99~ 0.82s0.67, 0.56~0.46?0.38~ 0.31~0.26s0.22
2 SO.19S0.1790.17P0. 17~
DRTR (PBRLL(L>_L=376s400> /4.26~4.48v4.74~4.73v4.49~4. 05Y3.50v3.03
1 s2.59~2. 19vl.8S,l.57? 1.31Jl.07s0.88s0.73~0.60s 0.49v0.41?0.34v 0.29
2 ~0.24P0.22s 0.23~0.23~
DRTFi <PBRLL(L>,L=401 s425) /4.08s4.25s4.44~4.41~4. 18~3.77s3.26v2.82
1 v2.41~2. 04~1.72vl.46~ 1.22?1.00~0.82v 0.68~0.56v0.46* 0.38~0.32v0.27
2 ~0.23~0.21? 0.21v0.22f
DRTR <PBFILL(L>sL=426,450) /4.01y4.15q4.31~4.27*4. 06v3.67g3.18s2.76
1 ~2.36~2. 00~1.69~1.44~1. 20v0.98v 0.81v0.6i’~0.55~0.45~0.38s 0.31s0.26
t?90.2290.2090.2090.21./
DRTR <PBRLL<L)sL=451~475) /4.01y3.97s3.92v3.76s3.40~ 2.96?2.56s2.17
1 s1.85sl.56, 1.28sl.05~ 0.e7g0.71, 0.58v0.48s0.39v 0.32?0.27?0.22~0.19
2 90.1690.1490.1470.15/
DRTR (PBRLL(L>sL=476~500) /4.20v4.18p4.lS,4.00,3.63V3. 17s2.75s2.34
1 s2.00~1.69s l.39~1.14s 0.94~0.77s 0.63~0.52s0.43s 0.35s0.29s 0.24s0.20
2 P0.1790. 1590.14?0.144
Dt3TR (PBRLL<L>sL=501s525> /4.68~4.80~4.85s4.70v4.27v3.72g3.24s2.75
1 s2.35sl.98~ 1.63sl.34sl .10~0.90~0.74S 0.61S0.50J 0.41s0.34s 0.28s0.23
2 ~0.20~0.17~0.15~0.15/

END
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20
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30
c

SUBROUTINE GRID

C+-w ~-wwe~**+wwew*****e*M*4*+M*
c

~c
c

C COMPUTES GRIXJPOINTSS GEOMETRY FFiCTURSS RND B-PRIME FFICTORS C
REQUIRED FOR THE SUCCESSIVE SUBSTITUTION FURMULfi

:
c

GRID SPftCINGNEED NUT BE UNIFORM
c

c
c

c+w-++~ **e**M****wti*~**mM~ •w*u,******~

COMMON /REFICTR/HEIGHT, RF!DIIJS,DKUGEL, FMDOT, QTUTS TINLET,
1 PINLET, GINLET, REYNINJ RRL, RSQ, RFRIC, BFRIC, VFNOM

COMMON zGEOM/ IN, INM, JN, JNM, 2<25>, i?(22>, IINLE7 (22>, IMIN(22>
1 , IMfiX(22)S 12X17(22>, PI, VOLS, RVSIIP<22), NDEG

CDMMUN /DERIVz H1<25), H1D<25>, H2(22), H2D(22)

COMMON /EQN/ I?ESFiW~fINqFISSRSUMS BE(25>s Bld(25)s EN(22>~ BS(22)S
1 BBEs BBWS BBN, BBS> NSWPIS NSWP2S NSWP3? NSUP4s IUFIMND

COMMON /BDY/ DELZIN(22>S DELZU(22), SFRRCI(22>, FIXIS,ftXISM

SET NtlN-RECTfiNGULfiR

DRTR IINLET /22(1>/
DRTflIMIN ~22(2>/
DRTR IMFtX/22<24>/
DRTR IEXIT /22<25>/
RRL=RfIDIUS/HE16HT

BUUNDFtRIES RS NEEDED

COMPUTE THE RXIRL CIIURDINRTES
FIIRTHIS PROBLEM THE RXIfiLGRID SPRCING IS UNIFORM

ZSTEP=l.~FLUFIT<INM)
DO 10 I=191N
Z(I>=FLURT<I-1) +ZSTEP

COMPUTE THE RRDIRL COURDINRTES
RRDIt3LGRID POINTS FUR POWER INPUT LIE RT THE VOLUMETRIC
CENTER OF V!3LSEQURL RiiDIfiLVOLUMES <FUR VSRP INPUT>, PLUS
THREE EXTRR GRID POINTS NERR THE iiXISOF SYMMETRY RND R GRID
POINT ON THE RRDIRL REFLECTOR

XRRER=RRDIUS*ftD IUS40LS
NVULS=VULS
JV.NVOLS+3
EVUL1=O.
EVCIL2=XFIRER+EVCIL1
STEP1=SC!RT(O.Ei*EV0L2>/RfiDIUS
DELRfl=sTEP1/3.
RVSXIP<l>=O.
RVSCIP<2>=RVSIIP<l>+DELRR
RVSIIP(3>=RVSIIP(2>+nELRR
RVSOP<4>=STEP 1
DO 20 J=5vJV
EV0Ll=EVLlL2
EVOL2=XRRER+EVOL1
RVSUP<J>=S12RT(0.5*(EVCIL2+EVULl))~RRDIUS
RVSOP(JV+l>=l .0

COMPUTE THE EQURLLY

R(l>=o.
DELR=l./FL0RT (JNM)
Dfl30 J=2JJN
R(J>=R(J-i>+DELR

SPRCED RRDIRL GRID POINTS
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~ CUMPUTE THE FRCTURS NEEDED FUR THE SPI?TIF!LDERIVATIVES
c

DO 40 I=271NM
Hl<I>=G!(I)-Z (I-l)>z(Z (1+1)-2(1)>

40 lilD<I>=l.~(Z(I+!>-Z(I-1))
DO SO J=2?JNM
H2(J>=(R(J>-R (J-1)>/(R<J+!>-R<J>>

50 H2D(J)=l./(R(J+l>-R(J-l>>
Dll60 J=lsJN
I1=IINLET(J>
12=IMIN<J)
13=IMFtX(J>
14=IExIT<J>
DELZIN<J>=Z<12)-Z(I1>

60 DELZD(J)=Z(14)-Z(13>
RxIs=l./(l .-(<R(2>-R(l>>/<R<3>-R(l> >>++2)
13xIsrl=FtxIs-1.

c
c COMPUTE THE B-PRIME FFICTURS
c

RSQ=FtRL+t3RL
DO 70 I=2,1Nff
BIJ<I>aH!D(I>/(z(I>-z(I-1>>

70 BE<I>-HID(I>z<Z<I+l>-Z(I>>
DU 80 J=t2,JNM
DRX13.5*2D<J>
BS(J>=<l.+R(J-1>/R(J)>/ (R(J)-R(J-1)>+DR@&2

80 BN(J)=(l.+R(J+l)zR(J>)~ (R<J+l)-R(J)>*DR/RSQ
c

RETURN
END
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COMMON /REFiCTR/HEIGHT, RFIDIUS, DKUGEL, FMDUT, IZTOT~TINLETs
1 PINLETs GINLETs REYNIN, PIRL,RSQ, RFRIC, BFRIC, VFNUM

COMMON ~FPOMER/ PBi3LL(25,22)

COMMON fGRS~ fIZEROSRGFLS,bJMOLSBBCIS BBC2, BBC3P BBC4V BBC5S BBC6

COMMON ~PRDP~ PRUPTY<25,22,12>S PCtlND<25>, CP, CSTRR, DSUBPC, EOVF!
1 , EOVR, FKC9 SIGMR4S TFILMCS BETRK, GRMMRK, HENTC

COMMON ~GEtlM/ IN, INIIsJN, JNM, 2(25>, R<22>, IINLET(22)s IMIN(22>
1 , IIIRX(22>, IEXIT(22>, PI, VULS, RVSUP(22>S NDEG

COMMON /BDY~ DELZIN(22>, DELZtI<22>r SFRRCI(22), RXIS> RXISM

CUMMIJN/ftNSWER/R(25s22s1O)

PI=3.1415927
SIGMR4=4.*5.6697E-08

IiSSIGNCOEFFICIENTS FUR SOLID PHFISEEFFECTIVE THERI’IRL
CONDUCTIVITY MODEL
<SEE SUBROUTINE SULIDK FUR REFERENCE>

BETRK=O.9S
GRMMfIK=2.Z3.

t3SSIGNCONVECTIVE COEFFICIENT ENTRRNCE REGION CURRECTION FRCTIIR
(THIS NIJMBER IS NUT MELL KNOWN>

HENTC=l. O

SPECIFY CONSTRNTS FUR RERCTDR CIIULFINT
RGi?SSRZERIISB? BZERIISC = BERTTIE-BRIDGEMPIN COEFFICIENTS

(P RTM, V LITERS, T KELVIN)
RGRS = IJNIVERSRL GRS CONSTPINT (LITER-RTMzGMDLE+>
Cp = SPECIFICHERT I?TCDNSTF!NT PRESSURE <J/KG-K>
WM13L= MULECULFIR WEIGHT OF CUDLHNT GRS <GA3MIILE)
HELIUM REFS: M.P. WILSON, JR., Gt3-135SS 1%0

H. PETERSEN~ Dt?NISHREC REPT.s RISII-224S 1970
D.P. sHflEMt7KERPINDC.W. EIRRLRND! EXPERIMENTS IN
PHYSICRL CHEMISTRY MCGRFO&tlILLs NY, 1962s P. 57

DFITFIRGRS~ RZERIISB~ BZERU~ CS RGRS /0.059B4~0.0216~0.0~0. 01400P0.
1 004E04~0.08206/
CP=5195.
WMtlL=4.00260

COMPUTE CllNSTPiNTSFUR STRTE SUBROUTINE

BBC1=RGRS+BZERIJ
BBC2=RGRS*C
BBC3=-BBC1*B
BBc4=flzEwl#iGfls
BBc5.BBcl~
BBC6=BBC5*B

c
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c
c

:

:

c

c

c
c
c

10
c
c
c
c
c
c

20

:
c
c
c
c

:
c
c

30
c
~
c

:
~
c
c

c

C13LLSUBROUTINE 10 CRLCULRTE INLET CDULFINTDENSITY

PINRTIl=PINLETzl.013E05
C13LLSTRTE <PINRTM,TINLETsRHUIN)

CnMpuTE INLET pLENuM VRLuEs FOR SELEcTED VffRIRBLEs
SEE SUBROUTINE PROPS FOR REFERENCES

FMIJIN=3.S74E-07*TINLET-O .7
TEMP=TINLET= (0.71+(1.-e.E-090PINLET> )
FKIN=2.682E-03+(1 .-1.123E-OS+P INLET>+TEMP
FKC=l./FKIN

CtlEFFl=6.*ftFRIC/(BFRIC@DKUGEL)
CIIEFF2=6.*BFRIC/DKUGEL
HTtlDK=HEIGHTzDKUGEL
TFILMC=TINLET+O.5

GINLET=FllDtlTz<RRDIUS*RDI IJS*PI>
REYNIN=GINLET*DKUGEL/FMUIN
VCG=<l.-VFNIIM>/VFNllM*3
GiIN=36.@FR IC_tlUIN*<l.-VFNllM>*VCGz(RHOIN+DKUGEL*DKUGEL>
G21N=caEFF2*vcG/RHaIN
CSTRR=CPW31NLETXE IGHT*FKC

FISSUMEPLUG FLUU F(IRSTREfIflFUNCTION INITIFILr3JESS

DO 10 J=2sJNM
IL=IINLE=<J>

IH=IEXIT(J)
DO 10 I=IL,IH
FI<IsJs1)=R(J>+R(J)*O.5

THE INLET COULRNT PRESSURE IS SPECIFIED
INITIPiLGUESS FOR PRESSURE CORRESPONDS TU R ONE-DIMENSIUNFIL
UNIFORM PRESSURE DROP, ftSSUMING THE IIVERRLLCORE DELTFIP IS
l~o p’ERcENToF TH8T cRLcuLRTED usING INLET cuNnITInNs

PERCNT=l.90
CDELP=PERCNT*G INLET*(G11N+G21N*GINLET) 4EIGHT
DO 20 J=IsJN
IL=IMIN(J>
IH=IEXIT(J>
DO 20 I=ILsIH
FI<13J,4)=(PINLET-CDELP*Z(I>)~PINLET
DSUBPC=GINLET*GINLET*G2 IN*HEIGHT/PINLET

fLSSIGNRPPROXIMRTE DISTRIBIJTICINOF PEBBLE THERMRL CONDUCTIVITY
CONSISTENT WITH THE RXIRL GRID SPRCING
PEBBLE THERMRL CONDUCTIVITY IS H FUNCTION OF FRST NEUTRUN
FLUENCE RND TEMPERATURE
THE THERIIRLCONDUCTIVITY OF THE FUELED MRTRIX RND UNFUELED
SHELL RRE fiSSUMED EG!URL
THIS DISTRIBUTION CORRESPONDS TO RN IDEFtLIZEDOTTO FUEL CYCLE
REF: JUL-1114-RG~ 1974s FIG. 2S, P. 63

Dll30 1=1*IN
PCOND(I>=17.+20.5+EXP(-15.37*Z(I)>

FISSIGNC0NST17NTVRLUES OF RftDIflLRND FIXIFiLTURBULENT
PECLET NUMBERS
CIJMPIJTERRTIIIIIFTURBULENT THERMRL DIFFUSIVITY DIVIDED BY
RXIRL VELOCITY
REFS: B. FINLF)YSCINSCHEM. ENG. SCI.s 26s 1971s P. 10S1

H. DERNS RND L. LRPIDUS, 131CHEJ., 6S 1960, P. 636

PECLTR=1O.
EOVR=DKUGEL/PECLTR
PECLTR=2.
EOVf?=DKUGEL/PECLTR
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c
c
1:
c

40
~
1:
c

50
c
~
c

60

70
c
c
c

80

90

c
c
c
c

c
c
c

100

110
c
1:
c

120

SET THE BED ‘\~UIDFRPICTIUN DISTRIBIJTIUN
FUR KFFIDESIGNS THE ENTIRE BED CRN BE fISSIGNED THE NflMINRL
VFILUEOF 0.39

DO 40 J=lsJN
IL=IINLET(J>
IH=IEXIT(J>
DO 40 I=IL,IH
PRIIPTY(IsJs4)=VFNIIM

cFILcuLfITETHE N13N-DIflENSItlNRLSPECIFIC SURFFtCE

CRV=6.*HTIJDK
DO 50 J=lsJN
IL=IINLET(J)
IH=IEXIT<J)
DO 50 I=IL,IH
PRUPTY(ISJS5)=(1. -PRIIPTY(IJJs4))*CFiV

RSSIGN Kld/BRLL IIfITfITo EXTRfIGRID PCIINTS NUT USED BY VSOP

DO 60 J=I,3
IL=IINLET<J>
IH=IE!41T(J> .
DO 60 I=ILsIH
PBSLL(I,.J>=PBRLL(1,4>
ILZSIINLET(JN)
IH=IEXIT(JN)
Da 70 I=IL,IH
PBFILL(I~JN>=PBHLL(IsJNM>

CRLcuLRTE TnTRL pOUER IN wfiTTs~RUm vsup I~puT

G!TIIT=0.
vBFfLL=PI+DKuGEL*DKuGEL+DKu15EL/6.
DO 80 J=4,JNM
IL=IMIN(J)
IH=IIW3X<J)
DO 80 I=ILsIH
Q=PBRLL(Is J)+(l.-PI?IIPTY(IsJs4))/VBi3LL
L!TIIT=QTLIT+Q
Dtl90 J=4,JNM
I=IINLET<J>
Q=O.5*PBRLL<IsJ>+(I. -PROPTY(ISJ s4>>/VBflLL
QTUT=C!TUT+Q
I=IEXIT(J
12=0.5*PBRLL(19.J>+<l.-PRIIPTY(IsJs4>)/VBFILL
C!TUT=QTUT+Q
PVnL=f/OLS+FLURT(INM)
QTIIT=QTCIT+l.E03+IEIGHT+RRD Ius*RfIDIus+pI/pvnL

CRLL ROUTINE To INTERPtlLRTE VSIIPTHERMFIL POWER PROFILE
TO EVENLY SPf3CED RFIDIRLGRID POINTS

CFILL INTERP

SET STRERM FUNCTInN RFIDIfiLBauNDRRy cDNDITInNs

IL=IINLET<l>
IH=IExIT<l)
Dil10I)I=IL~IH
FI(IsIs1>=O.O
IL=IINLET(JN>
IH=IEXIT(’JN>
DO 110 I=IL,IH
R<IsJNs1>=O.S

SET BllUNDt3RYCIINDITIUN UN PRESSURE FITINLET

Dtl 120 J=l,JN
I=IINLET(J:)
R<I,J?4)=1.

L
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c
c

130

140
c
c
c
c

1s0
1:
c
c
c
c
c
c

160
c
c
.

:

c
c
c
c

170

180
c

INITIALIZE MI%SS-FLIJXDISTRIBUTION

DO 130 J=Z~Jri
IL=IINLET(J)
IH=IEXIT(J)
DO 130 I=ILsIH
CRLL MFLUX (I,J)
CDNTINIJE
IL=IINLET(l)
IH=IEXIT(l)
DO 140 I=IL,IH
CRLL NFLIJX (1~1>
~oNTINIJE

CFILCULFITECON.STRNT F!3CTORS DEPENDENT ON INLET CONDITIONS
GEDMETRY RND VOID FRRCTIRN DISTRIRUTIUN

DO 150 J=l,JN
SFRt3CI(J>=l.-PRIIPTY(lsJs4>
IL=IINLET(J~
IH=IEXIT(J)
DO 150 I=IL,IH
SFRRC=l.-PROFTY (IsJJ4)
RfITIO=SFRRC~PROPTY(I~J!4)~3
PRCIPTY(I.J,6>=SFRfiC*CCIEFFl~GINLET
PRIIPTY(IsJs7>=CUEFF2*RRT IU~521N

CONVERT KW/BRLL IIRTRTO W/BRLL RND DIMENSIONLESS VOLUMETRIC
GENERATION RFiTE,QSTHE’
CRLCULRTE INITIRL GIJESSFUR CRULRNT BULK TEMPERATURE
BRSED ON ENTHFILPY RISE
TEMPllRRRILY SET TSURFRCE=TGfIS

DELTZ=HEIGHT/FLllRT(INM)
ECpI=l./(GINLET*cp>
P1=HEIGHT+HE IGHTd=KC
DO 160 J=l,JN
TFM=l .
IL=IINLET(J>
IH=IEXIT<J)
Dll 160 I=IL,IH
PBRLL(I,J)=l.EW3+BRLL (IsJ>
QTrEpJ)fILL(I,J) ● (l. -PROPTY(I~J, 4)>/(j~BRLL*TINLET>
vaLcaR=l.o
IF ((l.EG!.IL).CIR.(1.EG!.IH>)VtlLCtlR=O.5
R(I!J~2> =F!T*V0LCUR+DELTZ+GCPI+TFM
TFM=R(ItJ~2)
Ft(IsJp3>=R(I~Jsi2)
PRllPTY(I,J~9)=QT+P1

INITIALIZE BED 13NDCIXILRNT PROPERTIES (INCLUDING THE CONVECTIVE
HERT TRRNSFER COEFFICIENT FOR THE NEXT STEP)

CRLL PROPS

CRLCULRTE INITIRL GUESS FUR RVERRGE PEBBLE SURFRCE TEIIPERFITURE
RSSUME 100 PERCENT OF THE HERT TRRNSFER IS BY CONVECTION

PERCNT=l.O
Da 170 J=l,JNM
IL=IINLET(J)
IH=IEXIT<J>
Da 170 I=ILsIH
TDRllP=PRllPTY(I,J,9)/(PRIJPTY(IsJ,S)+PRaPTY (I,Js5>)
fi(IsJ~3>=PERCNT*TDR0P+R (I~Js2)
IL=IINLET(JN)
IH=IEXIT(JN)
DO 1S0 I=ILsIH
R(I$JN$3>=Ft<19JNrl,3>

RETURN
END
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c
c
c
c
c
c
c
c
c
c
c
c

c

:
c
c

:

c
c
c

c

c
c
c

SOLVES THE BERTTIE-BRIDGEMfIN EQUftTItlNIIFSTRTE
USING NEWTONS METHOD

i
c
c

c
c

c
REF: FIPPLIEDNUflERIC13LMETHUDSS c

c B. CRRNF!H13NSH.R. LUTHER ftNDJ.Cl.WILKES~ c
JOHN WILEY FiNDSUNS~ NYv 1964? P. 173 c

: c
c~****~e-eM~~ ~+**~m*++ ~*~c

COMMON /GRS/ FIZERD~RGFLSSbNlOL~BBC1, BI?C2,BBC3, BBC4, BBC5, BBC6

TSQ=T+T
BETR=BBcl*T-RzERn-BBc2/TsQ
GFlMrlR=BBc3*T+BBc4-BBc5~TsG!
DELTfl=BBc6/TsQ

USE IDEt3LGt%SLRW FDR FIRST GUESS

V=RGns+T/p

BEGIN NEIdTllNSMETHUD ITERfiTIUNUN V

DO 10 1=1~20
DELTtlV=<(((<-P*V+RGRS*T>*V+I?ETR>*V+GRMMFD*V+DELTR)*V> /(((RGRS+T+V+
1 2.+BETR)+V+3.+GfIMMfi>W+4.+DELTR)
vav+DELTRv
IF <RBS<DELTRVN> .GT.1.E-06) GD TKl10
GO TO 20

10 CONTINUE

RECOVER DENSITY FROM MllLFiRVOLUME

20 RHU=hWlOL/V

RETURN
END
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c
c
c
c
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c
c

:
c
c

c

c

c

c

10

20

30

40

SUBROUTINE INTERP

c*~~+***-**~w~**w+**~ **

:
c

INTERPClLt3TESPtlWERPER BRLL DftTRFROM VStlPEQuRL-VCILUME c
c RRDIRL GRID POINTS TO EG!URLLYSPRCED RRDIRL GRID PaINTS
c USING NEWTONS DIVIDED-DIFFERENCE INTERPULRTING PULYNUIIIRL :
c c

REF: RPPLIED NUMERICFIL METHODS> c
: B. CRRNRHRNS H.R. LUTHER FtNDJ.O.WILKES, c

JOHN WILEY RND SONS, NY, 1964, PP. 17-26 c
: c
c*~--~M~**~e*~ -*-- ~+++++-c

CIIMM13N/FPaWERz PBRLL<25?22>

COMMON /GEall/ IN, INM, JN~ JNMy 2(25>s R(22), IINLET<22>, ININ<22)
1 s IMRX(22)) I&YIT<22)s PI? VaLS~ RVSOP<22), NDEG

DIMENSION P<22>, TRBLE<22,22>

N=2
DO 30 I=l,IN
DO 10 J=IsJN
P(J>=PBt3LL<I,J>
CRLL DTRBLE (RVS0P,P,T13BLE,JN,M,TRUBL,22>
IF (TRUBL.EQ.O.) GilTa 20
PRINT 40
RETURN
Da 30 J=l,JN
R13RG=R(J>
PBRLL(I,J)=FNEWT (RVStlPpP,Tl?BLE,JN,M,NDEG,RRRG, TRUBL,22>
RETURN

FaRllFtT(/,SX~*t?RGUMENTERROR IN INTERP C13LLTO DTRBLE OR FNEUT+>
END
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SUBROUTINE DTfiBLE (XSY,T13BLESN~MSTRUBLSK>
c
~ c~~m~~--~~wo,m—~
c c c
c c SUBROUTINE REQUIRED BY SUBROUTINE INTERP c
c c c
c c~~~~~~
c

DIMENSION X(N>, Y(N>j TRBLE(K,K>
c

If (M.L7.N> m m 10
TRUBL=l.O
RETURN

10 NIII=N-1
DO i20I=ltNlll

20 TRBLE<I, l>=(Y(I+l>-Y<I)>z<X<I+l>-X(I)>
IF (11.LE.1>HI TO 40
Da 30 J=29R
Da 30 1=.JsNM1
ISUB=I+l-J

30 T13BLE(IsJ)=(TF!BLE(IsJ-1>-TRBLE(I-lsJ-l>)z(X<I+!)-X<ISUB>)
40 TRUBL=O.

RETURN
END
FUNCTIaN FNEIJT <XSY,TRBLE,NSN,NDEGSXRRG~TRUBLSK>

c
c c~~ •*~m*-m++~

: :
c

FUNCTION REQUIRED BY SUBROUTINE INTERP
c c
c

:
c~w~~

c
~-~~~

DIMENSIafl X<N>? Y(N)? TFtBLE(K,K>
c

IF <NDEG.LE.M) Ga Ta 10
TRUBL=l.O
FNEMT-O.
RETURN

10 Da 20 I=l,N
IF (1.EQ.l’i.tIR.XRRG.LE.X<I>>GtiTa 30

20 CCINTINUE
30 MFtx=I+NDEGz2

IF (M8X.LE.NDEG> MRX=NDEG+l
IF @lt3X.GT.N>MRX=N
YEST=TRBLE<MRX-1 sNDEG>
IF (NDEG.LE.1> Ea TU 50
NDEGM1=NDEG-1
DU 40 K=l,NDEGMi
ISUB1=MRX-1
ISUB2-NDEG-1

40 YEST=YEST+<XRRG-X(ISUB!>>+TI?BLE(ISUB1-1, ISUB2>
SO lSUBl=MFtX-NDEG

TRUBL=O.
FNEWT=YEST*(XflRi5eX(ISUB1>>+Y(ISUB1>
RETURN
END
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SUBROUTINE PRIIPS

C*~-+**-*~ *+******+**-*****-*~-w~* ~w
c c
c COMPUTES PROPERTIES ❑F CIIULRNT RND RRNDOM PRCKED SPHERE BED C
c c
cm~w+**;e+**wo*e**w**+~+meN ~~~e~

COMMON /REfICTR/ HEIGHT? RRDIUS, DKUGEL~ FMDOTS C!TCITSTINLET?
1 PINLET, GINLET, REYNIN, RRL, RSQ, FIFRICSBFRIC, VFNOM

COMMON ~PRUPz PRtlPTY<25,22,12>, POUNDS CPS CSTRR, DSUBPC) ECIVR
1 ~ EUVFt,FKCS SIGMFi4, TFILflCJ BETFIK, GRMMRKs HENTC

KNIMUN zGEllM/ IN, INM, JN, JNM, 2(25)s R(22>, IINLET(22), IMIN&!2>
1 , IMFO((22>, IEXIT(22), PI, VCILS,RVSDP<22), NDEG

COMMON zRNStdERz PI(25s22,1O>

PRRTS IIFTHIS ROUTINE fIREONLY VF)LIDFIIRHELIUM CUDLRNT
CtlRRELf!TIIINSUSED IN THIS ROUTINE FIREFOR HIGH REYNOLDS
NUMBER FLOWS

DU 20 J=l,JN
IL=IINLET(J>
IH=IExIT(J>
DO 20 I=ILpIH

RVCIIDPROPERTY UPDFITE FOR UNRERSUNRBLE
DEPENDENT VRRIRBLES

VRLUES DF THE

IF (R<I,J,4>.GT. O.95> GO TO 10
PRINT 30s R(IFJs4>JI~J
GU TO 20
IF <<R(IsJs2>.LT.l.) .UR. (R(I,J,3).LT.1.)> GO TO 20
P=R(19J94)+pINLET
PRTM=P~l.o13Eo’s
TFILM=(R(IJJS2>+R<I,J,3))+TFILMC
TBULK=R(ISJS 2>+TINLET
T~qq(I,J,3>*TIfqLET

SOLVE BERTTIE-BRIDGEMFIN EQURTIUN IIFSTFITEFOR DENSITY

CRLL STflTE (PRTM,TFILM,PRIIPTY(I,J,l>>

COMPUTE CIIOLRNT (HELIUPl>DYNRMIC VISCOSITY RND MULECULRR
THERMF)L CONDUCTIVITY
REF: H. PETERSEN, DRNISH REC REPT. RISII-224, 1970

FMU=3.674E-07+TFILM++0. 7
TEMp=TFILM~ <0.71-1.42K-09+P>
FK=2.682E-03* (1.+1.123E-08@> ●TEMP

CCIMPUTE EFFECTIVE THERflflLCIINDUCTIVITY OF THE SOLID PHi%SE

CRLL SULIDK <I,J,TS,FK,SKE>
PRtlPTY<IsJ~lO>=SKE+FKC

COMPUTE FRICTION PRRRMETERS

PRUPTY(ISJJ2> =PRUPTY(I,J, 6)*MU
PROPTY(ISJJ3>=PRRPTY <I>J,7)zPRUPTY<ISJS 1>
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c COMPIJTEEFFECTIVE THEF?MRLCONDUCTIVITY OF THE FLUID PHRSE
c REFS: E. SINGER RND R. WILHELIIS CHEM. ENG. PRIIG.s 46s
c 1950? P. 343
c B. FINLftYSCINsCHEM. ENG. SCI.S 26, 1971, +. !0S1
c

VUIDKF=PROPTY (IsJs4>-K
RHOCP=PROPTY <I,J,1>4P
vCON=GINLET/PRUPTY (I~Jsl>
FIVEI-=ft<1?JZ9>~cori
ETURBR=EOVR*EL
ETURBR=EOVR-IWEL
PRllPTY<I~Jsll>=<VUIDKF+RHaCP*ETURRP> *KC
PROPTY<ISJS12) =<VaIDKF+RHOCP~TURBft> +FKC

E C~MPUTE THE CONVECTIVE HERT TRRNSFER COEFFICIENT
c REF: H. BFIRTHELS, BRENNSTUFF-kIRRME-KRt3FT,24, 1972
c

REYN=I?<IsJs5>oGINLET+DKUGEL/FPIU
REYNM-REYNzPPIIPTY(I,Js4>
CCIEFF=(l.-PROPTY(I?J?4)>ZPRCJPTY(I,J>4>
H=(2. O+<CaEFF+REYNM) eO.5+0.005+REYNM> ●FK/DKUGEL
IF (1.EQ.1> H=HENTC*

20 PRtlPTY(IsJsS>=H+HEIGitT-KC
RETURN

c
30 FRRM9T (zs2XsqNRERSONRBLE PRESSURE CRLCUL13TEDS Ft<IrJ?4> = *sF6.4s

1 SXS*I = +s12?5X~*J = +~12>
END



SUBROUTINE SOLIDK (I~J,TS,FK~SKE)
c
c
c

c
c
c
c

c

c
c
c
c
c
c

c

c
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camma~ /RERCTR/ HEIGHT, RftDIus~ DKUGELf FmDaT, OTaT~ TINLET>
I PINLET, GINLET, REYNIN~ FIRLsRSL2~itFRIC,BFRIC, VFNnM

CUMMON /PROP/ PRllPTY(25,22rL2>~ PC0ND<25)~ CPS CSTRR? DSUBPCS EOVR
1 > EOVRS FKCS SIGMR4~ TFILIIC>BETfiK,GfiMMRKs HENTC

caMplJTEpEBBLE THERMRL EMISSIVITY
SSSUMES GRFiPHITE EMISSIVITY CHRNGE IS LINERR [dITHTEMPERRTIJRE
REF~ WELTY, J.R.s ENGINEERING HERT TRRNSFER

JOHN WILEY RND SONS~ N.Y., 1974

EMISS=Q.41+L. 176E-04*<TS-311.)

TCUBE=TS*TS*TS
RFtTID=DKUf5EL~FK
PflRTl=sIGrlf14*TcuBE
P13RT2=PROPTY(ISJ~4)/(2.*(1.-PR0PTY(I~J~4))>
HRV=PRRT1/(1 .+PRRT2+((1.-Ef’lISS>~EI’tISS))
HRS=PRRTI=ISSz (2.-EMIss>
RRTIOK=FK~PCUND <1>

USE CURVE FIT IIFPHII RND PH12 DRTR

PHI1=O.2770*RRTIOK*0. 2426
PH12=0. 1293~RTIilK-O. 32?2
PHI-PH12+(PHIl-PH12> +(PRllPTY(I~J,4>-O.26>.'O.2l6
IF <PRllPTY(I~J,4).LE.O.26) PHI=PH12
IF (PRIIPTY(I,J,4>.GE.O.476) PHI=PHI1

PRRTK1=PROPTY (I,J,4>*(1.+BET13KWRV*RRT 10>
PRRTK2=l.~PHI+RRT ID*HRS
PRRTK3=BETfiK+<l;-PRllPTY(IrJ,4>>~<~./PRRTK2+GftMMRK+RRTIOK>
SKE=FK+<PRRTK I+PRRTK3>
RETURN
END

I

I



1 2 1

SUBROUTINEMFLUX (IsJ>

c-~+~~ w+++++e+++++++~ •*-+*-+*u**m~ c
c c
c CDMpUTEsSTRE8M FIJP+cTIDN~ERII#rTIvEs ~ND REcuvERs c
c THE Mi!SSFLUX, GSTRR, !3NDITS CIIMP13NENTS c
C RLS12FtPPLIESTHE NO-SLIP CONDITIONRT IMPERVIOUSBUUNDRRIES C
c c
c++~ •-~*w*++*e*++**+-++ ~+++***w-w*~ ●C

CIIMMIIN/REFtCTR/HEIGHT, RFtDIUS,DlOJGEL~FMDOT, G!TUT,TINLET,
1 PINLET, GINLET, REYNIN, fiRL,ftSQ~RFRIC, BFRIC, VFNIIM

CUMMCIN/GEllM/IN. INM, JN, JNM, Z<25>, R(22>, IINLET<22),IMIN<22>
1 , IIIRX(2.?>,IEXIT(22),PI, VOLS, R’WXIP<22>,NDEG

COMMON /BDY/ DELZIN(22),DELZ0(22>,SFRFICI(22>,RXIS, RXISM

COMMON /f!NSWER/R(25,22s1O>

IF NIIN-RECTRNGULRRBCIUNDFtRIESRRE USED, EXPRESSIONS
E’WLURTINGDERIVATIVESRT THE BIIUNDRRIESMRY NEED TU
EE MODIFIED

INFRCE=IINLET(J)
IOIJT=IEXIT(J)

IF <l.EG!.INFRCE.UR.I.EQ.ICIUT.OR.J.EG!.l.OR.J.EQ.JN> CXITO 10
Ft(I,J~3)=DBYDZ(IsJs1)
FI(I,J!7>=DBYDR<I$J,1>
Go TD so

10 IF <1.NE:INFRCE)GU Til20
R<I,J,8>=<R(I+l,J~l>-R(I~Jsl>>/DELZIN<J>
IF (J.EQ.1)GilTO 50
IF <J.EQ.JN>GD TO 60
il(19J97)=DBYDR(I?J?1>
GaTaeo

20

30

4n
50

60

70

80

90
100

IF (1.NE.IIIUT)GO TCI30
Fi<IsJ38>=<R<13Jsl>-R<I-19Jsl>)~DELZO<J)
IF (J.EC).1>GU TO 50
IF (J.EC!.JN>GD TCI60
R(19JS7>=DBYDR<13J91>
GU TO 80
IF (J.NE.JN)GO TU 40
GaTa~f)
RC19J,8>=0.O
R(I,J,7>=(R(I,2,1)-R(IsiJl>>/R<2>
GU TO 70

TRERTMENTOF GST9R RLONG THE IMPERVIOUSRRDIRL bJfILL
RPPLY THE NO-SLIP CCINLIITIDNRT RLL IMPERVIUIJSBalJNDnRIEs,
I.E. GZSTFIR=GRSTRR=GSTRR=O

R(IsJ!7)=0.O
R(19J!8>=0.O
R(IsJ~9)=0.O
R(IsJJ1O)=O.O
R<I,J95>=0.O
GOTO 100

TRERTMENTOF GZSTRR RLtJNGTHE RXI.SIIFSYMMETRY

R(IJJs1O)=O.O
R(I,199>=F!XIS+R<I,2,?>-RXISM+R(I,399>
Go Ta 90

—



c
FUNCTIUN DBYDR (IsJsK>

c
c
c
c
c
c
c

c

c

c
c
c
c
c
c
c
c

c

c

c c
c COMPUTES 1ST RRDII?L DERIVATIVE 13T INTERIOR POINTS c
c OF VRRIFtBLE K IIFTHE RRRRY 13(I,J~K> c
c c
co*~~*~~*~---*~~- ~w

caMMaN /DERIV/ H1(25>s H1D(25>7 H2(22)s H2D(22)

COMMIJN/RNSWER/ I3(25s22s1O)

DBYDR=((R<IsJ+!,K)-R<I~JsK>>*2(J>+<R(I) J,K>-ft(I,J-l,K>)~H2(J>>
1 ●H2D(J>
RETURN
END
FIJNCTIaN DBYDZ <IsJ,K>

c c
c COMPUTES ~ST RXIRL DERIVATIVE FtT INTERIOR POINTS c
c OF VFIRIRBLE K OF THE RRRRY R(IsJsK> c
c c

cammaN /DERIV/ H1c25>7 H1D<25), H2c22)V H2Dc22)

cammaN ~RNSUER/ R(25,2291O>

DBYDZ=(<R(I+ISJSK>*<ISJSK>)*l (I)+(R<I,JsK>-R(I-lsJsK)>/Hl (I>>
1 ●HID(I>
RETURN
END

I
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c
c
c
c
c
c

:

:
c
c
c
c

c

c

c

c

c

E

c
c
c

c
c
c

1;

SUBRIIUTINEPDE

c~ -++*Mwe~*** ~-***+*m***e*4++**-e- ~c
c
. c

CONTROL ROUTINE -
:

ECIJFiTIIYNSOLVER FOR c
ELLIPTIC PFIRTIFiLDIFFERENTIAL EWJFITIONS IN STRNDRRD FORM C

c c
REF: HERT WiD MRSS TRFINSFER IN RECIRCULATING FLDWS~

:
c

R.D. GOSMRNS M.M. PUNS R.K. RUNCHRLS ~
D.B. SPRLDING RND M. MOLFSHTEIN,

:
c

RCftDEMIC PRESS) LIINDUN, 196?
c

c
(MODIFIED HEREIN)

c
c

c
c

~++~ *~-~~~.+N~ *C

COMMON /PRUP/ PRClPTY<25,~S12>Z PCOND<25>, CP, CSTRR, DSUBPC, EOVR
1 s EOVRp FKC, SIGMR4S TFILMC, BETRKs GRMMRK, HENTC

COMMON /GEOM/ IN, INN, JN, JNM, Z<25>, R(22>, IINLET(22>, IIIIN(22)
1 , IMRx(22), IEXIT(22), PI, VULS, RVSOP(22), NDEG

COMMON /NUtlER~RP<4>, QSDU(4), L0CI<4), LOCJ(4>, REDUCE, IOVER

COMMON /EQN/ RE~ M, RN, RS, RSUM, BE(25), BIJ<25>, DN(22>, BS(22)S
1 BBEs BBW, BBNs BBSS NSWPIS NSWP2, NSWP3~ NSWP4, IUPldND

cammaN /RNskIER/FI(25$22,10)

STREFtMFUNCTION SUECYCLE

RE=nw~N=Rs=Rsum=o.
DO 20 N=l,NSWP1
RSDU(l)=O.
DO 10 J=2sJNM
IL=IMIN<J>
IH=IM13X(J)
DO 10 I=IL,IH
rfq=~-1
IP=I+l
JM=J-1
JP=J+l
CRLL MFIJJX (I,J>
CRLL MFLUX (IP,J)
CFILLMFLUX (IM,J)
CRLL MFLUX (I,JP>
CRLL MFLUX (I~JM)
R<I~J~6)=<R(I,J~5)+PR0PTY (I~J,2))*RllPTY(I~J,3>
Fl<IP~J~6)=<fI(IP~J~5)+PR0PTY(IP,J~2))@R0PTY(IP~J~3>
R<IM~J~6>=(R(IM~J~5)+PR0PTY (IM~J,2)>+PR0PTY(IM~J,3>
R<I>JP~6)=<R(I~JP,5>+PR0PTY<I ,JP,2>>+PR0PTY(I~JP~3)
IF (J.EGI.JNM)R(I~JP~6>=R<I~J~6)
fI(IsJM~6>=(R(I,JMs5)+PRtlPTY<I~JM~2)>+PR0PTY<I,JM~3)
BPP=R<I,J,6>
BBE=(i3(IP,Js6)+BPP)+BE(I>
BBW=(R<IM?JS6)+BPP>*BW(I)
BBN=(R(IsJP, 6>+BPP>*BN(J)
BBS=(R<ISJM s6>+BPP>*BS(J)

CRLL EG!URTION SOLVER ROUTINE

10 C13LLSOLVE (IsJ,l>

ITERRTE ON BOUNI)RRY CONDITIONS

CRLL IHIUND1

20 CONTINUE
L
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~
c

:
c

c
30

c

c
40

:
c

c
50

c

c
60

c
c
c

c
70

c

c
80

c
c
c
c

c

FLUID BULK TEMPERATURE .SUBCYCLE

DO 40 N=1,NSWP2
RSDU(2)=0.
Da 30 J=2,JNM
IL=IMIN(J>
IH=IMfIx(-1)
DO 30 I=IL,IH
BPR=PRIIPTY(I,J,ll)
BPR=PRIJPTY(I,.J,12)
BBE=<PROPTY< I+l,J,12>+BPti)●BE<I>
BBW=(PROPTY (1-1,Js12>+BPR>*BU<I)
BBN=<PROPTY(I sJ+l,ll>+BPR)●BN(J)
BBS=<PRUPTY( I,J-l,ll)+BPR>*BS(J)

cPILLROIJTINETa cBLcuLRTE fiE,RIJ,RN, as ffNDfisuM

CRLL RDVEC <I,J,CSTRR>

CRLL SOLVE <IsJs2)

CFILLB0UND2

CONTINUE

RVERRGE PEBBLE SURFFICE TEMPERATURE SUBCYCLE

RE=RW=fiN=RS=RSUM=Oo
D(I60 N=lsNStdP3
RSDU(3>=0.
DO !S0J=2,JNM
IL=IIIIN<J)
IH=IM8x(J>
DO 50 I=ILsIH
BPP=PROPTY<I ,J,1O>
BBE=(PRIJPTY(I+1sJs1O>+BPP>+BE<I>
BBw=(pROPTY(I-1sJs1O>+BPP>+BW <1>
BBN=<PRUPTY( I,J+1,1O)+BPP> +BN(J)
BBS=<PROPTY <IsJ-1s1O>+BPP>+BS(J)

CFILLSOLVE (IsJs3>

CFILLB13UND3

CONTINIJE

PRESSURE RECOVERY SUBCYCLE

RE=fIU=RN=Rs=fIsuM=o.
DO 80 N=l~NSWP4
RSDU<4>=0.
Da 70 J=2sJNrl
ILIcIMIN<J>
IH=IMFIX(J>
DO 70 I=ILsIH
BBE=2.+BE(I)
BBW=2.*BU<l>
BBN=2.*BN<J>
BBS=2.+BS(J>

CFILLSOLVE <IsJs4)

CRLL BllUND4

CONTINUE

UPDRTE PROPERTIES BRSED ❑N NEW Vt3LlJES OF THE DEPENDENT
VRRIRBLES

CRLL PROPS

RETURN
END
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E
c
c
.

k
c
c

c

c

c
c
c

c

c
c
c

c
c
c

c
c
c
c

c
c
c

c
c
c

c
c
c

c

NJBRtlUTINE SOLVE <IsJsK>

c~+w+m~w~ w+~~ •**M++*m4’++*~w*~ c
c c
c CUIIPIJTESNEW VRLUE OF VRRIFIBLE F)<IsJsK> c
c THROUGH RPPLICFITION OF GENERFiL SUBSTITUTION FORMULFI c
c c
c*w**M~*M~~~~*~~**~ c

COMMON /NUMER/ RP<4), RSDU(4>, LUCI<4>, LUCJ(4>, REDUCES ICIVER

CDMMUN /EQN/ i3E,RW, RN, FiS~FISUMSBE(25>s BW<25), BN<22)~ BS<i?2>s
1 BBEs BBU, BBN, BBS, NSWPIS NSJP2, NSWP3p NSWP4, IUPWND

CtltlMON/RNSWER/ FI(25,22s1O)

CRLCULIITE THE VRLUE OF D-SUBPHI

CftLLDTERM <IsJsK,DPHI)

RNIJII=<RE+BBE>+R<I+lsJ,K>+(RW+BBW)+R(I-l~JsK)+(RN+BBN)~(IsJ+lsK>+
1 <RS+BBS>+R(I,J-l,K>-DPHI
RDNM=RSUM+BBE+BBW+BBN+BBS

10

20

30

40

IF (RDNM.EQ.O.> S0 TO 30

STORE THE OLD VRLUE OF THE DEPENDENT VRRIRBLE K

DLD=R<IsJsK>

CRLCULRTE THE NEW VRLUE

RNEU=FINUFVRDNM
IF (<K.EQ.l>.DR. (K.EGI.4>>GO TO 10

OVERRIDE NtlRMRLSUBSTITUTION FUR TEMPERATURES IF STRBILITY
COULD BE R PROBLEM

IF (RNEW.GT.I.0> GO TO 10
R<IsJ~K>=REDUCE+llLD
IF (IOVER.EQ.1> PRINT 40s IsJ,K,tlLD,RNEiJ,R(I~J,K>
GO TO 20

UNDER OR OVER RELRX IF SPECIFIED

R<IsJ,K>=ULD+RP <K>+(RNEW-ULD>

CRLCULRTE THE RESIDUFIL

Rsxl.~LD/RNEu

STORE THE MRXIllUfIRESIDURL RND ITS LUCRTIUN

IF <ftBS<RS).LE.ftBS<RSDU<K>>) GO To 30
RSDU<K>=RS
LflCI(K>=I
LOCJ<K)=J
CCINTINIJE
RETURN

FURMRT </,2X,+N13RMRLSUBSTITUTION OVERRIDDEN FUR STRBILITY+s0s3Xs+
11 = +,12,+s J = +,12~+s K = +911?+s IJLD= +,F6.3s+s NEW =.+sF7.3s+
2S R(IsJsK) = ●sF6.3)
END
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c
c
c
c

:
c

c

c

c

c
c
c
c
c
c
c

E
c

c

c
c
c

10

SUBROUTINE FIDVEC <IsJ,RPP>

c++~*~e*-*-+~-m~ ~~
c c
c COMPUTES flDVECTION TERMS OF GENERfiL SUBSTITUTION FURIIULR C
c c
c~+emm~~e+rn~~~ ~-~

COMMON /GEOM~ INs INM, JNs JNIIs2<25)s R(22>s IINLET(22>J IIIIN<22>
1 , IMRX(22>, IEXIT(22>, PI, VOLS, RVS0P(22>, NDEG

COMMON /EQN/ REs RMs RN, fKS~RSUMS BE(25)s BW<25>, BN<22)J BS(22>,S
1 BEE, BBU, BEN, BBS, NSWPIS NSWP2, NSWP3, NSWP4S IUPUND

COMMON /FtNSWER~ R(25s22~10)

DV=R<J>+<Z<I+l)-Z(I-1>> ●(R(J+l>-R(J-1>)
GZPW=(FI(IJJ+lS1)-R(ISJ-lS l)+t3CI-lCJ+lsl>-R<I-l~J-ls 1>)/DV
GZPE=<Fl<I~J+l~l)-R<ItJ-1~ l>+FICI+l,J+l,l>-FI<I+l?J-lSl)>~DV
GRPS=(R(I-lsJs l>-ft(I+l,J,l>+H<I-ltJ-ls l>_R<I+lsJ-ls l>>~DV
GRPN=@I(I-l,J~ l>*(I+l,J, l)+R<I-lsJ+ls 1>-9(I+lsJ+ls l>)~DV

COMPUTE PIE,Pi(d,RN, RND RS

USER HRS OPTION IIFUSING UPWIND OR CENTRRL DIFFERENCES
CENTR13L DIFFERENCES RRE MORE RCCURRTES BUT UPWIND
DIFFERENCES M13YBE REQUIRED To ENSURE CONVERGENCE

IF <IUPWND.NE.1> GO TO 10

UPWIND DIFFERENCES

RE=o.5+RPP+<RBS (GZPE>-6ZPE)
fIW=O.5+flPP+<FIBS(GZPM>+GZPM>
RN=o.S*RPP+(RBS <GRPN>-GRPN)
FIS=O.5+RPP+<FIBS(GRPS>+GRPS>
RSUM=RE+RW+FIN+RS
RETURN

CONTINUE

CENTRt3L DIFFERENCES

RE=-005*app+GzpE
law=o.5@iPP6zPlAl
RN=-O.5+RF’P*6RPN
RS=O.5tiPP*6RPS
RSUM=-(fiE+RU+RN+fIS>
RETURN
END



127

:
c
c
c
c
c

c

c

c

c
c
c

c
c
c

c
c
c

c
c
c

c
c
c

SUBROUTINE DTERrl (I,JsK,DPHI>

@ ~~*~~*~
c ;.

COMPUTES D-SUBPHI TERM OF STRNDFIRD ELLIPTIC FURR c
E c
&~~*+~*~ •-*~

COMflON~RERCTR~ HEIGHTs RRDIUSS DKUGELS FMDOT, QTOT~ TINLETs
1 PINLETs GINLETs REYNIN, FIRL,flSG!SRFRICS BFRIC, VFNUI’1

COMMON /PROP~ PR0PTY(2S~22,12>~ POUNDS CP, CSTRRS DSUBPCS EUVR
1 s EUV% FKCS SIGMR4S TFILMCS BETRK, GftMMfiK,HENTC

COMMON 6EUM~ IN? INMs JNs JNM, 2(2S>, R(22>, IINLET(22>, IIlIN(2~
1 , IMf)X(22)>IEXIT(22>S PI~ VOLS, RVSOP<22>, NDEG

10

20

30

40

COMMON /RNSWER~ R(25s22,1O)

SELECT THE TERM CllRRESP0NDIN6 TO VRRIRBLE K

r= Ta <lo,20,30,40), K

STRERM FUNCTION SUBCYCLE

DPHI=2.W<IsJ,6)~(I,J,7) /(RSQ+<J>>
RETURN

FLUID BULK-TEMPERATURE SUBCYCLE

DELTR-R<I,Js3)-R(I,J,2)
DPHI=-PROPTY <I,J,~*PRllPTY <I,JT8>*DELTR
RETURN

PEBBLE RVERRGE SURFRCE TEMPERATURE SUBCYCLE

DELTR=R(IsJs3>-R(IsJs2>
DPltI-PROPTY<I~JsS>@RCIPTY <IsJs8>*DELTR-PRUPTY (IsJs9>
RETURN

PRESSURE RECOVERY SUBCYCLE

DBDZ=DBYDZ<I ,J,6>
DBDR=DBYDR(I vJ,6>
R(I,J,8>=DBYDZ(I,J,1>
R<I>J97>=DBYDR(ISJS1>
DPH1=-<R(IsJ,7> +DBDZ-R(I,J, 8>+DBDR>*DSUBPC/R (J>
RETURN
Em
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c
c
c
c
c
c
c.

:

c

c

c

c
~
c

;
c
c
~
c
c
c
c
c
c
c
c
c

E
c
~
c

:
c

10

20

30

c

SUBROUTINE BOUND

c-*-* +4**ti+**-***-* -*--**+~~ *+*+***~++* ~++e+++c
c c
c ITERRTES BDIJNDRRYCONDITIONS WHICH INCLUDE THE NORMFIL c
c DERIVATIVE OF THE DEPENDENT VRRIRBLE c
c RND THOSE MHICH REQUIRE UPDFITED VRLUES OF OTHER VFtRIFtBLES C
c c
cm++~ *+-+*+++****M~~*++~~~ +++++~-~+++c

cQMMnN /PRnp/ PRDPTY(25922,1Z>9 PCOND(.23>9 CPP CSTRPS DSUBPCY EOVR
1 s EOVR, FKC, SIGMR4, TFILMC, BETRK, GRMMRK, HENTC

COMMON /GEUM/ IN, INN, JN, JNM, 2(25>, R<22>, IINLET<22)s IM1N(22>
1 s IMFIX<22>, IEXIT(22>S PI, VULS, RVSDP(22>S NDEG

COMMON /BDY~ DELZIN<22), DELZCJ(22), SFRRCI<22>S RXIS, RXISM.

CIIMMCIN/RNSWER/ R(25v22,1CI)

SET UP FUR CUNSTFINTZ INLET FRCE RT Z=O
RND CONSTRNT Z OIJTLETFFICERT 2=1

C13NDITIDNS C13RRESPDND TO SYMMETRY RT R=O RND R=l
THE RRDIRL REFLECTOR IS RSSUflED IMPERVIOUS F!NDRDIfiBFITIC

IT IS RSSUMED THRT THERE IS R CDNSTRNT PRESSURE IN THE INLET
PLENUM WHICH LERDS’TO GRSTRR(INLET)=O WHICH MF!KESTHE RXIRL
DERIVITIVE OF PSI ZERO
IT IS RSSUMED THRT FLtlMRT THE OUTLET IS PURELY RXIRLS RND
THRT PRESSURE RT THE OUTLET FRCE CORRESPONDS TtlR
ONE-DIMENSIIINRL RXIRL DROP FROM THE LRST INTERNRL GRID
POINT RND HRS R CUNSTRNT VRLUE RCRtlSSTHE OUTLET FRCE

TEMPERATURE CONDITIONS RT THE INLET fiREDERIVED FROM
flNE-DIMENSIONAL THERMRL ENERGY BRLRNCES
TENPERRTIJRE CONDITIONS RT THE OIJTLETREQUIRE THRT THE
2ND RXIRL DERIVATIVES OF THE TEMPERATURES EGNJFILZERO

STRERM FUNCTION 9T INLET RND OUTLET

ENTRY BOIJND1
DO 10 J=2sJNM
R(1,J,1>=R(2,J,1>
R(INsJs 1)=R<INM,J,l>
C17LLMFLUX (1,1>
CRLL MFLUX (l,JN>
CRLL MFLUX (INs1>
CRLL MFLUX (IN,JN>
R(l~l~6)=(f?(l~l~5)+PRllPTY(l~l~2))+PRllPTY<l~l~3>
R(19JN96>=FI(1?JNM,6>
R<IN,1s6)=(R (IN,1s5)+PRUPTY (IN,1,2>>*PROPTY(IN?1? 3>
R(IN!JN,6>=R(IN?JNMS6>
RETURN

FLUID BULK TEMPERATURE RT R=OS R=ls INLET RND OUTLET

ENTRY BOUND2
Da 20 J=2JJNM
DTFDZ=(R(2S J?2)-R(1?J$2> >~DELZIN(J)
TIl=PRllPTY<l~J~8>*SFRftCI(J)*<FI<1,J,3)-1.)
T12=l./(R(l9J9s;~*csTRR)
R(l~J~2)=T12*<TIl+PRllPTY(17JJ12>*DTFDZ>+1.
R(IN?J,2>=DELZ0<J>*DBYDZ<INM~J,2>+R(INfl, J92)
DO 30 I=lrIN
H(191?2>=R(192!2)
R<13JN$2>=R(I>JNMS2)
RETURN
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!

c
c

c
c
c

60

70

c

PEBBLE 13\~ERRGESURFFtCE TEMPERATURE RT R=O, R=ls INLET FINDflUTLET

ENTRY BClUND3
Da 40 J=&!sJNM
DTSD2=(fIc2,JS3)-R~l,J,3>)zDELZIN<J)
TI1=PROPTY(l ,Js9)*SFRRCI (J>zPROPTY<l ,J,5)
ft<l~J,3)=(PRaPTY<l,J, 10>+DTSDZ+T’11)/(PRaPTY(l,J,8)*SFR13CI(J)>+l.
R(IN~J,3)=DELZ0(J>*DBYDZ(INM,J,3) +Fi<INNsJ,3>
DO SO I=lsIN
R<I~!s3)=if(IJi2s3)
R<19JNs3>=ft(19JNr??3>
RETIJRN

PRESSURE RT aUTLET> R=O RND R-1

ENTRY BL7uND4
JB=JNM-1”
I?(IN*JB,4>=-DSUBPC+DELZa<JB)*<IN,JB,9>*(IN,JB,6)*<IPIM,JB,4)
DO 60 J=2,JNM
R(IN9JJ4)=R(Irt3JB,4>
DO 70 I=&!sIN
R(I,I,4>=R(I,2,4)
Pt(IsJNs4>=R(I?JNrl>4>
RETURN

END

.
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SUBROUTINE TEMPS

c~m-*- ~ww*~*~m~-eee ~-e+e

c c
c CPILCULRTES PEBBLE INTERNRL TEMPERATURES c
c RND TEMPERRTIJRE GRRDIENTS c
c FOR BOTH CUNVENTIUNFIL I?NDSHELL FIJEL~l’10DERRTORELEMENTS c
c RLSU RE-DIMENSIONRLIZES TEIIPERRTURES FOR OUTPUT c
c c
c+~ me-*-m~-****e*e~-*** ~e+<

COMMON /RE13CTR/ HEIGHTs R!?DIUSS DKUGELr FMDUTr f2TUTS TINLETs
1 PINLETs GINLETr REYNIN~ RRL~ RSf2SftFRICr BFRIC~ VFNOf’i

COMMON ~FPOUER/ PBRLL<25922)

COMMON /PROP/ PRllPTY(2Sv22vli3? PC0ND<2=~ CPV CSTRRS DSUBPCS EOVR
1 s EOV% FKCS SIGMR4S TFILIICS BETRKs GFWIMflK~HENTC

COMMON /GEOR/ INs INMs JN, JNMs Z(2S)~ I?(22>9 IINLET(22)9 ININ(22)
1 s IM13X<22>9 IEXIT<22>S PI, V13LSrRVSOP(22>~ NDEG

COMMON ~RN.SWER/ R<2S922,1CI)

carnrnari/BRLLZ TEMmt(2592293>~ IBRLL9 Ri9 R2

IT IS t?SSUMED THFtTTHE THERMRL CONDUCTIVITY OF THE FUELED
llftTRIXRND THE UNFIJELED GRRPHITE SHELL RRE EQURL
IT IS RSSUMED THRT THIS THERMRL CONDUCTIVITY VRRIES 13XI13LLY
BECRUSE OF f!XIRLCHRNGES IN TENPERRTURE fINDFFtSTFLUENCE

THE MRMRL CONDUCTIVITY VRLUES RRE 13SSIGNED IN SUBROUTINE
INIT~ WHERE R REFERENCE IS GIVEN

IF <IBRLL.NE.1> GO TD 20

CGNVENTIONRL BRLL

R3=om5*DKuGEL
Cl=l.z<4.@I>
C2-Cl*(l.~R2-l./R3)
c3=-o.oltil/<R2eR2>
C4=l./<8.*PI*2>
DO 10 J=lsJN
IL=IINLET<J>
IH=IEXIT<J>
DO 10 I=ILsIH
TS9R<I?J93>+TINLET
R<19J93>=TS
R(I?J92>*<r?JPa+TINLET
QOVERK=PBFILL<IrJ>/PCOND(I)
TEMPIN(I,J,l> =QOVERK~2+TS
TEMPIN<I*Js2) =Q0VERK@3
TEMPIN<I,J,3>=QIIVERKW4+TEMPIN<I>J, 1>
RETURN
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c
c SHELL BRLL
c

20 R3=0.S*DKUGEL
cl=l.~<4.*1>
C2=C1+<1 .~R2-l./R3>
C3=1 ./ (R2*20R2-R1*l* !>
C4=0.S+<R2+R2-R 1*1>
cs=Q:~l~l+(lO/Rl-l./R~
c6=-oOol@l/(R2@2)
C7=C1*3*(C4-C5>
DO 30 J=lsJN
[L=IINLET(J>
LH=[EXIT<J)
DO 30 I=ILsIH
Ts=~<I,J,3>+TINLET
R(I,J93>-TS
II(I$J$2)=R(I*J,2>*TINLET
QOVERK=PBRLL( I,J>/PCllND(I)
TE?IPIN<IsJs1)-QllVERKu22+TS
TEMPIN(IPJ?2) -QnvERK*6

30 TEtlPIN(I*Js3>=QfJVERK@7+TEPtPIN(IsJ,l>
RETURN
END
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c

c

SUBROUTINERESULT

ce~ •*****w****ti***+****~ ●**-**+--***-*******--
c c
c ROUTINE FOR FILM RND PRINT OUTPUT c
c c
c PLOT ROUTINES RRE INSTRLLF!TIONDEPENDENT c
c PRINT OUTPUT FORMftTIS FOR fiN80 CHRRRCTERPRGE WIDTH c
c IF JN.GT.22PRINT OUTPUT FORMRT MILL NEED TO BE MODIFIED C
c c
cwe~ ●we*H***-*m***-w*w-**+e**e*--*-e**e*-c

COMMON /RERCTR~HEIGHT, RRDIUS, DKUGELS FMDOT~ QTOT, TINLETs
1 PINLET, GINLET, RkYNINs 13RL~ftSQSftFRIC~BFRICS VFNOM

cammaN ~FPOWER/PBflLL(25922)

COMMON /PROP/ PROPTY<25,22,12>,PCOND<25),CP, CSTRR? DSUBPCJ EOVR
1 s EO’?% FKC~ SIGtIR4,TFILMC~ BETRKs GFWIMRKSHENTC

COMMON /GEUM~ IN, Itffl,JN? JNIIs2(25)s R(22)s IINLET<22)9IMIN<22>
1 s IMRX<22)9IEXIT(22>,PIs VtlLS~RVS0P<22)~NDEG

COMMON /RNSWER~R(2SS22S1O)

COMMON /BRLL# TErlPIN(25~22~3>~IBRLLsRls R2

COMMON ~RESULT/ IOUTP<12),IFILMlr IFILM2, IFILM39JLOCTP, ID,
1 INDEXSKOR- NC

10

20

DIMENSIONOUTVRR(22,25>,ZC(2i>

DIMENSIONIUK(10>,KFILM<3),JPL0T(3)

SCRLE SELECTEDVRRIftBLESFOR PRINTOUT

DO 10 J=lrJN
DO 10 I=l,IH
PBRLL<I?J>=PBRLL<19J>*1.E-03
CMIW=QTOT*l.E-06
PINLET=PINLET41.E-06

CRLCULRTEOUTLET PLENUM MIXED MERN GRS TEMPERATURE,CORE PRESSURE
DROP) RND COMPRRE CQDLRNT TEMPERATURERISE RCROSS CIIREWITH THRT
PREDICTEDBY THE FIRST LRU OF THERMIIDYNRMICS

SUMTFO=O.
RIN=O.
JNMM=JNM-1
DU 20 J=lsJNflM
RauT=o.s*~R~J+l>+R~J>>
RRER=RauT*RauT-RIN*IN
SUMTFll=SUMTFa+FIRER*<IN9J95>*<IN9JJ2)
RIN=ROUT
RRER=l.-RIN*RIN
suNTFa=suNTFo+RRER*(IN9JrtM?s>*R(IN,JNM92)
TFOMM=SUIITFO+GINLET*RRDIUS+RRDIUSWI/FIIDOT
POMM=R(IN,JNM,4)*PINLET
DELTFtT=G!T13T~<FMDllT+CP>
FSTLRki=<TFOMM-TINLET-DELTRT)*100.zDELTRT
PDROP=PINLET-POMM

●

—
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c LQCRTE MRXIMUM flNDMINIMUM ‘#ftLUESIN FIELD OF SELECTED VRRIRBLES
c

TFNIN=1OOO.
TFIIRX=O.
TSMIN=IOOO.
T~M~x=fJ.
PWRMIN=1O.
PWRMRX=O.
PMIN=I.11
Prlflx=l.o
TMXMIN=2000.
TMXMRX=O.
GRRDMX=O.
DO 110 J=lsJN
DO 110 I=l,IN
IF (TEMPIN<I?JJ3> .GT.TMXMIN) GilTU 30
TMXMIN=TEMPIN<I,J93>

30 IF <TEMPIN(I,Js3> .LT.TMXMRX) GO 10 40
TMXMRX=TEMPIN (I,J*3)
ITMXM=I
JTFIXtl=J

40 IF <R(ItJ,3>.LT.TSMFtX>GO TU 50
TSMftX=Ft(ISJS3>
ITSMRX=I
JTSMRX=J

SO IF <R(IsJJ3>.GT.TSMIN) GilTO 60
TsrlIN=R(IrJs3>

60 IF <R(IsJs4).GT.PMIN) GIJTU 70
PMIN=R(19JS4)

70 IF <R<I,Js2>.GT.TFMIN> 6U TU 80
TFIIIN=R<IsJ,2)

80 IF <PBRLL<I~J>.LT.PWRMPtX>GO TO 90
PWRMRX=PBRLL (IsJ>
IPWRMX=I
JPWRMX=J

90 IF (PBRLL<I~J>.GT.PWRMIN> Go 10 100
PldRMIN=PBftLL<IsJ>

100 IF (TEMPIN<IzJT2>.GT.GRRDMX> G(ITKI110
GRfiDMX=TEMPIN(IsJr2)
IGRRD=I
JGRRD=J

110 CONTINUE
DO 120 J=lsJN
IF (R<INsJs2).LE.TFIIRX)GClTll120
TFIIRX*<INSJ92>
JHOT=J

120 CONTINUE
RHfJTC=R(JHOT>●RRDIUS
RMPWR=R(JPWRNX) oRRDIUS
ZMPWR=Z(lPWRMX) ●HEIGHT
RMFUEL=R<JTMXll)~RDIIJS
ZMFUEL*Z(ITMXII)WEIGHT
RTSMRX=R(JTSMRX) ●RRDIUS
ZTSMRX=Z(ITSMRX) *EIGHT
RGRRD=R<JGRRD> ●RRDIUS
ZGRaD=z(IGRRD) *EIGHT
RTFMRX=R(JHOT> ●RRDIIJS

c
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c OUTPUT INLET PLENUM VRLUES RND OTHER SELECTED VRRIRBLES
c

PRINT 750J ID
PRINT 760
PRINT 770J FtlDOT~QMW~PINLET~TINLET
PRINT 780
PRINT 790s RI?DIUS,HEIGHT,VFNUM
IF CIBRLL.EQ.1>GO To 130
PRINT 800
PRINT 81OJ
GO TU 140

130 PRINT 820
PRINT S30,

140 PRINT 840
PRINT 850Y
PRINT 860
PRINT 870
PRINT 880v
PRINT 890
PRINT 900c
PRINT 910
PRINT 920,
PRINT 930
PRINT 940,
PRINT 9S0
PRINT 960,

c
c
c

DKUGEL9R19R2

DKUGEL,R2

PldRMftX,RllPWRSZIIPWR

REYNINsPCIMI’ISPDROP

TFCIMIISFSTLRU

TFMF3X,RTFMRX

TMXMRXSRMFUEL >ZMFUEL

GRRDMX,RGRRD vZGRRD

UIJTPIJT f/aLIJEs OF sELEcTED ~flRI~BLEs avER ENTIRE FIELD

DRTR IOK ~l~SV10~9~4*2V3~3Vl?2~
Da 290 10-197
K=IaK<Ia>
IF <IllUTP<IO).NE.1) GO TO 290
JL=l
JH=l 1
Da 280 LaaP-1~2
GO TO <150s160s170~180s190s200s210>s ID

1S0 ~RINT 1020
Go To 220

160 PRINT 1030
Go To 220

170 PRINT 1040
Go To 220

180 PRINT 10S0
Go Tu 220

190 PRINT 1060
Go To 220

200 PRINT 1070
Go To 220

210 PRINT 1080
220 PRINT 970

PRINT 980r (R(J>~J=JL~JH)
PRINT 990
GO Tll <230~230v230,230,230?2S0,2SO) , 10

230 DO 240 I=IsIN
240 PRINT 1000s Z(I>S<R(ISJSK> ~J=JLSJH)

Go To .270
250 DO 260 I=ljIN
260 pRINT 1010, Z(I>9(R<I,J,K>,J=JL,JH>
270 JL=lZ

JH=22
a80 CONTINUE
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290 CONTINUE
DO 360 10=2,!0
K=IaK(Is)
IF <IUUTP(IO.NE.1> GO TO 360
J@l
Jn=~ 1

Da 3s0 Laap=lv2
Iorl=Ia-7
GO 70 <3OO,31O,32O)V IIIM

300 PRINT 1090
Go To 330

310 PRINT 1100
Ga Ta 330

320 PRINT 1110
330 PRINT 970

PRINT 9SO~ <R<J>sJ=JLsJH>
PRINT 990
DU 340 I=l~IN

340 PRINT 1010? ZCIJ~(TEMPIN(ISJ,K>,J=JL,JH>
JL=12

JH=22
350 CONTINUE
360 CONTINUE

IF (IOUTP(ii).NE.1> 60 To 390
JL=:
JH=l 1

Da 380 LaaP=i~2
PRINT 1120
PRINT 970
PRINT 980s <R<J)sJ=JLsJI+>
PRINT 990
DO 370 I=l~IN

370 PRINT 1000p Z<I>, (PBRLL(I,J>SJ=JL,JH>
JL=12
JH=22

380 CONTINUE
390 CONTINUE

IF <IOUTP(12).NE.1) GO To 460
JL-1
Jn=l 1

Da 4s0 LaamT2
GO TU (400~410>s INDEX

400 PRINT 1130P KOR
GO TO 420

410 PRINT 1140P KOR
420 PRINT 970

PRINT 980, <R<J>sJ=JLsJI+)
PRINT 990
DO 440 I=lFIN
IF <INDEX.NE.1> GO TO 430
PRINT 1000s Z<I>~<R(IsJ~KOR> sJ=JLsJH>
Ga 70 440

430 PRINT 1000s Z(I>, (PROPTY(IsJ~K08) ~J=JL,JH>
440 CONTINUE

JL=12
JH=22

4S0 CONTINUE
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460 CONTINUE
c

IF (IFILM1.NE.1) GO TO 530
c
c PREPRl?E DFITR FILES FOR EfISYPLT tLRSL J5RD>
c
c PREPFIRE DRTFIFILES FUR PLOTS OF TWC3/TSURFfICE/TMfIX
c VERSUS FIXIRLPaSITItlN FUR CENTERLINES HUT RRDIUSS
. RND USER DESIGNATED RRDIUS (TfiPE2THROUGH TRPE4>
:

PRINT 1150, JLUCTP
IF (JLtlCTP.EQ.0>JLOCTP=JTMXM
JPLIIT(l>=l
JPLOT(2>=JHOT
JPLOT(3>=JLOCTP
IR=l
IB=2
Ic=3
DO S00 10=1s3
J=JPLOT(ID>
ITRPE=III+l
DO 470 I=l,IN

470 WRITE (ITRPEs1180) I13pZ<I>SR<ISJS2)
Dll480 I=l,IN

480 WRITE (ITRPEs1180) IBsZ(I)~Ft(I,JS3)
DO 490 I=l,IN

490 WRITE <ITRPE,1180> ICSZ(I>sTEMPIN(IsJr3>
500 CONTINUE

c
c PREPRRE DRTR FILE FOR PLOT OF LOCRL ❑UTLET GRS TEMPERATURE
c f3NDMIXED MERN OUTLET G17STEMPERF!TURE VERSUS Rf3DIUS <TFIPE5)
c

Dfl510 J=IsJN
510 IJJRITE(5s1180> IF!SRCJ>,RCIN,J,2>

DO 520 J=l,JN
520 WRITE <5,1180) IB,R(J>,TFIIMM
530 CONTINUE

c
IF <IFILM2.NE.1) GO TO 580

c
c PREPRRE D9TR FILES FOR EFtSY3D (LRSL J5RK>
c NOTE THRT THERE IS R 961 POINT LIMIT <IN+JN>
c DRTFIFILES CREFITED FUR THERMRL POWER PER BRLL, CClflLflNTBULK
c TEMPERl?TURE, PEBBLE RvERPiGE SURFFICE TEMPERATURES DIMENSIONLESS
c MRSS FLUX, RND MRXIMUM INTERNRL FUELED MRTRIX TEMPERATURE
c <TRPE6 THROUGH TRPE1O>
c

DFITRKFIL~ /2s3s5/
DO S40 J=lsJN
DO 540 I=l,IN

540 WRITE <6~1190> R(J) sZ(I>~PBRLL<I,J)
DU 560 10=7?9
K=KFILM(ID-6>
DO 550 J=lsJN
DO 550 I=l,IN

550 WRITE <111,1190)R(J) ~Z(I),fi(ISJ,K)
S60 CaNTINUE

Da S70 J=lsJN
DO 570 I=l,IN

570 MRITE <10!1190> R(J>,z<I),TEMp1N<1,J,3)
PRINT 1160

580 CaNTINUE
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c
c
c
c
c
c
c
c
c

c ~p~

600
c
~
c
c
c
610

620
c

c
630

640

c
650

660

c
670.

IF (IFILM3.NE.1> Hi TU 74o

CONTOURPLOTS CRLLED FUR (CIINTRJB,LRS’LJ563R>
FILM PLOT FILES GENERRTEIIFOR STREFfMFUNCTItIN~IIIMENSIIINLESS
PRESSURE,CUIIL13NTBULK TEMPERFITURE,PERELE ftVERfiGESUl?FRCE
TENPERRTURESMFIXIMUMINTERNFILFUELED MFITRIXTEMPERATURE,FIND
THERMRL POMER PER Bt3LL
FILN FILE GENERFtTEDFOR PLDT IJFFINITE DIFFERENCEGRID

Du 730 L=196
GD TU <590,610s610,610~630,650), L

RPSI=O.
DO 600 IL=l,NC
ZC(IL>=RPSI+RPSI+O.5
RPSI=RPSI+l./FLtlRT<NC-l>

IPLIITIS USED TO PLIITTHE VRRIFiBLEWITH THE ORIGIN IN THE UPPER
LEFT-HRNDCORNER
IPLtlTIS USED BECFIUSEKFf!DESIGNS USE DUMNFLIIMINGCCICILFINT

DO 620 J=l,JN
DD 620 I=lsIN
IPLtlT=IN-1+1
IYJTVRR(J,IPLUT)=R(ISJ,L>

GO TD (670s6SOS690S700)ZL

DO 640 J=lsJN
DO 640 I=l~IN
IPLtlT=IN-1+1
IIUTVRR(JSIPLIIT>=TEIIPIN(IsJJ3)
GD TO 710

DO 660 J=lsJN
DD 660 I=l,IN
IPLCJT=IN-1+1
llUTVRR<JvIPLUT>=PBRLL<I,J>
GO TU 7120

CRLL CONTRJB <R,JN,Z,IN,CIUTVRRrJN,IN,-NCSO.0,0.5)-1.,ZC~RRDIUS
A sHEIGHTs-ls29HDIMENSIIINLESSRRDIRL PtlSITIClNs29s21HMfISSFLUX STREfi
2ML1NES!21s28HD1MENS1tlNLESSHXIRL PCISITIIINS2S)
GO TO 730

c
680 CRLL CIINTRJB(R,JN,Z,IN,(IUTVRR,JN,IN,NC)TFtlIN,TFMRXs-1.,ZC,RRDIUS

f ,HEIGHTs-l,29HDIMENS10NLESSRFiDIt3LPtlSITIllNs29s28HCDllLRNTBULK TE
2MPERF!TURE(K>*2Ss28HDIMENS10NLESSf!XIRLPUSITIClNs2S>
GaTa730

c
690 cRLL cDNTRJB (R,JN,Z,IN,auTVRP,JN,IN,NC,TSMIN,TSMRX,-1.!ZC~RfIDIUS

1 sHEIGHTr-l,29HDIMENSIClNLESSRRDIRL P(ISITION,29,38HPEBBLERVERRGE
2SURFRCETEMPERATURE<K>,3S!28HDIMENSI(INLESSfIXIRLPnSITIUN,28>
Ga Ta 730

c
700 CRLL CONTRJB <R,JNsZrIN,aUTVRRsJN,IN,NCSPMINSPMRXS-l.SZCSRRDIUS

1 ,HEIGHT,-l,29HDIMENSICINLESSR6DIRL PIJSITIIIN,2?,18HMIF!MRLIZEDISCIB
t?RRSs18s28HDIMENSICfNLESSRXIRL PCISITION,28)
GO TU 730

c
710 CfILLC13NTRJB(R,JN,ZsINsaUTVRRsJNsIN,NC,TMXMINSTMXMFW,-1.,ZC

1 sRRDIUS,HEIGHT,-l,29HUIMENSIrJNLESSRRXIIRLPOSIT10N~i?9,46HMRXIMUM
21NTERNfILFUELED MRTRIX TEMPERATURE(K),46,28HDIMEN31flNLESSRXIRL P
311SITION,28>
Go Ta 73o

c
720 CRLL CIINTRJB(F?,JN,Z,INsaUTVFtRsJN,IN,NC,PMl?MIN,PWRMfiX,-1.,ZC

1 ,RRDIUS,HEIGHT,-l,29HDImENsIaNLESsRRDIRL P13SITItlN,29,32HTHERMRL
2PnWER PER BFIU (KW/BRLL>,32,28HDIMENS10NLESSf?XIRLPCISITIIIN,28)

c
730 CONTINUE



c
CRLL PLTGRD

138

c
CRLL 13DV (2)
PRINT 1170

740 CaNTINUE
CRLL SECUND (TIME>
PRINT 1200s TIME
RETURN

c
750 FaRlI!3T<///sl3X~@EBBLE BED f?ERCTtlRTHERMRL/HYDRRULIC fiNRL’fSISCRS

lE *9149/95Xp70<*),/,5X,70 (-+>>
760 FllRMt3T (//z,63Xs+IXED MERN+./s8X,~aOLRNT*?28Xs*IrKET PLENUM*S7XS

I *INLET cUaLRNTe?/s7X,+MFtSS FLIIW+,8X9*THERMRL PaWER*~8X~+PRESSURE*
2 910X9*TEMPERIW’URE*9Z98Xp*(KG/S> +915X,*(MW) -?14Xs-(MPR>*~ lSXS*(K>*
3 ,/,2x,18(-+>~lX,18<0-*) ,lX,lS(~) !lXS19(+*))

770 FURMRT (8X,FS.0S1SXSF5.0)13XSF5. 1,15XJF4.0)
780 FaRMRT (/~/s15XS+BED RRDIUS+,1OXS*BED HEIGHT*J 12XS-OMINRL*~~S 18XS

1 *<M>+, 17x,*(M)*,13XS+VaID FRRcTIaN+~/~llX~18<~> s2X>18(-*>>2XS1
2 8<*>>

790 FaRMRT (18X~F4.2V16X~F4.2~ 16X~F4.2>
aOO FaRMRT (~~/s27XS*PEBBLE*~llXS*INNER MRTRIx*~8XS@lUTER M13TRIX*s/s3X

1 ~#WEL/MaDERFlTaR*~9X~*DIRMETER*~8X~*INTERFRCE R13DIUS*>4XS*INTERFR
2CE RRDIUS*7/r4X#*ELEMENT TYPE*s12XS*{M> *~18XS*<M>*> 17Xs*<M>*S~~lXs
3 18(~~.2X>13<~.~*2Xs i8<~>>2Xs18(**>>

810 FaRMRT (8XS*SHELL*S 13X,F5.3S15X~F6.4S 14XSF6.4)
820 FaRtlRT (//s37XS@EBBLE*~lIXs*RTRIX/SH~L*s/r 13X~*~JEL/llaDERRTflR*~

1 sx,+D1RM~ER+,2x,+INTERFRcE R13DIIJS+9Z, 14X,+ELEMEN1 T’f’pE*?13x9*0’0
2+,16X,e(M>*?/?llXs18(-+) s2X,18(~),2X, 18(*)>

830 FaRMRT <14X$*aNVENT10NRL*~ llX~FS.3~ 14X~F6.4>
840 FORMRT <~~/,53X,+LaCRTIaN*~~*13X~WRXIMUM POWER/BRLL*S15XS+RftDIUS

1/ DEPTH FROM TaP+,/,17Xs+<Kld/BRLU+~30X,+(M>*,/~ 10X,24<~>SllXS25
2 (-)>

850 FaRflFtT<19X,F4.2V28X,FS.3V+ ~ ●FS.3)
860 FaRMRT (////,32X,+RLCULI3TED VFILUES*,/?5X,70(0-*>s/S5XS70<X)>
870 FaRMFtT <~~~,35XS-IXED MEftN*,13X,+aRE*s/~18X~+INLET*~10X~-UTLET

1PRESSURE*S6XS*PRESSURE DRaP**~s 13X~-EYNULDS NUMBEP*S IOXS*(MPS>*i$
2 5X~*<MPR>*S/S12XS17(**> s3X,17(+-+) S3XS17(0-+>>

880 FaRMRT (17X~F6.0,1SXSF5.3S 15X,F5.4)
S90 FaRIIRT (///sl5X~)IXEDED IIERNaUTLET*,~, 14X~*CaaLRNT TEMPERRTURE*p18

1 XS*f=IRST LFIUERRfJR*Y/s22XS+(K)*~29XS*<PERCENT>*~~> 13X~21<~*)~15X
2 r19<~)>

900 FIJRMRT <20X,F5.0,29X,F6.1>
910 FaRMRT (~//sl6XS@fFtXIMUllaUTLET+~/,13X-@aaLRNT TEMpERRTURE*s18XS*

lRftDIFiLLaCRTION*~/~21X~+<K>*~32X~*(M>+p/~ llXS24(*+)S10X~2S(x>)
920 FaRMRT <20XPF4.0p31XpFS.3>
930 FtlRMFtT<///,l6X,+FtXIMlJM FUELED*Sz, 14X,4N13TRIX TEMPERRTlJRE*,21XJ~

laCRTItlN,*,/,19X,+IN CaRE~20X~~RDIUS / DEPTH FROM TaP*~/z21X>*(K>
2+,32X,+<M)+,/,llX,24(*+) s10XS25(~>>

940 FtlRMRT <19X~F5.0P27X~F5.3?+ / *vF5.3>
950 FIIRMRT(///,l5X,qftXIMlJM INTERNRL+,x,12X,+SHELL/MRTRIX INTERFRCE+S

1 19X,+LaCPtTIaN,+,/,13Xt+TEtlPERRTUREGRRDIENT*~ 13X,*RRDIUS ~ DEPTH
2FRaM TaP%/?20X?*(K/CM>+~30X~+<M> *~z?llX~24(**), 10Xs25<_>>

960 FaRMFiT (20X~F5.0s26XSF3.3S* / *>F5.3)
970 FURMRT <//?3XS~XIRL+7/>~~@0SITIaN*?2aX~*RDI* pasITIaN*z~$lx?l

i 0(-)91X,66(**>>
980 FaRllflT<11X,11F6.3>
990 FaRRRT (12X~66<+*>P/>
1000 FaRMRT <2X,F6.3,3XS ilF6.3>
1010 FaRMFtT (2XSF6.3S3XS 11F6.0)
1020 FaRllRT (///,2SX,*DIflENSIaNLESS STREFtM FUNCTIaN+~/~24X~31(~)>
1030 FaRMRT </Z/~24X,+DIMENSIaNLESS NRSS FLUX? GSTi?R+~zs23Xs32(e>>
1040 FURMRT (/~/,14X,*RFtDIFILCaMPllNENT aF DIMENSIONLESS IIHSSFLUXS GRST

lRR*?~?13x933(-))
1050 FaRMRT (/~/r14xs*ftxIRL CaMPtlNENT aF DIMENSIONLESS MF!SSFLUX, GZSTR

lR*Y/v13XP52<**)>
1060 FURMRT (~//~2lX~*DIi’lENSIaNLESSCaaLRNT PRESSURE~ PSTRR*~/~20X?39(*

1-+>>
1070 FURMRT (/~/~23X,-aaLRNT BULK TEMPERRTUREJ TF <K>*s/s22X~34(+-*>>
10S0 FaRflRT </~/s18XS@EBBLE RVERRGE SURFRCE TEMPERATURE, TS <K>+s/s17X

1 $44<+*>>
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1090 FORMftT (z//sl6Xs@lF!XIMUM INTEI?NRLFUELED MfiTRIXTEMPEI?RTURE<K>*sz
1 S15X94SC->>

1100 FtlRMFiT(~~~,12Xs*pEBBLE INTERNRL SHELL/MRTR.IX INTERFRCE TEMPERRTUR
lE cK>*s/sllxs56(+-+)>

1I1O FIIRMRT(~~~,llX?*PEBBLESHELLzMRTRIX InterofficeTEMPERATURE C~ftDIEN
lT (KzCM>*JZ,10X,59(_>>

1120 FtlRMRT<~z~,23XS*KILDUI+TTS/PEBBLEINPUT FROM VSUP*S/~22XS34(*-+>>
1130 FORMRT <z~~s22XJ*fIUXILIRRYOUTPUTF R<I,J~K>p K = *s12szs21XS37(+

1*)>
1140 FORMRT <zz~J19Xs*RUXILIFtRYOUTPUTS PRIIPTY(IsJsK>sK = ●s12s/JISXS

1 42(*>>
1150 FIIRIIRT(~zs2Xs*ERSYPLTDFITRFILES CREFITED*,z,2XJ41SERDESIGNftTEDR

lRDIRLLCIC13TION,J = ●,12}
1160 FURMFIT @~v2X,*ERSY3D DPITRFILES CRERTED*>
1170 FQRMRT (~~,2X,*CONTUlJRPLOT FILM FILE CREFITED*>
1180 FIIRMRT(15s*s*~F10.4s*s*sF10.4>
ll~o FoRMRT <FII).4,~,~,FlI).4,~0e,FlI).4>
1200 FORMFiT<zzc2XS*TOTRLCP TIME INCLUDING CCIMPILFITIUN= *sF7.3>

END
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~
c
c
c
c
c
c
c

c

c

c
c
c

c
c
c

c
c
c

c
c
c

SUBROUTINE PLTGRD

co~~-~~ ● -memw-+****e ~+--<
c c
c PLOTS FINITE DIFFERENCE GRID c
c MAKES CRLLS 10 INSTRLLRTIIYN DEPENDENT RIIUTINES c
c c
cw~-~----+~--+ ~+em~ •+e~

CllMflON/RERCTR/ HEIGHTs RRDIUSS DKUGEL$ FMDIITsQTOT, TINLET9
1 PINLETs GINLETs REYNINs RRL, RSQ, RFRIC, BFRIC, VFNOM

COMMON /GEUM/ IN~ INM, JN, JNM, 2(25>, R<22>J IINLET(22>~ IMIN(22>
1 s IMRX(22>? IEXIT(22>J PIs ‘WLS* RVSOP(22), NDEG

DIMENSION XSCRLE(2)S YSCflLE(2), RP(2>, 2P(2>

ESTRBLISH SCRLES

XSCRLE<I>=R<l>
xscl?LE(2>=R(JN>
YSCRLE(l>=Z<I)
YSCRLE(2>=Z< IN>

CRERTE LFIBELED BLiINKGRID

CRLL PLOJB (XSCRLE,YSCRLE,2, 1,1,1,1,RRDIUS,HEIGHT,29HDIMENSI13NLESS
1 RRDIRL POSITION,-29~22HFINITE DIFFERENCE GRID,22,28HDIIIENSIONLESS
2 RXIRL POSITIIIN,28)

10

20

30

PLIITGRID LINES

Np=2
RP(!>=R<l>
RP(2>=R(JN>
DCl!0 I=IsIN
ZP(l)=Z(I)
ZP(2)=Z<I>
CRLL PLOT (NP,RPslsZP~lS48Sl)
ZP(I)=ZC1>
ZP<2)=Z<IN>
DO 20 J=izJN
RP(l>=R(J)
RP(2>=R<J)
CRLL PLOT <NPsRPslsZPS!,4SS1>

PLOT BED LIMITS

DO 30 J=lsJNM
RP<l)=R(J)
RP(2)=RfJ+i>
ZP<l>=IINLET(J)
ZP(2>=IINLET(J+1>
CRLL PLOT <NPsRPvl,ZP~l~48vl>
ZP(l)=IEXIT(J)
ZP(2>=IEXXT<J+1>
CRLL PLOT <NP,RPs1,ZP,1S48S1>
RETURN
END
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c
c
c
1:
~
c
c
c
c

10
20
30
40

c
c
c
1:
c
c
c
c
c

c

SUBR~UTINE DLNLN (NXSNY>

cammaN /cJEa7/ IXLS IXR$ IYT$ IYB, xLs xR~ YT3 YB
CRLL GYR <IYT~IYBsIXL>
C13LLGW <IXLrIXR~IYB>
IF (NX> 40s20,10
CRLL GYR <IYT,IYBrIXR>
IF (NY) 40940930
CRLL GXI? (IXLSIXRSIYT)
RETURN
END
SUBROUTINE SBLIN (NNX!NK>

CIIMMUN/CJE07/ IXLS IXR? IYTs IYBs XLS XRS YT~ YB

DIMENSION FMT<12>, IIUT(12)
DRTft (FMT(K>rK=ls12> /2H<FslH sIH.sIH s1WS8H(1PE7.0 )S8H(1PE8. 1>s8
1 l+(lPE9.2)r9H(lPE10.3> ~9H<lPEil.4> ~9H(lPE12.5s*(lPEi3.6)/

.

;
c

io

20

30

c
40

DELETED FOUR LINES THFtTMRKE SBLIN DIFFERENT FROM STLIN

IY=IYT
IYDEL=-12
IF (NK.GT.9> GO TO 10
Nc=MRxo(:NT (RL0Glo(FIM!3Xl(FIBS(;<L)?FIBS(XR))>+.0001)1>+1s1>
IF (MINO(XL,XR).LT.0) NC=NC+l
IF (NK.GT.0> NC=NC+l
NC=NC+NK
ENCODE (10,40tF1’?T(~) NC
ENCODE (10,4O,FMT(4>) N!(
K=l
Ga Ta 20
K=MINo(i6,M~xo(lo,NK>)+
Nc=K+I
ENCODE (20,FMT(K>sOUT) XL
CRLL TSP <IXL~IYslslH+)
IXTT=IXL+*NC+4
IYC=IY+IYDEL
CRLL TSP (IXTT,IYC,NC,OUT>
IF (NNX.LE.0) RETURN
NX=MIN()(NNX,12B)
IXC=IXL
DDX=FLIIRT<IXR-IXL)zNX
Dx=(xR-xLj/Nx
WI 30 I=lsNX
XC=XL+I*DX
IXT=IXTT+I*DDX
IXC=IXL+I*DDX
ENCODE (.20,FIIT<K>,IIUT>XC
CRLL TSI= (Ixc,IY?lslH+)
C13LLTSP (IXT,IYC,NC,IIIJT>
RETIJRN

FllRMflT(12>
END
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SUBROUTINE SLLIN OINYsNK>

: c~~~ m-ewo+~+-
c

~e+**-e*~ +4
c
c MUDIFIEI) Lt?SLSYSTEM ROUTINE <J533B> :

: c USED 10 Mt3KECONTOUR PLOT ORIGIN IN IJPPERLEFT-HRND CORNER C
c c c
c c+~~ ●*-*OW ~w******+***
c

~---**+*~*~

COMMON /CJE07z IXL, IXR, IYT, IYB, XL, XR, YT, YB
c

DIMENSION FMT(14>, OUT(2>
DRTR (FMT<K>sK=t~14) z6H(F7. 0),6H(F8. 1),6H(F9.2> ,7H(F1O.3>P7H(F11.
14>~7H(F12.S),71i<F13.6>s8H(lPE7. 0>~8H(lPES.1) s81+(1PE9.2>s9H<1PEI0.3
2)s~H(lpE11.4) s9H(lPE12.S) r9H(lPE13.6>/
IF (NK.GT.6> HI T(I10

10

20

c
c
c

c
c
c

30

K=IIINO(6>MRXO(OsNK>)+l
Nc=K+~
HI TU 20
K=mINo(~6,Mfixo(lo,NK>>-2
Nc=K-1
R=FMT(K)
ENCODE (20~R~ULFT>YB
IXT=IXL-8WW4

CHRNGED IYB TO IYT IN CRLL TO TSP

CRLL TSP (IXTsIYT~NCrIIUT>
cRLL Tsp <IxL,IyT,l,lH+)
IF <NNY.LE.0> RETURN
NY=MINO(128, NNY)

CWtNGED IYC=IYB TO IYC=IYT

IYC=IYT
Dy=<’fT-yB>/Ny
DDY=FLUt3T<IYT-IYB>zNY
DO 30 I=lsNY
YC=YB+IODY

IYC USED T13BE = IYB+I*DDY

IYC=IYT-I*DDY
ENCODE <20,ft,tlUT)YC
Cf)LLTSP (IXT,IYC,NCJCNJT)
CFtLLTSP <IXLSIYCSISIH+>
RETURN
END



APPENDIX C. PRINT OUTPUT FOR ANALYSIS

OF KFA DESIGN CASE 1013
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OLDVPEBBLE
/FIJN,N,I=pEBBLE
CTIME 010.417 SEC. FIJNLRSL20
AETTLS200
SSETTL9200.
/LGa

STRRTING TIME FIFTERCOflPILRTIUN = 11.143

PRaGRFWlCaNTRaL VFIRIRBLES

.———.—-.-—_-— ____ __

IN JN vaLs NSMP 1 NSWP2 NslJp3
—-— ———. —-—-- ----—- - —--- -- ------—

25 22 1s 1 2 5

NSWP4 cc RP(I> RP <2> RP <3> RP (4>
—— —— ——-—- -------- ---- -----

1 .00500 1.000 .250 .002s 1.000

NUMERICRL CONVERGENCE INFal?MRTIaN
—— —— —---—— -—-—-— ---—_ ---,__ -----
-— ——- ---~—--- —--— -—----— ----— —-_

PIRJaR
ITERRTIaN
—---—

1

2

3

4

5

6

Ei(ECUTIaN
CP TIME

——

2.671 SEC

4.432 SEC

6.184 SEC

7.908 SEC

9.644 SEC

!1.3S6 SEC

EQIJRTIaN
NIJMBER

——--

1
2
3
4

:
3
4

i
3
4

1
2
3
4

1
2
3
4

1
2
3
4

MRXIMUM
RE31DUHL
------—

.001619
-.079s47
.669533
.000028

.000622
-.0127S3
.Z043B7

-.000074

.000’380
-.00929s
.104437

-.0000!53

-.000292
-.006311
.07S890

-.000044

-.000336
-.004744

074132
-:000039

-.000292
-.003774
-.071604
-.oljl)l)ss

LaCRTItlN
I INDEX

—----- -

24
2
2
4

6
3

2:

22
s

2:

7
6
16
24

s
s
18
24

10
10
10
24

LaCFtTIaN
J INDEX

-——-

E
7
19

18

1:
20

17
2
6
19

13
2
1s
19

2
~
1s
18

$
19
2
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7

9

10

11

12

13

14

1s

16

17

18

13.114 SEC

14.838 SEC

16.572 SEC

18.355 SEC

20.104 SEC

21.’234 S’EC

23.5’3SSEC

2S.370 SEC

27.105 SEC

28.790 SEC

30.544 SEC

32.315 SEC

:
3
4

:
3
4

1
2
3
4

i
3
4

1
2
3
4

k
3
4

:
3
4

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4

1
2
:3
4

-.000268
-.003147
-.073582
-.0000:33

-.000256
-.002558
-.072’365
-.000031

-.000248
-.002218
-.06g812
-.000030

-.000243
-.001S67
-.062590
-.000028

-.000239
-.001654
-.05a436
-.000027

-.000238
-.001470
-.054289
-.ol)oo26

-.000241
-.0013!23
-.050387
-.000025

-.000239
-.0012!50
-.047558
-.000024

-.000228
-.001331
-.044362
-.000023

-.000213
-.001266
-.042301
-.000022

-.000211
-.001101
-.040207
-.000021

-.000208
-.000.289
-.036372
-.01)131)21J

2

!$
2

2

!2
19
2

2
16
16
2

2

16
16
2

2
16
16
2

2
16
16
2

2
16
16
2

2
16
16
2

2
16
16
2

3
!6
16
2

2
16
16
2

2
15
16
2
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19

20

21

22

23

24

25

26

34.044 SEC

3S.776 SEC

37.S31 SEC

3?.273 SEC

41.052 SEC

42.S13 SEC

44.5S2 SEC

46.303 SEC

1
2
3
4

-.00020s
-.0006~2
-.030637
-.000019

8
24
24
24

-.000201
-.000499
-.024534
-.000018

a
24
24
24

2
15
ls
2

1 -.000197
-.000353
-.01S921
-.000017

8
24
24
24

2
152

3 15
24

-.000193
-.000246
-.014092
-.000017

8
24
24
24

2
15
15
2

;
3
4

-.00018S
-.000172
-.010279
-.000016

a
24
24
24

2
ls
15
2

1
i?

-.000184
-.000123
-.007435
-.000016

8
24
24
24

2
15
15
2

3
4

1 -.000179
.00009s

-.005402
-.00001s

2
2
3

2
ls
24

-.000175
.000088

-.003989
-.000015

2;
24
24

E!
2
15
i?
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PEBBLE BED RERCTOf? THERMRLzHYDRRIJLIC PINRLYSIS Cf)SE !013

.—————- ———-————-

COOLRNT
MRSS FLOW THERM13LPOWER
(KGz3) (mu)

785 3006

lTIXEDMERN
INLET PLENUM INLET CllOLRNT
PRESSURE TEIIPERPtTURE

<MPR) (K>
—— ——-— — -.—--— --——.

4.0 523

BED RPtDIUS BED HEIGHT NOMINRL
<r?> (M) VOID FRFICTIIIN

-— -——-—— --—— ______
4.61 5.00 <,Q.-..

PEBBLE INNER MRTRIX OUTER MRTRIX
FUEL/NODERRTOR DIRMETER INTERFRCE RF!DIIJS INTEROFFICER9DIUS
ELEMENT TYPE (m (M> <m)

—— ————- ——--—----—-—
SHELL .060 .0150 .02so

MRXIMUM POWER/BRLL
(KU/BfILL)

-—— ————-
4.8s

LUCRTION
RRDIUS / DEPTH FROM TOP

<m

4.610 / .417

.—
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CRLCULRTED VRLUES
.— -——.———-———.— ————

———— ---—-—-—-—————-——.

MIXED IIERN
INLET

CORE
OUTLET PRESSURE PRESSURE DRaP

REYNOLDS NUMBER OIPR> OIPR>
—-————— —-. — —-—— .——

24009 3.930 .0700

MIXED MEFINOUTLET
CODLftNT TEMPERATURE

(K>
——-————

1259

MRXIMUM IJUTLET
COOLRNT TEMPERftTURE

(K>
—-
1300

MFtXIMUM FUELED
MF)TRIX TEMPERATURE

IN COPE
<K>

-——.
13s7

MRXIMUM INTERNRL
SHELL/MFtTRIX INTERFRCE
TEMPERATURE GRRDIENT

(K/cfI>
.—-—.

-299

FIRST LWd ERROR
<PERCENT>

—————--—
-.2

RRDI13L LDCRTIUN
<m>

—————.
3.9s1

LUC13TION,
RRDIUS / DEPTH FROM TOP

m)

3.951 / 1.667

LaCf#TION~
RftDIUS / DEPTH FROM TOP

<M>
——--——--

4.610 / .625



149

DIMENSIONLESS STRERM FUNCTION
.——--.——-—-——-—

RXIRL
POSITION RSDIRL PaSITIaN

-———- ——--- -——— —-.——--—— ——-— —
0.000 .048

0.000
.042
OE!3

:12s

::::
.250
.292
.333
.375
.417
.4S8
.500
.542
.583
.625
.667
.70a
.750
.792
.833
.a75
.917
.953

1.000

RXIRL
POSITIaN

0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 001
0.000 :001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001
0.000 .001

.095 .143 .190
————--—

.00!3 .010 .013
00!5 .010 .01s

:005 .0!0 .018
.00s .010 .01s
.o~~ .I.)lo.01s
.005 .010 .018
.00s .010 .018
.005 .010 .018
.(IQ5 .010 .0!8
.00s 010 .012
.005 :010 .018
.00s .010 .018
005 .010

:00s’ .010 ::::
00.5 .010 .018

:00s .010 018
.005 .010 :018
.005 .010 .018
.00s .010 .018
.005 .010 .013
005 .010 .013

:00s .010 .018
.00s .010 .018
005 .010 .018

:005 .010 .018

.238 .286
.--—-—-

. 028 .041

.028 ;::;

:::: .041
.02s .041
.028 .041
.028 .041
.028 .041
.02B .041
.02a
.028 :::
.028 .041
.028 .041
.028 .041
.028 041
.028 :041
.028 041
.o~8 :041
028 .041

:033 .041
.028 .041
.028 .041
.028 .041
.028 .041
.028 .041

.333 .381 .429
—--—— ——

055
:05s
.0ss
055

:0s5
055

:055
055

:05!5
055

:055
0s5

:055
.055
05s

:055
.0.55
05s

:0s5
lyj~

:0s5
0’55

:0s5

::::

DIMENSIONLESS STRERM FUNCTION
-——-—————

RRDIRL PUSITIaN

072 .091
:072
072 ::;;

:072 .091
.072 .091
072 .091

:072 ● 091
.072 .091
.072 .091
.072 .091
.072 091
072 :091

:072 .091
.072 .091
072 .091

:072 091
.072 :lY31
.07!2 .091

.o~l
::;: .091
072 .09!

:072 .091
.072 .091
.072 .091
.072 .091

.476
-—--

. 113

.113

.113

.113

.113
113

:113
113

:113
113

:113
113

:113
. 113
113

:113
● 113
.113

113
:113
.113
113

:113

—-—— --—-—-——-- —---—---————-

0.000
.042
.083
125

:167
.208
.250
.292
.333
.37s
.417
.458
.500
.542
.S83
.623
.667
.708
.750
.792
.833
.875
.9!7
.958

1.000

.S24

.137
137

:137
137

:137
137

:137
.137
137

:137
.137
.137
.137

::%
.137
.137
.137
.137
.137

:;:;
.137
137

:137

.571 .619 .667 .714 .762 .S10 .8S7 .90’5 .952 1.000

163
:163
163

:163
.163
163

:163
.163

:::;
.163
.163
.163

::::
.163
.163
.163
.163
.163
163

:163
163

:163
.163

191
:191
191

:191
.191
.191
191

:191
.191
.191
191

:1’31
.191
191

:191
191

:191
191

:191
191

:191
191

:191
.191
.191

.222 .25s

.222 .255

.222 .2S5
● 222 .2S5
.222 .255
.222 .2s5
.222 .255
.222 .2ss
.222 .255
.222 .255
.222 .255
.222 .25S
.222 .25s
.222 .2S5
.222 .255
.222 .255
.222 .25s
.222 .2ss
.222 .2$3s
.222 .255
.222 .2s5
.222 .25s
.222 .235
.222 .2ss
.222 .255

.~?l .329

.291 .1329

.291 .329

.291 .329

.29i .329

.291 .329
,291 .328
.291 .328
.2.30 .328
.290 .328
.290 .328
.290 .328
.290 .328
.250 .328
.290 .328
●~90 .32B
.290 .328
.230 .328
.290 .328
.290 .323
.290 .328
.290 .328
.290 .328
.290 .328
.290 .:328

..368

.368

.368

.368

.36B

.368

.368

.368

.368

.368

.367

.367

.367

.367

.367

.367

.:367

.367

.367

.367

.367

.367

.367

.367

.357

.410

.410

.410

.409

.409

.409

.409

.409

.409

.409

.409

.403

.408

.408

.40B

.408

.408

.408

.408

.403

.408

.408

.408

.408

.40:3

.454

.4s4

.4s4

.4s4

.4s3

.4s3

.453

.453

.453

.453

.453

.4s3

.453

.4!53

.453

.453

.453

.4s3

.453

.4s3

.453

.4s3

.4s3

.4s3

.453

.500

.500

.500

.500

.500

.500

.300

.500

.!500

.500

.500

.5[l@

.51JI)

.500

.501)

.s00

.!500

.500

.500

.500

.s00

.s00

.!500

.s00

.s00
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DIMENSIONLESS MFISSFLUX, G.STRP
——.—-—— -------- -—---- --

RXIRL
POSITION RRDIRL POSITION

---——- -- —— --n--— —--—--— ---------- ..-----— ------ -—------- -—
O.l]ljl).048 .I)9S .143 .190 .238 .286 .333

.333

.375

.417

.4S8

.51)0

.542

.533

.625

.667

.70%
7so
:792
.93:3
.875
.?17
.‘3%3

1.000

.995

.996

.996
,q~~
.~q~
,995
.?y~
.995
.995
.995
.995
,995
.995
.%%
.996
.996
.996
.’396
.996
.996
.996 .
‘a.a~.-..
.996
.996
.996

.996

.pq~

.996

.99151
QQA. ..-

.995

.995

.99s
● 995
.995
● 995
.995
.995
.q~~
.995
.996
996
:996
.996
.’396
.996
.’396
.996
.996
.996

.996

.9’3~

.996

.’396

.999

.~gs
● 995
.995
.99,5
.995
.g?s
.995
.~~~
● 395
.995
.~gs
.995
.995
.995
.995
.996
.996
.991j
.’396
.996

.9915
, ~gg
.996
.995
,995
.995
,995

.?9s

.995

.995

.995

.995

.995
● ’395
.995
.?95
.995
.995
● ?~~
.995
.995
.996
.996
.996
.9’3’5

.996

.996

.396
● 995

-a.a5....
.~~~
.995
.995
.995
995
:995
.995
.9’35
.995
.9’35
.995
.9’35
.9“35
.995
.996
.996
990
:9’?6
.~?~
.996

.997

.997

.997
● 997
.997
.996
.996
.996
.9+6
.996
.’396
.996
996
:996
.996
.996
● -?,~~
.996
.996
.997
.997
.’397
.997
● 937
.996

.429 .476
,------------

. ~y~ , ~~a
CJclfl. ..- .99’3
,997 .998
.997 ,?~~
.997 ’398
.997 :998
.997 .’398
● 997 .99s
,997 .998
.997 .’398
.997 .998
.997 ,99~
●997 ,99.9
.997 .9%
.997 .998
.997 .998
.997 .998
,997 .99B
.997 .998
● 997 ,998
.997 .9,3~
.997 .998
.997 .998
.,397 .’398
● 997 .997

DIMENSIIINLESS MfiSSFLUX, GSTRR
———-=—-—--— --------

RXIRL
POSITION

-----——- —--—___ ———--—--———--------— -----------
RFiDIfILPllSITItlN

.S24 .S71 .619 .667 .714 .762 .810 ,8s7

0.000
.042
o~3

:125
.167
.208
.2s0
.292
.333
.37s
.417
.458
.500
.542
.583
.625
.667
.71)8
.7!50
.792
.833
.875
.917
.958
1.000

1.000 1.001 1.004 1.006 1.009 1.012 1.004
1.000 1.001 ;.004 1.006 1.009 1.012 1.004
1.000 1.001 1.004 1.006 1.009 1.012 1.004
1.000 1.001 1.004 l.oO6 1.009 1.013 1.003
.999 1.001 1.004 1.006 1.00? 1.013 1.003
.999 l.ool 10004 10006 1.oo9 1001,3looo2
.999 1.001 1.004 l.oO6 1.009 1.013 1.001
.999 1.001 1.004 l.oO6 1.009 1.012 1.000
.999 1.001 1.003 1.006 1.009 1.012 1.000
.999 1.001 1.003 1.006 1.00$31.011 ..399
.999 !.001 1.003 1.006 1.003 1.011 .?qa
.999 lmooo 10003 lCoo6 1.oo8 l.olo .998
.939 1.000 1.003 1.006 1.008 1.010 ,998
.999 1.000 1.003 1.005 l.oO8 1.00’3 .998
.999 10ooo 1.oo3 lmoo5 1.oo8 l.oog .997
.999 1.000 1.003 1.005 1.008 1.009 ● 95!7
.999 1.000 1.003 1.005 1.007 1.003 .997
.999 1.000 1.003 1.005 1.007 1.008 .?97
.999 1.000 !.003 1.005 1.007 1.008 .997
.999 1.000 1.003 1.005 1.007 1.007 .997
.999 1.000 1.003 1.005 1.007 1.007 .996
.999 1.000 1.003 1.005 1.007 1.007 .996
.999 1.000 1.00:31.005 1.007 1.006 .996
.999 1.000 1.00’31.005 1.007 1.006 .996
.999 1.000 1.002 1.005 1.007 1.006 .’396

● 994

,994
.932
.990
’38S
:986
.‘?B5
.984
.984
.?83
.9s3
.933
.983
.%33
.?83
.933
.9a4
.984
“394
:985
.9s5
.986
.9S6
.%36
.?36

.994 .996 0.000

.994 .996 0.00IJ

.993 .997 0.000

.993 ,999 0.000

.992 l.ool 1).01)0

.991 1.003 0.000

.991 1.004 0.000

.991 !.006 0.000

.991 !.007 0.000

.391 1.008 0.000

.991 1.008 0.000

.992 1.00? 0.000

.992 l.olo ~.000

.992 1.O1O 0.OOO

.992 1.010 0.000

.9%! 1.010 0.000

.993 Solo 0.000

.993 I.olo lj.000

.993 lCOIO ~.000

.993 1.010 0.000

.’3941.010 0.000

.994 1.010 0.000

.594 1.009 0.000

.9’?41.009 0.000

.5’341.009 0.000
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RXIRL COMPaNENT aF DIflENSIaNLESS MRSS FLIJXZGZSTRR
— .————— —--—.——

RXIRL
PIJSITItlN R13DIRLPUSITIaN

——-— ——.-——..—.—
0.000

0.000

:::
*125
.167
.208
.2s0
.292
.333
.37.5
.417
.4S8
.s00
.S42
.S83
.625
.667
.70s
.750
.792
.333
.37s
.91?
.958

1.000

.’396

.996

.996

.996

.9%

.996

.99s

.99s

.995

.99s

.995
● 995
● 995
.996
.996
.996
.996
.?~~
.996
.996
.996
.996
.996
.996
.956

.048

.996

.996

.996

.996

.996

.995
● 995
.995
.995
.995
.995
● 993
.99s
.99s
,995
.996
.996
.996
.9%
.996
.996
.996
.996
.9915
.996

. 09s . 143

.996

.996

.996

.996

.995
● 995
.995
● 99s
.995
● 995
.995
.995
-995
.995
.995
.995
.9’3s
.995
.995
.996
.996
.~~g
.+96
.996
.9915

.996

.~q~
● 996
.995
.995
.995
.995
.99!5
.995
.995
.995
.995
.995
.99s
● 995
.993
.99s
.995
.?9s
.995
.995
.996
.996
.996
,995

. 190

.996

.936

.996

.995

.995

.995

.995

.995

.99s

.995

.995

.993

.995

.995

.995

.995

.995
*995
.995
.996
.9%
.?96
.996
.996
● 996

.238
.-—-

.?96

.996

.996

.996

.995

.995

.995

.99s

.995

.995

.995

.995

.995

.g~s

.996

.996
*996
.996
.996
.gq~
.996
.9’36
.~~~
.996
.996

.996

.996

.996

.996

.996

.996

.996

.996

.996

.’396

.996

.996

.996

.?96

.996

.996

.996

.996

.996

.996

.996

.996

.996

.994

.996

.333
--—

.996

.997

..396

.996

.996

.996

.994

.996

.996
● 99!5
.9’36
.996
.99ij
.996
.9.36
.996
.995
.q~~
.996
.996
.996
.996
.996
.996
.996

.3211

.997

.997

.q~~

.,397

.997

.996
~996
.996
~996
.996
~996
.?96
.996
~996
.996
.996
,,996
.’396
.996
.997
“997
~997
~’397
~997
.996

,429
,--—.

.998

.99Q

.997
● 997
.997
.997
.997
.997
.997
-997
.997
.997
.997
.997
.997
.997
997
:997
.997
.997
.997
.997
.997
.997
..397

.476
.—-.

.998

.999

.99E!

.998

.qq~

.998

.998

.99B

.99s

.998

.?98

.998

.998

.99~

.998

.998

.998

.998

.998

.998

.?9$3

.998

.99a

.998

.997

RXIRL CaMPaNENT aF DIMENSIONLESS MRSS FLUX, GZSTRR
————— -——

RXIl?L
PaSITIQN
--— —— —.—- ——

RRDmL pasITIart

0.000
.042
.OQ3
.125
.167
.208
.250
.292
.333
.375
.4;7
.4S8
.500
.542
.583
.625
.667
.708
.750
.792
.833
.875
.917
.958

1.000

.S24 .571 .619 .667 .714 .762 .810
-—-

1.000 1.001 1.004 1.006 1.009 t.012 1.004
1.000 1.001 1.004 1.006 1.009 1.012 1.004
!.000 1.001 1.004 1.006 1.009 1.012 1.004
1.000 1.001 1.004 1.006 1.009 1.013 1.003
.999 l.oOi !.004 1.006 1.009 1.013 1.003
.999 1.001 1.004 1.006 1.009 1.013 1.002
●999 1.001 !.004 1.006 1.009 1.013 1.001
.999 1.001 !.004 1.006 1.009 1.012 1.000
.999 1.001 !..0031.006 1-009 1.012 1.000
.999 1.001 1.003 1.006 1.008 1.011 .999
.999 !.001 1.003 1.006 1.008 1.011 .999
.999 1.000 1.003 1.006 1.00B 1.010 .~~~
.999 !.000 1.oo3 1.oo6 1.oo8 l.o~o .99$j
.999 1.000 1.003 1.005 1.00S 1.009 .998
.999 I.000 1.oo3 1.oo3 l_oo8 ~.oo~ .9’37
.99+ 1.000 1.003 1.005 l.ooa 1.009 .997
.999 l.000 1.oo3 1.005 1.oo7 1.oo8 .997
.999 l_ooo 1.oo3 1.oo5 1.oo7 1.oo8 .997
.999 !.000 1.003 1.005 1.007 1.00s .997
.999 1.000 1.003 !.005 1.007 1.007 .997
.999 1.000 1.003 1.005 1.007 1.007 .996
.999 1.000 1.003 1.005 1.007 1.007 .996
.999 !.1)1)01.003 101)051.IJ07l.l)o~ .996
.999 1.000 1.003 1.005 1.007 1.006 .996
.999 1.000 1.002 1.00S ;.007 1.006 .996

.8S7
.-—

.994

.994

.,99’2

.990

.988

.936

.98S

.984

.984

.983

.983

.583

.983

.983

.983

.983

.984

.984

.?84

.9Q!j

.“3ss

.?86

.986

.q,a~

.986

,90!5! .952 !.000
-..-—— --———

,994 .996 0.000
.994 .996 0.000
● 993 .9?7 0.000
.993 .999 0.000
.992 l.ool 0.000
.991 1.003 0.000
.991 1.004 0.000
.991 1.006 0.000
.991 1-007 o.~oo
.991 l.oo~ 0.000
.991 1.008 0.000
.992 1.009 0.000
.992 ~.olo o.000
.992 1.010 0.000
.992 1.010 0.000
.9?2 1.010 0.000
.993 1.010 0.000
.993 I.olo 0.000
.993 1.010 0.000
.993 1.010 0.000
.994 I.o!o 0.01]0
..394I.olo O.o(lo
.994 1.009 0.000
.994 1.009 0.000
.994 1.,)090-000
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RfiDIfiLCOMPONENT OF DIMENSIONLESS MffSSFLUX, GRSTRR
——.—.-——.---——-—--— ——

RXIRL
PUSITIDN RRDIFILPaSITIaN

---— —-———-—-—---——— -—--- ——-— —--—---——

0.000 .048 .09s .143 .190 .238 .286 .333 .331 .429 .476
—--— -----—--————--—-——-—-——-

0.000
.042
.oE13
.125
167

:208
.250
.292
.333
.37s
.417
.4S8
.500
.342
.5s3
.62S
.667
.70E1
.750
.792
.833
.875
.917
.958

1.000

FIXIRL
PasITIaN

0. 000-0.000-0.000-0.000-0.000-0. 000-0.000-0.000-0.000-0.000-0.000
0.000 .000 .000 .000 .000 .000 .001 .001 .001 .001
0.000

.001
.000 .000 .000 .000 .001 .001 .001 .001 .001 .001

0.000 .000 .000 .000 .000 .001 .001 .I)oi .001 .001 .001
0.000 .000 .000 .000 .000 .000 .000 .001 .001 001
0.000

.001
000 .000 .000 .000 .000 .000 .000 .000 :001 .001

0.000 :000 .000 .000 .000 .000 .000 .000 .000 .000 .000
0.000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
0.000 .000 .000 .000 .000 .000 .000 .
0.000 -.000

000 .000 .000 000
-.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -:000

0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.OQO -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000
0.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.000 -.doo
0.000-0.000-0.000-0.000-0.000-0. 000-0.000-0.000-0.000-0.000-0.000

R13DIRLCaNPUNENT aF DIMENSIONLESS MRSS FLUXj GRST13R
——————— ————- —--

Rf!DIflLPaSITIaN
--—— —-—— —-—-—ne——— —-—--———-

0.000
.042
.083
.125

:;::
.2s0
.292
.333
.375
.417
.458
.500
.542
.S83
.623
.667
.708
.750
.792
.833
.87S
.917
.‘3S8

1.000

.S24 .371 .619 .667 .714 .762 .810 .857 .903 .9S2 1.000
——- —— ——-—-—— —--———--———-

-0.000-0.000-0.000-0.000-0. 000-0.000-0.000-0.000-0. 000-0.000 0.000
.001 .001 .001 .000 .000 .000 -.000 .001 .002 .001 0.000
001 .001 001 .001 001 .000 -.000

:001 .001
.001 .003 .002 0.000

:001 .001 :001 .000 -.000 .002 .004 .003 0.000
001 .001 001 .001 001 .001 .000 .002 .004

:001
.003 0.000

.001 :001 .001 :001 .001 .001 002 .004 .003 0.000
.000 001 .001 .001 .001 .001 .001
.000

:002 .003
:000 .001

002 0.000
.001 .00! .001 .002 .002 .003 :002 0.000

.000 .000 .000 .000 .001 .001 .002 .002 .002 .002 0.000

.000 .000 .000 .000 .000 .001 .001 .002 .002 .001 0.000
-.000 -.000 .000 .000 000 .001 001 .001 002 .001 0.000
-.000 -.01)0-.000 .000 :000 .000 :001 .001 :001 001 0.000
-.000 -.000 -.000 .000 .000 000 .001 .001 :00! 0.000
-.000 -.000 -.000 -.000 .000 :000

.001
001 .001 .001 000 0.000

-.000 -.000 -.000 -.000 000 .000 ;001 . ;000 0.000
-.000 -.000 -.000 -.000 :000

001 000
.000 .001

-.000
.001 :000 .000 0.000

-.OI)I) -.000 -.000 -.000 .000 .001 .001 -.000 -.000 0.000
-.000 -.000 -.000 -.000 -.000 000 . 1)1)1 .000 -.000 -.000 0.000
-.000 -.000 -.000 -.000 .000 :000 .001 .000 -.000
-.000

-.000 0.000
-.000 -.000 -.000 -.000 .000 .001 .000 -.000 -.000 0.000

-.000 -.000 -.000 -.000 -.000 .000 .001 000 -.000
-.000 -.000

-.000 0.000
-.000 -.000 -.000 .000

-.000
.001 :000 -, 000

-.000
-.000 0.000

-.000 -.000 -.000 .000 .000 . 000 -.000
-.000

-.000 0.000
-.000 -.000 -.000 -.000 -.000 .000 ●000 -.000 -.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
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DIMENSIONLESS CUCILRNTPRESSURE, PSTRR
—.z——z—— —.--.-----—---

RXIRL
POSITION I?RDIRLPOSITIUN

——— ————-—--—----—-------——-------—----------
0.000 .0413 .0?s .143 .190 .~3a .2*6 .33.3 .331 .429 .476
—-—----———--——----——---—-------—— ---—---—--—--

0.000
.042
.083
.125
.167
.208
.2s0
.292
.333
.375
.417
.458
.s00
.542
.583
.625
.667
.70%
.750
.792
.833
.e7s
.917
.958

1.000

RxItw
POSITION

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.999 .999 .99? .999 .999 .999 .999 .999 .999 .’?99 .939
.999 .999 .999 .?99 .999 ,999 .999 ,?~~ .’399 ..3.35).999
998 .998 .998 .998 .998 .998 .998 .999
:998

.998 .998 .?98
.998 .998 .998 .,.ag~ .998 .WM ,9’38 .998 .998 ,,393

● 997 ●997 .997 .997 .997 .997 .997 .997 .?97 .997
.996

.997
.996 .996 .996 .996 .996 .996 “.996

.995 .995 .996 .9’36
,996 .996 .996

.996 ●99(3 .9913 .996 .996 ,9915 .9?6
.995 .99s .995 .99!j .‘?9!5 .?35 .995 .995 .,995 .995 .~yj
.994 .994 .994 .994 .954 .9’34 .994 .9.34 .954 .994 .994
.993 .993 .993 .993 .993 .993 -993 .9.33 *993 ,993 .“393
.9’33 .?93 .993 .993 .993 .993 .993 .993 .993 .993 .933
.992 .992 .992 .992 .,3~~ .992 .992 .992 .992 .992 .932
.991 ●991 ,991 .991 .’?91 .9’31 .991 .991 .991 .991 .’391
.990 .990 .990 .990 .9?0 .390 .’390 .991] . ,?~o .990 .y?1)
.990 .990 ,990 .~~o .990 .99CI .990 .g~l) .~?o .991) .991)

.989 .989 .9139 .989 .339 .989 .9S9 .989 .’389 .989 ● 939

.988 .?8B .?88 .988 .988 .9S8 .988 .98B .3’38 .988 ,?Qa

.988 .9813 .988 .987 .987 .987 .9e7 .987 .987 .9e7 .987

.987 .987 .987 .%7 .?87 .987 .987 .927 .9S7 . 9~7 .987

.986 .986 .986 .986 .986 .986 .?86 ,.p~~ .?86 .03,96 .936

.985 .985 .9&5 .985 .985 .98.5 .’3BS .985 .985 .9s5 .3B5

.984 .984 .984 .384 .934 .%4 .984 .~Q~ .9*4 .984 .984

.983 .?83 .983 .983 .983 .9.93 .9s3 .983 .983 .983 .%33

.982 .9B2 .9132 .982 .982 .982 .9s2 .982 .982 .982 .%@

DIMENSIONLESS COllLRNT PRESSURE, PSTRR
— —---—-——-. --z-

RftDIFILPOSITION
-—-—— —— ----— ———----— —---- ---——-—n.

.524 .S71 .619 .667 .714 .762 .810 .8s7 .905 .’3’521.000

0.000
.042
.083
.125

:&
.250
.292
.333
.375
.417
.4S8
.s00
.542
.S83
.62S
.667
.708
.750
.792
.833
.875
.917
.958

1.000

1.000
.999
.aQQ....
.998
.998
.997
.996
.996
.995
.994
.993
.’393
.992
.‘?91
.990
.990
.989
.938
.987
.987
.986
.935
.984
.983
.982

1.000
.999
.999
.998
.998
.997
.996
.996
.995
.994
● 993
.993
.992
.991
.990
.990
.989
.988
.987
.987
.986
.985
.984
.933
.982

1.000
.999
.99’3
.9ya
.998
.997
.996
.996
.99s
.994
.993
.993
.992
.’391
.990
.990
.989
.9S8
.987
.987
.986
.985
.984
.983
.982

1.000
.999
.999
.998
.998
.997
.996
.996
.995
.994
.993
.993
.gy~
.991
.990
.990
.989
.98S
.987
.987
.9~6
.985
.984
.983
.982

1.000 1.000 1.000 1.000 1.000
.999 ,999 .999 .999 .999
.999 .999 .999 .999 .999
.998 .wa .g~a .998 .998
.99% .’398 .998 .,398 .998
.997 .997 .997 .997 .,397
.996 ,996 .996 ● ,39!5 .996
*99(5 .996 .996 .996 .99rj
.995 ●995 .995 .995
.994

.995
.994 .994 .994 .994

.993 ,393 .993 .993 .993

.993 .993 .993 .993 .993

.992 .992 .992 .992 .’392

.991 991 .9.-41 .991 .?91

.990 :990 .’390 .99,] .g?o

.990 ,990 .990 .’390 .cj~~

.989 .989 .9W .989 .999

.988 .983 .,~$g ,98S .,3~~

.987 .987 .987 .?S7 .+37

.?87 .337 .987 .9~7 .987

.986 .“?86 .92M .9E16 .986

.985 .985 .9s5 .985 .‘98.5

.9~4 .984 .984 .984 .9:34

.9a3 .983 .9E+3 .9g3 .’383

.982 .992 .982 .982 .382

1.000
Qa’a....
,999
.998
,998
,997
.,396
.“396
.99!5
● 994
,933
,933
.992
.991
,“390
cmn....
,9!3.3
,988
● 9~7
.9s7
,936
.985
.984
.383
.982

1.000
Gcm.<..
.999
.?98
Qaq.,...-
.997
.99(j
.996
.935
.994
.993
.99.3
.992
.9,?1
.99~
.990
,989
.938
.937
.337
.986
.985
.984
.9B3
.982
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clltHJW’+TBIJLKTEMPERfiTURES TF (K>
—.— --—- -——

RXIRL
POSITION RRDIRL POSITION

—--—- —z—--————— ———-— —-—————
.- ----- ---- .-.

0.000

0.000
042

:083
.125

:;:;
.2s0
.292
.333
.375
.417
.4S8
.s00
.542
.S83
.62s
.667
.708
.7s0
.792
.S33
.875
.917
.958

1.000

537
610
691
771
847
915
974
1026
lo7i
1108
1139
1165
1136
1204
1218
1230
1240
1248
12s4
1260
1264
1268
1272
i275
1279

.04a .095 .143
.—-—-----———

537
610
691
771
847
915
974
1026
1071
1108
1139
1165
i186
1204
1218
1230
1240
1249
1254
1260
;264
1268
1272
127S
1279

537
610
691
771
847
gls
973
1026
1071
1!08
!139
116S
1186
1204
1218
1230
1240
i24%1
1254
1260
1264
1268
1272
1275
1279

537
610
691
77!
847
915
975
1026
1071
1108
1139
1165
1186
1204
!218
1230
1240
1248
1254
1260
1264
1268
1E!71
1275
1278

.190
.—-

537
610
690
771

847
914
974
1026
1070
1107
1139
1164
1186
1203
1217
1229
1239
1247
1253
1259
1263
1267
1271
1274
1278

.238
.—

537
610
690
770
846
913
973
1024
1069
1106
1137
1163
1184
1201
1216
1227
1237
1245
1252
12S7
1262
1266
1269
1273
1276

.286
—-

537
609
689
769
84S
912
971
1023
1067
1104
113s
1161
11s2
1200
1214
1226
1236
1’244
12s0
1256
1260
1264
1268
1271
127S

.333
——-

C1311LSNTBULK TEMPERRTURE~ TF (K>

537
609
688
768
S44
910
970
1021
1065
1102
!133
115?
1180
1198
1212
1224
1234
1242
1i?4e
1254
12S8
1262
1266
1269
1273

RxI%
POSITION RRDIRL POSITION

537
608
688
767
842
909
96a
1019
1063
1100
1131
1157
1179
1196
1210
1222
1232
1240
!247
1252
1257
1261
1264
1268
1271

537
6oa
686
766
a41
907
966
1018
1062
1099
!130
11S6
1177
1194
1209
1221
1231
1239
1245
125!
125s
1259
1263
1266
1270

537
607
685
764
a38
90s
964
101s
1059
1096
1127
11!$2
1174
1191
1206
1217
1227
123S
1242
1247
:252
12S6
1260
1263
1267

.S24 .571 .619 .667 .714 .762 .alo .8S7 .90S .952 1.01)0

0.000
042

:oa3
.125

.-

:20;
.230
.292
.333
.375
.417
.45a
.500
.S42
.sa3
.625
.667
708
:750
.792
.a33
.875
.’317
.95a

1.000

536
606
684
762
S36
901
960
101!
1054
1091
1122
1148
1169
1186
1201
1213
1222
1231
1237
1243
1248
1252
12S5
1259
1262

536
605
6a2
759
a32
89a
956
1006
1050
1087
ills
1143
1165
~la2
1197
1209
1218
1227
1233
1239
1243
1247
1251
125s
1258

s~~

604
679
756
829
893
951
1002
104s
1082
lli3
1138
1160
1177
1191
1203
1213
1221
1228
1233
I23a
1242
1246
1249
1233

536
602
676
731
823
aa7
944
993
1036
1073
1103
1129
11s0
1167
1182
1194
1204
1212
1219
1224
1229
1233
1237
1241
1244

335
600
674
749
820
a84
942
992
1035
107f
1102
1128
1149
1166
1181
11’33
1202
1210
!217
1223
1227
1231
1235
123S
1242

535
598
669
742
812
374
931
980
1023
1059
1090
1116
i13a
1156
1171
1183
1194
1203
1210
1216
1222
12Z6
1231
1235
1239

S36
602
675
749
821
886
944
995
1038
t076
1107
1134
1157
1175
1191
1204
1215
1224
1232
1238
1243
124a
12s2
~2~6
1260

538
615
6~a
782
862
93s
9qa
1053
!099
lt38
1170
1197
1219
1237
1251
1262
1271
127a
1283
1288
1291
1293
1295
1298
1300

S37
612
6’31
769
844
912
972
1023
1067
1104
1135
116!
1183
1201
i216
1227
1237
124S
12s1
1256
1261
1264
1267
1270
1273

538
614
691
766
835
896
949
994
1033
1067

S38
614
691
766
835
a96
949
994
1033
1067

!094 1094
1117 1117
1137
1153
1166
1177
1187
119s
1202
1208

1137
1153
1166
1177
1187
1195
1202
1208

1213 1213
1217 1217
1221
1225
1229

1221
1225
1229
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PEBBLE RVERRGE SURFRCE TEMPERFtTURE, TS (K>
——.———-—---—-———

RXIRL
POSITION Rl?DIf!LPOSITION

-.—-—— .—-—— —- ——-— ——-------—---—--— -
0.000 .04% .095 .143 .190 .238 .286 .333 .381 .429 .476

-————--—-———-——-——----—

0.000
.042
.083
.125.

:2:
.250
.292
.333
.375
.417
.45%
.s00
.342
.583
.62S
.667
.708
.750
.792
.833
.875
.917
.958

1.000

RXIftL
POSITION

0.000
.042
.083
125

:167
.208
.2s0
.292
.333
.375
.417
.458
.s00
.542
.S83
.62S
.667
.?08
.7s0
.792
.833
.875
.917
.958

1.000

669
756
842
917
980
1031
107s
1113
!!44
1169
1190
1207
1220
1232
1241
1249
1255
1260
126S
1268
1272
1275
127S
1281
12ss

669
756
842
917
980
103!
1075
1!13
1144
1169
1190
!207
1220
!232
124!
1249
1255
1260
126!5
1268
1272
1275
1278
1281
128S

669
756
84i2
917
980
1031
1075
1113
1144
1169
Ilgo
1207
1221
1232
1241
1249
1255
1260
1265
1268
1272
1275
1273
1281
128S

669
7S6
842
917
980
1031
1075
1113
1144
1169
1190
1207
!221
1232
1241
1249
1255
1260
1265
1268

1277
1281
1284

669
755
841
917
979
1030
1075
1!12
t143
1169
1189
1206
1220
1231
!240
1248
1254
1260
1264
1267
1271
1274
1277
1280
1284

669
7s4
840
915
973
1029
1073
1110
1142
1167
1188
1204
1218
1230
1239
1246
12S3
1258
1263
1266
1269
1272
1275
1279
1282

668
733
839
914
977
1027
1071
1109
1140
1165
1186
1203
1216
1228
1237
124S
125!
1256
1261
1264
1268
127!
1274
1277
1281

667
752
838
912
975
1026
1070
1107
1138
1163
1184
121)1
1215
1226
123S
1243
1249
1255
12!39
1263
1266
1269
1272
“1275
1279

667
7s1
837
911
973
1024
1068
1105
1136
1161
1182
1199
1213
1224
12’34
1241
1248
1253
1257
126,1
1264
1267
1270
1274
1277

665
749
835
909
971
1022
1066
1103
1135
1160
!181
1197
!211
1223
1232
1240
1246
1251
!256
1260
1263
1266
1269
1272
1276

664
748
833
907
969
1019
1063
1100
1131
1156
1177
1194
120a
!219
1229
1236
1243
1248
1252
1257
1260
1263
1266
1269
1273

PEBBLE RVERRGE SURFftCE TEMPER13TIJRE,TS (K>
——--—-————

RRDIRL PaSITIaN
————— —---—-—- _——.—,________
.524 .s7! .619 .667 .714 .762 .810 .857 .90s .’3521.000

-——--—-———-c——z——--—-—

663
746
830
903
965
1015
10s9
1096
1127
1152
1172
1189
1203
1215
1224
1231
1238
1243
!248
1252
12s5
1238
1261
1265
1268

661
743
827
900
96I
1011
10s5
1091
1122
1148
1168
1185
1199
1211
1220
1228
1234
1240
I244
1248
12s1
1254
12S7
1261
1264

659
740
1323
895
956
1006
1050
1086
1117
1143
1164
1180
1194
1205
121s
1222
1229
1234
1239
1243
1246
1249
1251
125s
1258

656
736
818
S89
949
99B
1041
1077
1107
1132
1153
1170
1184
1195
1205
1213
1219
1225
1229
t233
1237
1240
1243
1246
1250

653
732
81A

886
947
996
1040
1077
1!07
1!33
1153
1170
1184
1195
1204
1212
1218
1223
1228
1232
1235
1238
1241
1244
1248

648
725
805
87S
934
9B3
1026
1062
1093
111°3
1140
11!57
1172
1184
1194
1202
1210
1216
1221
1225
1229
1233
1237
1241
124!5

653
733
814
88s
946
997
1041
1078
1109
113s
11s7
1176
1191
1204
1214
1223
lz31
1237
1242
1247
12s1
1255
125B
1352
1266

674
768
855
935
1005
1063
1107
1146
1178
1204
1226
1244
12S8
1269
1277
1284
1289
1292
129!5
1238
1299
1301
1302
1304
1307

670
758
837
911
975
1029
1071
1108
f139
1165
11S6
1204
1219
1230
1239
1247
12S3
1259
1262
1265
1268
1271
1273
1276
1279

675
761
833
900
955
939
1038
1069
1097
1120
113s
115”3
1166
1177
11:36
1194
1200
1206
1211
121s
1219
1222
1226
1229
1233

67S
761
833
9!30
955
999
1038
106?
1097
1120
1138
1153
1166
1177
11S6
1194
1200
1206
1211
121s
1219
1222
1226
1229
1233
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MRXIMIJM INTERNRL FUELED MRTRIX TEMPERFITURE <K)
————.—----———-——--—--——-—-

SXIRL
POSITION RRDIFtLPIISITIUN

-—-— —- ———-—--—---— —-- ————. —--. ------— — -------

0.000 .04s -l)g.5.14:3 .l~l) .238 .286 .333 .381

0.000
.042
083

:125
167

:208
.250
.292
.333
.375
.417
.4S8
.500
.S42
.5s3
.623
.667
.708
.750
.792
.833
.875
.?17
.“358

1.000

S02
939
1081
li83
1244
!275
~2’35
130s
1309
1309
1306
1303
1300
1297
1293
1293
129”
129(j
1290
1289
1289
1290
1291
1295
129S

802
g~y
1081
1183
1244
127S
1295
1305
1309
1309
1306
1303
1300
1297
1295
1293
129I?
1290
1290
1289
1289
1290
1291
129s
1298

a02
9:39
10s1
1184
1245
127S
1295
1305
1309
1309
1306
1303
1300
1297
1295
1293
1292
1291
1290
1289
128?
1290
1292
12’35
1298

a 02
939
1081
1184
1245
1275
1295
1305
1309
1309
1306
1303
1300
1297
1295
1293
1292
1290
1290
1289
1289
1290
1291
1295
129S

802
938
1080
1183
i244
1274
1294
1304
130e
130s
1305
1302
1299
1296
1294
1292
1291
1290
1289
1288
1288
1289
1291
1294
1297

801
937
1079
1181
1242
1272
1292
1302
1306
1306
1303
1300
1297
1295
1292
1290
l~~o
1288
1287
1287
1287
1288
1289
1293
1295

800
935
1077
1179
1240
12?0
1290
1300
1304
1304
1301
1299
1296
1293
1291
1289
1288
1286
1286
1285
128S
1286
1287
1291
1294

799
933
t075
1176
1238
12613
1288
1298
1302
1301
1299
1297
1294
1291
1289
i2s7

1286
128S
1284
1283
1283
1284
1~efj
1229
1292

797
931
1072
1173
1235
1266
1286
1296
1300
1299
1298
1295
~292
1289
1287
1295
1284
1283
1282
1282
1282
1283
1284
1289
1290

.429
.-—-

795
928
1070
1171
1233
1264
1284
1294
1299
1298
1297
1293
1290
1288
1286
1284
1283
1281
1281
1281
1280
1281
1283
1286
1289

.476
.— -

793
926
1066
1163
1229
1260
1281
1291
1295
1295
1293
1290
1287
1284
1282
1281
1280
1278
1277
1278
1277
1278
1279
1283
1286

MRXIMUM INTERNHL FIJELEDMRTRIX TEMPERATURE <K>
———- -——————-—----

RFtDIFILPUSITICIN
RXIRL

PIISITIUN
--——— —— —— ———-—--—-————-,-_ ---------

.524 .571 .619 .667 .714 .762 .810 .857 .905 .952 1.000
—-— —----—-——-_-_-..__-_, ----- -

0.000
.042
.083
125

:167
.208
.250
.292
.333
.375
.417
.458
.500
.542
.583
.625
.667
708
:750
.792
.833
.875
.917
.958

1.000

79(3
922
1062
1162
1223
1254
1275
1285
1290
1289
1287
1285
1282
1280
1277
1275
1275
1273
1273
1273
1273
1274
1275
127’3
1281

786
917
1056
1157
1218
1250
1270
1281
1285
12S6
1284
1281
1279
1276
1274
1272
1271
1270
1269
125?
1269
1269
1271
1274
1277

782
912
1050
1150
121’2
1244
1265
1276
1281
1281
1280
1276
1274
1271
126?
1267
1266
126!5
1264
1264
126:3
1264
1265
126’3
1272

778
905
1041
1140
1201
123!
1252
!263
1268
1268
1267
126!5
1262
1259
1238
1257
1239
1254
1254
1254
12S4
125S
1256
1’260
1263

772
899
1037
11:37
1200
1233
!255
1266
1271
1272
1270
1267
1264
1262
12s?
1257
1256
1254
1254
1253
1?53
12S3
1255
1259
1262

763
886
1021
1120
11s1
1213
1235
1246
1253
12S4
1253
1252
1250
1248
1247
1246
1246
1246
1246
1246
1247
1247
1251
l~ss
1258

772
900
1033
1132
1197
1231
!251
1262
1269
1271
1271
1271
1271
1269
1268
1268
1268
1267
1267
1268
1269
1270
1272
1276
1280

811
961
1103
1215
1291
1331
1345
1354
13!57
13S6
13s4
1353
1349
1343
1338
1335
1331
1327
1324
1321
132o
1318
1318
1320
1323

803
942
1069
1169
1237
1273
12~8
1298
!302
1303
1303
1303
1301
1297
1295
1293
1291
1289
!288
1287
1286
1286
1286
1289
1293

814
947
1059
1147
1196
1218
1232
1236
1240
1242
1238
1235
1234
1232
123!
1231
1231
1231
1232
1232
1233
1235
1237
1239
1243

831
976
1099
1193
1242
1259
1269
1268
1268
1265
1257
12s1
1247
1243
1240
1238
1237
1236
1236
1236
1236
1237
1238
1240
1244
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PEBBLE INTERNRL SHELLZMRTRIX INTERFftCETEMPERF!TURE (K)
I

———.—— ———-- —--——- ——--——-—---

ftXIRL
PUSITIUN RfIDIRLPOSITIUN

--—— .—-— -——- ———-——----—-—-----—---—-—-----
0.000 .04% .09s .143 .1’30 .23s .286 .33:3 .3SI .42? .476

0.000
.042
.083
.12s
.167
.208
.250
.292
.333
.37s
.417
.458
.500
.S42
.333
.625
.667
.70a
.750
.792
.833
.875
.917
.95a

1.000

FtXIRL

726
834
944
1031

726
S34
944
1031

726
834
944
1031

726
834
944
1031

726
833
943
1030
I092
1134
1168

725
~3~
942
1028
1090
1132
1166
1192
1212
1226
1237
1?4s
1252
1257
1~~z
1265
1269
1271
1273
1275
1277
1279
1231
12S5
1288

724

831
941
1027
1089
1121
1165
1190
!210
1224
123S
1243
1?50
1256
1260
1263
1267
1269
1271
1273
1275
1277
1279
1283
1286

723
~~q
939
1025
1087
1129,
1163
1188
1208
1222
1233
1242
1248
1254
12(58
1262
126!5
1267
1270
1271
1273
1276
1278
1281
1284

>.,
,A 2
328
937
1023
1085
1127
1161
1186
1206
1220
1231
1240
1246
1252
1?36
1260
1263
1266
1268
1270
1272
1274
~.276

1280
1283

721

826
935
1021
1083
1123
1159
11s5
1205
1219
1230
1238
1245
1250
125s
125?
1262
!254
1266
1269
1270
1272
1275.
1278
1281

719
S24
9.32
1018
1079
1122
1156
1181
1201
1215
1227
1235
1242
1247
1252
1257
1258
1261
1263
1266
1267
1269
1271
127.5
1273

1093
1135

1093 10’?3
113s 1135

1093
1135
11691!69

1194
1214
1229
1240
1248
1254
1260
1264
1267
1271
1273
127S
1277
1279
1281
1283
12S7
1290

1169
1194
1214
1229
1240
1248
1254
1260
1264
1267
1271
1273
1275
1277
1279
1281
1283
1287
1290

1169
1195
1214
1229
1240
1243
12S4
1260
1264

1195
1214
1229
1240
1248
1254
1260
1264

1194
1213
1228
123?
1247
1253
1259
1263
1267
1270
1272
1275
1276
1278
1280
1283
1286
12a?

1267 1267
1271 1271
1273
1276
1277
1279
1281
1284
1287
1290

1273
1275
1277
1279
1281
1233
!287
1290

PEBBLE INTERNRL SHELLAIRTRIX INTERFRCE TENPERRTURE (K)
———--— -— —--- ——-———---

PUSITION RRDIRL POSITION
-——- ———— --——----——-—— —--— -—-—-- —-

.S24
-——

.!571
——

.619
.——

. 667
——.

.714
,———

.762
-—

.!310
,-—

.857
— —--

.905
——

.952 1.000

0.000
.042
083

:125
.167
.208
.250
.292
.333
.375
.417
.438
.300
.542
.583
.625
.667
.708
.750
.792
.833
.875
.917
.938

1.000

717
S21
929
1014
1075

714
817
924
1009
1071
1113
1147
1172
1192
1206
1218
1226
1233
1238
1243
1246
12s0
1252
1255
1257
1258
1261
1263
1266
1270

711
813
919
1004
1065
1107
li41
1167
1!87
1202
1213
1221
1228
123:3
1238
1241
1245
1247
1249
1252

708
808
913
996
1056
1097
1131
1156
1176
Ilgo
1202
1210
1217
1223
1228
1231
1235
1237
1240
1242
1244
1246
1249
12s2
1256

703
803
909
?93
1055
1097
1132
1158
1177
1192
1203
1211
1218
1224
1228
1231
1234
1237
1239
1241
1243
1244
1247
1251
1254

697
794
897
979
1039
10s1
1115
1141
1161
1176
11S8
1197
1205
1211
1217
1221
1225
1228
1231
1234
1237
1239
1243
1247
1251

704
804
?07
~~o
1053
1097
1131
1156
1177
1193
1206
1216
122s
1232
1237
1242
124S

1250
1253
12S6
1259
1261
1264
1268
1272

733
S5o
961
1054
1127
1177

727
S37
936
1021
1087
1133
1164
11s9
1209
1224
1.236
1246
1254
1259
1263
1267

734 741
840 853
929 ?47
1005 1025
105s 1077
1093 l~lo
1121 1136
1140 1154
!158 1170
1172 11S2
11s1 11%9
1188 li95
1195 1200
1200 120.5
1205 1209
1210 1213

1213 1216
1216 1219
1220 1221
1222 1224

1225 1226
122S 1229
1230 1231
1234 1234
1237 1237

1117
1151 1209

123S1176
1196
1210
1221
1230
1237
1242
1247
1250
1254
1256
1258
1261
1263
1265
1267
1271
1274

1254
1269
12$30
1290
1297
1301
1303
1305
1307
1307
130s
1308
130s
130s
l:31j9
1311
~.314

1269
1271
1273
1274
1276
1277
1279
1282
1285

1253
1255
1257
1261
1264
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PEBBLE SHELLZMRTRIX INTERFRCE TEMPEWtTURE GRi3DIENT (KzCM)
—..-— -—---—— —-—-—-——-——.—-— —

RXIRL
POSITION RFtDIRL PIISITION

--——-- —---——-— ---—-—----—- ---—-- -—-— —-— -
0.000 .048 .095 .143 .190 .238 .286 .333 .331 .429 .476

0.000
042

:0s3
.125
.167
.208
.250
.292

.333

.375

.417

.4s3

.500

.542

.583

.62S

.667

.708

.750

.792

.833

.E175

.917

.958
1.000

-136
-1s8
-245
-272
-271
-250
-225
-197
-1~~
-143
-119
-98
-e 1
-67
-55
45
-37
-31
-2s
-21
-18
-16
-14
-14
-13

-136
-183
-24!5
-272
-271
-230
-225
-197
-169
-143
-119
-9$3
-81
-67
-ss
45
-37
-“31
-25
-21
-18
-16
-14
-14
-Is

-136
-133
-24S
-272
-271
-250
-22s
-197
-169
-143
-119
-9B
-81
-67
-55
45
-37
-31
-25
-21
-18
-16
-14
-14
-13

-136
-la8
-245
-272
-271
-250
-225
-197
-169
-143
-119
-98
-81
-67
-55
-45
-37
-31
-2s
-2i
-18
-16
-14
-14
-13

-136
-187
-244
-272
-270
-250
-225
-196
-169
-142
-119
-98
-81
-67
-.55
43
-37
-31
-25
-21
-13
-16
-14
-14
-13

-135
-137
-244
-271
-270
-249
-224
-196
-168
-142
-113
-93
-B1
-67
-55
45
-37
-31
-25
-21
-18
-16
-14
-14
-13

-135
-186
-243
-271
-263
-248
-223
-196
-168
-142
-118
-98
-81
-67
-75
-45
-37
-31
-25
-21
-18
-16

--14
-14
-13

-134
-185
-242
-270
-269
-248
-223
-lQS
-168
-141
-118
-98
-e1
-67
-ss
-45
-37
-3L
-2s
-21
-18
-16
-14
-14
-13

-133
-134
-241
-269
-263
-248
-223
-195
-167
-141
-118
-98
-81
-67
-55
-4s
-37
-31
-2s
-21
-1s
-16
-14
-14
-13

-132
-183
-240
-268
-267
-248
-223
-195
-168
-142
-119
-98
-$1
-67
-55
-46
-37
-31
-2s
-22
-13
-16
-14
-14
-13

PEBBLE SHELL/MRTRIX INTERFRCE TEIIPERRTURE GRRDIENT (K/CM>
—--——— ——.——————

RXIRL
POSITION RRnIRL P(ISITIUN

-131
-132
-239
-267
-266
-246
-222
-195
-168
-141
-118
-98
-81
-67
-55
-45
-37
-31
-25
-22
-18
-16
-14
-14
-13

.524 .s71 .619 .667

0.000
042

:083
.125
.167
.20%
.250
.292
.333
.37s
..417
.45%
.500
.S42
.533

::s
.708
.750
.792
.833
s Q75
.917
.958

1.000

-130
-180
-237
-265
-264
-245
-221
-194
-167
-i41
-118
-98
-81
-67
-55
-45
-37
-31
-25
-21
-18
-16
-14
-14
-i3

-120
-178
-2’35
-263
-263
-244
-220
-!93
-167
-141
-113
-9B
-81
-67
-55
45
-38
-31
-26
-21
-18
-16
-14
-14
-13

-126
-176
-232
-261
-262
-243
-220
-193
-167
-142
-119
-98
+32
-67
-55
-46
-33
-31
-26
-22
-18
-16
-14
-14
-13

-124
-173
-229
-257
-2S8
-239
-216
-190
-164
-139
-117
-97
-30
-66
-55
-45
-37
-30
-25
-21
-13
-15
-14
-14
-13

.714
.— —

-121
-171
-228
-257
-2S9
-242
-220
-194
-167
-143
-120
-99
-$32
-63
-56
-46
-33
-32
-26
-22
-18
-15
-15
-15
-14

.762 .310 .8S7
-———-—

-117
-16S
-221
-250
-252
-235
-214
-138
-163
-138
-116
-97
-30
-66
-s5
-4s
-38
-31
-26
-21
-18
-15
-14
-14
-14

-121
-171
-224
-253
-236
-239
-215
-139
-163
-13a
-116
-98
-81
-67
-55
-46
-38
-31
-25
-21
-1s
-13
-14
-14
-14

-140
-197
-254
-286
-292
-275
-243
-213
-133
-155
-131
-111
-93
-76
-63
-’52
+3

-35
-29
-24
-21
-17
-16
-16
-17

.905

--——

-136
-188
-237
-264
-267
-250
-221
-!94
-166
-141
-119
-101
-84
-69
-57
-47
-38
-31
-27
-22
-18
-15
-14
-14
-15

.952 1.000
.-----——-

-141 -159
-lgo -220
-2? 1 -272
-252 -299
-246 -293
-224 -266
-198 -’237
-171 -203
-147 -17s
-124 -148
-102 -122
-84 -1oo
-69 -82
-57 -67
-47 -55
-38 -46
-32 -37
-26 -3!
-21 -25
-18 -21
-15 -17
-13 -1s
-11 -13
-lo -11
-11 -11
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KILOIJJRTTS/PEBBLE INPIJT FRIIM VSUP
—.— .—--—--- --———- ---

RX IRL
POSITION

——.

0.000

:::
125

:167
.20e
.2s0
.292
.333
.375
.417
.458
.500
.542
.383
.625
.667
.708
.7s0
.792
.%33
.87.5
.917
.958

1.000

RXIRL
POSITION

RRDIRL PIJSITIUN
———-—-—-——-————----—---—---—-—-—-------—--
0.000 .048 .095 .143 .1’90 .23B .’2S6 .“333 .381 .4i29 .476

4.000 4.000 4.000 4.000 3.’3943.9S2 3.971 3.94’33.92S 2.8’373.SE.6
4.100 4.100 4.100 4.100 4.092 4.077 4.061 4.(I444.025 3.997 3.972
4.360 4.360 4.360 4.360 4.354 4.342 4.3’314.314 4.2’3B 4.284 4.256
4.2%0 4.2*O 4.2S0 4.280 4.274 4.262 4.251 4.234 4.219 4.212 4.192
3.9S0 3.9S0 3.950 3.950 3.946 3.93:33.330 3.91’33.909 3.?02 2.SS2
3.S00 3.500 3.S00 3.500 3.496 3.48a 13.4S03.475 3.470 3.470 3.452
3.0S0 3.080 3.080 3.080 3.076 3.068 3.060 3.055 3.050 3.0S0 3.044
2.660 2.660 2.660 2.660 2.63S 2.654 2.6S0 2.54S 2.640 2.640 2.634
2.270 2.270 2.270 2.270 2.268 2.264 2.260 2.2S5 2.2S1 2.2!5a2.2’34
1.910 1.910 1.’3101.910 1.908 1.904 1.”3001.S95 1.S91 1..2’3S1.S94
1.590 1.590 1.S90 1.S90 1.58S 1.5S4 1.580 1.580 !.5S1 1.58S 1.5S4
1.310 1.310 1.310 1.3!0 1.310 1.310 1.210 1.310 1.310 1.310 1.:310
1.080 1.080 1.080 1.0S0 1.080 1.030 1.0S0 1.080 1.0S0 1.0S0 1.0S0
.890 .890 .S90 .890 .890 .S90 .&31) .290 .S90 .S’?0 .;390
.730 .730 ●730 .730 .720 .730 .730 .730 .731 .738 .734
.600 .600 .600 .600 .600 .600 .61)0 .+00 .601 6/]s .604
.s00 .500 .500 .500 .500 .500 .500 .Sljo .500 :500 .500
.410 .410 .410 .410 .410 .410 .410 .410 .410 .410 .410
.340 .340 .340 .340 .340 .340 .340 .340 .340
.280 .280 .280

.340 .240
.2*O .2eo .280 .2*O .2s0 .281 .238 .290

.240 .240 .240 .240 .240 .240 .240 .240 .240 .24o .240

.210 .210 .210 .210 .210 .210 .210 .210 .210 .210 .210
190 .190 .190 .190 1$11).190 .~~o .191) .190 .190 .191j

:lpo .19fJ .190 .190 :~90 .190 ,ly~ .l~o .lgo
180 .190

.1~~ .190
. .1S0 .180 .180 .180 .1S0 .180 .130 .130 .1:30

KILtlWRTTSzPEBBLE INPUT FROM VSUP
-—— —-——--——--- -—---

RRDIRL POSITION
-———— — --—-—-- ————--—-—---— -----------------

.524 .571 .61’3 .667 .714 .762 .s10 .S57 .905 .952 1.1)1)0

0.000
.042
.083
125

:167
.20e
.2!50
.292
.333
.37s
.417
.458
.500
.542
.5a3
.62S
.667
.ioa
750
:792
.833
.%75
.917
.958

1.000

——-— —— —-——-—---—----——-—— ------------ ----

3.827 3.777 3.720 3.660 3.575 3.455 3.574 4.129 4.010 4.167 4.680
3.937 3.895 3.846 3.72!0 3.729 3.606 3.724 4.312 4.107 4.144 4.800
4.222 4.185 4.140 4.0S0 4.064 3.937 3.99S 4.522 4.217 4.111 4.S50
4.162 4.132 4.100 4.034 4.041 3.?27 3.?74 4.4?7 4.149 3.9S9 4.700
3.3S6 3.840 3.320 3.760 3.7S5 3.677 3.7.344.264 3.”?033.591 4.270
3.431 3.420 3.404 3.35I)3.396 3.297 3.3!503.346 3.S01 3.134 3.720
3.026 3.0!8 3.014 2.96!53.016 2.926 2.?47 3..3253.0.332.717 2.240
2.621 2.618 2.618 2.575 2.626 2.546 2.554 2.377 2.620 2.311 2.7S0
2.241 2.242 2.248 2.205 2.249 2.194 2.191 2.45”32.239 1.974 2.350
1.S35 1.S92 1.898 1.865 1.912 1.;354S.854 2.081 1.:3951.668 1.’3SII
1.57S 1.5S2 1.5?2 1.560 1.602 1.5!541.5.561.755 1.59:31.371 1.530
1.305 1.30S 1.316 1.295 1.32;31.2’331.304 1.490 1.347 1.125 1.:340
1.080 1.088 1.0?2 1.070 1.101 1.072 1.086 1.244 1.122 .92s 1.100
.a90 .a94 .s96 .aao .911 .382 .:3951.019 .916 .760
.730 .734 .740

.91]0
.73c1 .748 .731 .733 .S.36 .755 621 .74~

.600 .604 .610 .600 .618 .601 .611 .694 .625

.500
:513

.504
610

.506 .495 .511 .501 .502 .571 .512 .423 :500
.410 .414 .416 .405 .421 .411 .413 .468 .419
.340

.345 .41CI
.344 .346 .340 .354 .341 .340 .33s .354 .2:37

. 2a5 .284
.:340

.290 .2S5 .254 .281 .234 .3z5 .2a9 .2.37
.240

.2s 1)
.240 .240 .235 .244 .241) .241 .275

.210 .210 .210
.243 .19s .2:30

.205 .$?07 .200 .20!3 .233 21)6 .16% .aljl)
190 .19fJ .1?0 1s5 .194 .1’30 .1s5 .213 :la6

:190
.14s 170

190 .190 :1s5 .194 .19D .18S .215 .136 :150
lao :lao .

.140
. 180 .175 .1S4 .1S0 .1.28 .223 .~~~ .~.$z .15(1
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EftSYPLT DRTR FILES CRERTED
USER DESIGNIITED RRDIRL LUCFITItlt% J-21

ERSY3D DRTR FILES CRERTED

CONTOUR PLUT FILM FILE CRERTED

TUTFtL CP TIME INCLUDING COMPILRTIIJN = 77.378
STOP
/



APPENDIX D. PRINT OUTPUT FOR ANALYSIS

OF ORNL PBRE BED 13FCa
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A3LDsB12FC
/FlJN9rt91=B13Fc
CTIME 007.457 SEC. FUN LRSL20
/sETTLPi?oo
SSETTLP200.
AGO
STIME = 8.177000

CIPTIUNSFOR PRUGRRM IiNDCIUTPUT CONTROL

IN = 51 Jr!= 21 cc = .I)I)SOQOOI) RP(l> = 1.2S5000
RP<4~ = 1 NSWP1 = 5 NSWP4 = 2
IZSTEP = 1 IRSTEP = 1 IPRESS = 1 IVOID = 1
19XIFL = 1 IRRD = 1 IFILM1 = O IFILM2 = 1
IFILr13= o IFILM4 = 1

MRXIMUM RESIDURLS IN FIELD

ITER = 1 RSIIU(l> = -62.26226 RSDU<4> = -.002S1299
RIJNTIME = 4.242000
ITER = 2 RSDU(I> = -.180238 RSDU(4) = -.001S0810
RUNTIME = 8.S1S000
ITER = 3 RSDU(l) = -.0173049 RSDU(4) = -.00142899
RUNTIME = 12.46900
ITER = 4 RSDU<l> = -.0114268 RSDU(4> = -.00140124
RUNTIME = 16.44500
ITER = S RSDU<$) = -.008S0163 RSDU<4> = -.0013s949
RUNTIME = 20.44300
ITER = 6 RSDU(l) = -.00681434 RSDU(4> = -.00136906
RUNTIME = 24.40500
ITER = 7 RSDU(l> = -.00570949 RSDU(4> = -.00137142
RUNTIME = 28.37300
ITER = 8 RSDU(i> = -.004a81S8 RSDUC4> = -.00134158
RUNTIME = 32.34300

PREDICTIONS FUR aRK RIDGE PBRE BED-13FCR
VFILUESaF GEOMETRY RND INLET VFIRIRBLES <S.1. UNITS>

HEIGHT = 1.351725 RRDIUS = .381000 DKUGEL = .0381000
FMDIIT= 1.438000 GINLET = 3.153255 VELIN = 2.775681
REYN = 6275.847 Paul = 100000 TINLET = 316 FRICF = 5.6079S5
RFRIC = 24.50000 BFRIC = .175400 RNGREP = .401426
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STRERM FUNCTION
—.--—-——--

RX IftL
POSITION RRDIRL POSITION

--.— —-— —-——-—-------—-n—-————-
0.000 .050 .100 .150 .200 .250 .300 .350 .400 .450 .s00

0.000
.008
.016
.024
● 033
,041
.049
.0!37
.065
.073
.081
.090
.098
106

:1s1
.197
.242
.288
.334
.379
.425
.470
.516
.561
.607
.653
.69e
.744
.789
.83s
.S80
.886
.892
.898
.904
.910
.916
.922
● 92%
.934
.940
.946
.9S2
.9s8
.964
.970
.976
.982
.988
.994

1.000

0.000 0.000 0.000 0.000 0.000 0.000 .049 .049 .049 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 .049 .050 0s4 .068 0.000
0.000 0.000 0.000 0.000 0.000 0.000 .049 .053 :060 .073 .086
0.000 0.000 0.000 0.000 0.000 0.000 .049 .0s6 .065 .077 .091
0.000 0.000 0.000 0.000 0.000 .035 .047 .060 069 .081 .0’35
0.000 0.000 0.000 0.000 .020 .03! .044 .060 :071 .0s5 .099
0.000 0.000 0.000 .008 .016 .028 .041 .057 .073 - 103
0.000 0.000 0.000 005 .013 .025 -. .054 .072 ::;7 :108
0.000 0.000 .001 :004 .011 .021 :::7 .0s3 .071 .091 .112
0.000 .000 .001 .004 .010 .020 .026 .0.52 .071 .091 .113
0.000 .000 .001 .005 .010 020 .o~s .052 .07; 091 .11.5
0.000 .000 .002 .005 .011 :020 .035 .052 .071 :092 .116
0.000 .000 .002 .00s .011 .022 .036 .053 .071 .093 .117
0.000 .001 .002 .006 013 .023 .037 .053 .072 093 .117
0.000 .001 .003 .00s :1316 .027 .I)40 .055 .072 :093 .118
0.000 .001 .004 .010 .Ola .028 .041 .055 .072 .093 .117
0.000 .001 00.5 .010 .018 .029 .041 .0S6 .072 .093 .116
0.000 .001 :00.5 .010 .018 .029 .041 .05s .072 .092 .!16
0.000 .001 .005 .010 .018 .029 .041 .055 .072 .092 .116
0.000 .001 .005 .010 .013 .02’3 .041 055
0.000 .001 .005 .010

.072 .092 .115
.018 .029 .041 :055 072

0.000 .001
.092

.005 .010
.115

.018 .029 .041 055 :072 .092
0.000 .001

;15
.010 .018 .029 041 :0S5 .0?2 .092

:;:$
:115

0.000 .001 .010 .018 029
0.000

:041 .055 .072 .092
.001 .005 .0!0

.115
.018 :029 .041 .055 .072 .092 .115

0.000 .001 .005 .010 .018 .029 .041 055 .071
0.000 .001

.092 .!15
.005 .010 .018 .029 .041 :055 071 oq1 115

0.000 .001 .005 .010 .018 .028 .041 .055 :071
0.000 .001 .004 .010

:091 :114
.018 .028 .040

0.000
.054 .070 090 .113

.001 .004 .010 .018 .027 039 .0s3 .068 :088
0.000

.110
.001 .004 .009 .017 .026 :038 051 .066 .084 .105

0.000 .001 004 .009 .017 .026 .037 :050
0.000 .001

.065 .083 .104
:004 .009 .016 .026 .037 .050 .065 .082 .102

0.000 .00s .004 .009 .016 .025 .036 .1349 064
0.000 .001 .004 .009

.081 .101
016 .025 .036 .048

0.000 .001
:063 .080 .099

.004 .009 :016 .024 .035 .048 062 .078
0.000 .001

.0’37
.004 .009 .015 .024 .034 .047 :061 077 094

0.000 .001 .004 009 .0;5 .023 .034 .046 059 :075 :092
0.000 .001 .004 :008 .01s .023 .033 .044 :058
0.000 .001

073 .089
.004 .008 .014 .022 .032 .043

0.000 .001
0!56

.003 .008
:070 .087

.014 .021 .031 .042 :054 .068 084
0.000 .001 .003 .007 .013 .021 .029 .040 .052
0.000 .00! .003 .007 .013

.065 0:000
020 .02s .038

0.000 .001 .003 .007 .012
050 0.000 0.000

:019 .02? 036 0:000 0.11000.000
0.000 .001 .003 006 011 018 025 0:000 0.000 0.000 0.000
0.000 .001 ,003 :006 :010 :016 0:000 0.000 0.000 0.01100.000
0.000 .001 .002 .00s .010 0.000 0.000 0.000 0.000 0.000 0.000
0.000 .001 002 005 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 .001 :002 0:000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 000 0.000 0.000 0.000 0.000 0.000 0.000 0.OOO 0.000 cl.000
0.000 0:000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 O.OGO 0.000
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STREFIM FUNCTION
.—..—---——

RXIRL
POSITION R13DI13LPUSITIDN

-—-—- -———— —-—s-—_—-——---—- ———-——-—-

.!500 .550 .600 .650 .700 .750 .800 .850 .900 .950 1.000

0.000
. ooa
016

:024
.033
.041
.049
.0s7
065

:073
.081
.090
098

:106
.151
.197
.242
.288
.334
.379
.42!5
.470
.516
.561
.607
.653
.69B
.744
.789
.83S
.S80
.886
.892
.898
.904
.910
.916
.922
.928
.934
.940
.946
.952
.958
.964
.970
.976
.982
.988
.994

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 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.086 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.091 .104 00000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

.123 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
:;~? :;~ .129 .153 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.103 .120 .13S .161 .192 0.000 0.000 0.000 0.000 0.000 0.000
108 .127 .147 .172 .202 .233 0.000 0.000 0.000 0.000 0.000

:112 .133 .1s5 .181 .211 .243 .275 0.000 0.000 0.000 0.000
113 .13B .162 .189 .219 .252 .2@6

:115 .140
.322 0.000 0.000 0.000

.169 197 .228 .261 .296 .334 .372 0.000 0.000
.116 .142 .171 :203 .23!S .269 .305 .344 .386 .427 0.000
.117 .143 .173 .206 .242 .278 .313 .3S2 .397 .436 .500
.117 .144 .174 .207 .244 .286 .321 .353 .408 .443 .s00
.118 .146 .175 .204 .235 .267 .30s .342 .387
.117

.439
.144

.500
.172 .200 .229 .2S9 .29S .331 .377

.116 .143 .170
.427 .500

.197 .226 .256 .292 .327 .373 .422 .500
116 .142 .169 .196 .22s .2SS .290 .326

:116 .142
.372 .421 .500

.169 .196 .22S .2S4 .290 .326 .372 .421
.115

.s00
.142 .169 .195 .224 .254 .290 .32!5 .372 .421
.142 .169

.500
.195 .224 .254 .289 .325 .3Z2 .421 .S00

:::: .142 .169 .19S .224 .2S4 .289 .32S .372 .421 .500
.11s .141 .169 .195 .224 .254 .289 .32S .372 .421
.115 .141 .169

.500
.19S .224 .2S4 .289 .325 .371 .421 .S00

115 .141 .169 .195 .224 .2S4
:113 .141

.289 .32S .371 .421 .500
.168 .19!5 .224 .254 .289 .32S .371 .421

.11s .141
.s00

168 .19s .224 .2S3 .289 .325 .371 .420 .S00
.114 .140 :167 .194 .223
.113

.2S2 .288 .324 .371
.139 .166

.420 .500
.192 .221 ,251 .286 .323 .369 .419 .s00

.110 .136 .162 .188 .216 .246 .282 .318 .366 .416 .S00

.105 .128 .153 .178 .206 .23S .269 .306 .3S3 .404 .500

.104 .126 151 176 .203 .232 .266 .303 .346

.102 .124 :148
.397 0.000

:173 .199 .229 .261 .297 .337 0.000 0.000
.101 .122 .145 169 .196 .224 .256
.099

.291 0.000 0.000 0.000
.119 .142 :166 .192 .220 .250 0.000 0.000 0.000 0.000

.097 .117 .138 .162 .187 .214 0.000 0.000 0.000 0.000 0.000

.094 .114 .135 .158 .183 0.000 0.000 0.000 0.000 0.000 0.000

.092 .111 .132 .154 0.000 0.000 0.000 0.000 0.000 0.000 0.000
089 .108 .128 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

:087 .104 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.084 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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DIMENSIIINLESS PRESSURE
————.

RXIRL
POSITION RSDIRL PIISITIUN

. ——— —.. ——--—Z—-—----——--—.. ——-— —--——
0.000 .0s0 .100 .1s0 .200 .250 .300 .3s0 .400 .4s0 .s00

0.000
.008
.0!6
.024
● 0s3
● 041
.049
.057
.065
.073
.081
.090

.098

.106

. 1s1
● 197
.242
.288
.334
.379
.42S
.470
.S16
.S61
.607
.653
.698
.744
.789
.835
.8eo
.886
.892
.898
.904.
.910
.916
.922
.928
.934
.940
.946
.9S2
.9S8
.964
.970
.976
.982
.988
.994
1.000

0.000 0.000 0.000 0.000 0.000 0.000 1.031 1.031 !.031 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 1.031 1.031 1.031 1.031 0.000
0.000 0.000 0.000 0.000 0.000 0.000 1.031 1.031 1.031 1.031 1.031
0.000 0.000 0.000 0.000 0.000 0.000 1.031 1.031 1.031 1.031 1.031
0.000 0.000 0.000 0.000 0.000 1.031 1.031 1.031 1.031 1.031 1.031
0.000 0.000 0.000 0.000 1.031 1.031 1.031 1.031 1.030 1.030 1.030
0.000 0.000 0.000 1.031 1.031 1.031 1.031 1.031 1.030 1.030 1.030
0.000 0.000 1.031 1.031 1.031 1.031 1.031 1.03i 1.030 1.020 1.030
0.000 1.031 1.032 1.031 1.031 1.031 1.031 1.030 1.030 1.030 1.030
1.031 1.031 1.030 1.030 1.030 1.030 1.030 1.030 1.030 1.030 1.030
1.030 1.030 !.029 1.030 1.030 1.030 1.030 1.030 1.030 !.030 1.0’29
1.029 1.029 1.029 1.029 1.02’31.030 1.030 1.030 1.030 1.029 1.02’3
1.029 1.029 !.029 1.029 1.029 1.029 1.029 1.029 1.029 1.029 1.029
1.029 1.029 1.029 1.029 1.029 1.029 1.029 1.029 1.029 1.029 1.029
1.027 1.027 1.027 1.027 1.028 1.02S 1.028 1.028 1.028 1.027 1.027
!.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026
1.02S 1.025 1.025 1.025 1.025 1.025 1.02S 1.023 1.025 1.025 1.025
1.023 1.023 1.023 1.023 !.023 1.023 1.023 1.023 1.023 1.023 1.023
1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022
1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020
!.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019
1.017 1.017 1.017 !.017 1.017 1.017 1.017 1.017 1.017 1.017 1.017
1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016
1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014
1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013
1.011 l.olf 1.011 1.011 toll 1.011 1.011 1.011 1.011 1.011 1.011
1.010 1.010 1.010 1.010 1.010 1.010 1.0s0 1.010 1.010 1.010 1.010
1.008 1.008 1.008 1.008 1.008 1.008 1.008 1.008 1.008 1.008 1.008
1.007 1.007 1.007 1.007 1.007 1.007 1.007 1.007 1.007 1.007 1.007
1.005 1.005 1.005 1.005 1.00s 1.005 1.005 1.005 1.00s 1.00s 1.00s
1.004 1.004 1.004 1.003 1.003 1.003 1.002 1.003 1.003 1.004 !.003
1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003
1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003
1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003
1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 l.ooa
1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.003 1.002 1.002 1.002
1.003 1.003 1.003 1.003 1.003 1.003 1.002 1.002 1.002 1.002 1.002
1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.001
1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.001 1.001 1.001
1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.001 1.001 1.001 1.000
1.002 1.002 1.002 1.002 1.002 1.001 1.00! 1.001 1.001 1.000 1.000
1.002 1.002 1.002 1.001 1.001 1.001 1.001 1.001 1.000 1.000 0.000
1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.000 1.000 0.000 0.000
1.001 1.001 1.001 1.001 1.001 1.001 1.000 1.000 0.000 0.000 0.000
1.001 1.001 1.001 1.001 1.001 1.000 1.000 0.000 0.000 0.000 0.000
1.001 1.001 1.001 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000
1.000 1.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
1.000 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000



166

DIMENSIONLESS PRESSURE
—.——--——---

13XIW
POSITION RftDI13LPOSITION

----—-. --——————--—— —— ----——---—---- —---— --——

0.000
0OEI

:016

: E
.041
● 049
.057
06S

:073
.081
og~

:098
106

:1s1

::Z
.2s$
.334
.379
.425
.470
.516
.561
.607
.6s3
.698
.744

:;E
.880
.886
.8?2
.898
.904
.910
.916
.922
.928
.934
.940
.946
.952
.958
.964
.970
.976
.982
.938
.994
1.000

.s00 .530 .600 .6S0 .700 .7s0 .*OO .B50 .900 .9s0 1.000
---————-———— —-- —--—--— —-——-—-

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 00000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
;.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1.031 1.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1.031 1.031 1.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
t.030 1.031 1.031 1.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1.030 1.030 1.031 1.031 1.031 0.000 0.000 0.000 0.000 0.000 00000
1.030 1.030 1.031 1.031 1.031 1.031 0.000 0.000 0.000 0.000 0.000
10030 1.0’301.030 1.031 1.031 1.031 1.03i 0.000 0.000 0.000 0.000
t.030 1.029 1.029 1.030 1.030 1.031 1.031 1.031 0.000 0.000 0.000
1.029 1.029 1.029 1.029 1.030 1.030 1.030 1.031 1.031 0.000 0.000
1.029 1.029 1.029 1.029 1.02? 1.029 1.030 1.030 1.031 1.03! 0.000
1.029 1.029 1.029 1.028 1.028 1.028 1.029 1.029 !.029 1.030 1.031
1.029 1.029 1.028 1.028 !.028 1.027 1.028 1.028 1.028 1.029 1.029
1.027 1.027 1.027 1.027 1.027 1.026 1.026 !.026 1.026 1.026 1.026
1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026 1.026
1.025 1.02S 1.025 1.025 1.02S 1.02S 1.025 1.025 1.025 1.025 1.025
1.023 1.023 1.023 1.023 1.023 1.023 1.023 1.023 1.023 1.023 1.023
1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022 1.022
1.020 1.020 1.020 1.020 1.020 1.020 1.020 1.020 !.020 1.020 1.020
1.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019 1.019
1.017 1.017 1.017 1.017 1.017 1.017 1.017 1.017 1.017 1.017 1.017
1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016 1.016
1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014
1.013 1.013 1.013 1.013 1.013 1.013 1.013 !.013 1.013 1.013 1.013
1.011 1.011 1.011 1.011 l.oli 1.011 1.011 1.011 1.011 1.011 1.011
1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010
10008 1.00S !.008 1.008 1.008 1.008 1.008 1.008 1.008 1.008 1.008
1.007 1.007 1.007 1.007 1.007 1.007 1.007 !.007 1.007 1.007 1.007
1.005 1.005 1.005 1.00s 1.005 1.005 1.004 1.004 1.004 1.004 1.004
1.003 1.003 1.003 1.003 1.002 1.002 1.001 1.001 1.001 1.001 1.000
1.003 1.003 1.003 1.002 1.002 10001 1.001 1.00! 1.001 1.000 0.000
1.003 1.003 1.002 1.002 1.002 l.ooi 1.001 1.000 1.000 0.000 0.000
1.003 1.002 1.002 1.002 1.001 1.001 1.000 1.000 0.000 0.000 0.000
1.002 1.002 1.002 1.001 1.001 1.000 1.000 0.000 0.000 0.000 0.000
1.002 1.002 1.001 1.001 1.000 !.000 0.000 0.000 0.000 0.000 0.000
1.002 1.00! 1.001 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
1.001 1.001 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1.001 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000



DIMENSIIINLESS MRSS FLUX
——.—---—-—

RXIRL
POSITION RRDIRL POSITION

—-———--———-——.—-——.

0.000
.008
.016
.024
.033
.041
.049
.0s7
.06s
.073
.081
.090
.098
●106
.151
.197
.242
.28Q
.334
.379
.425
.470
.516
.561
.607
.653
.698
.744
.789
.835
.880
.886
.892
.898
.904
.910
.916
.922
.928
.934
.940
.946
.952
.958
.964
.970
.976
.982
.988
.994

1.000

0.000 .050 .100 .150 .200 .250 .300 .350 .400 .4!50 .500
——-——---— —-———-— . --—-—

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 6.000 0.000 0.000 0.000 0.000 .278 .660 701 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 .S27 .676 :686 .631
0.000 0.000 0.000 0.000 0.000 0.000 .683 .588 .623 .663 .618
0.000 0.000 0.000 0.000 0.000 1.099 .879 .635 ..S90 .637 .610
0.000 0.000 0.000 0.000 1.187 1.109 1.013 .796 .640 .651 .64a
0.000 0.000 0.000 !.25S 1.155 1.108 1.010 .936 .783 .71a .717
0.000 0.000 0.000 .960 1.065 1.132 1.1)34 .955 -9(I7 .820 .785
0.000 0.000 .4s1 .710 .878 1.083 1.071
0.000

.982 .940 .919 .Q65
138 .360 .639 .817 1.023 I.OQO 1.000 .968 .9S0 .94Q

.069 :166 .481 .649 .7S8 1.004 1.076 1.011 .’387 .976 .976

.26S .347 .S41 .600 .76S 1.011 1.062 1.013 .99s .993 .997

.378 .433 .490 .617 .862 1.018 1.01S 1.007 1.003 1.005 1.013

.406 .441 .s04 .703 .916 .994 -~~1 .?97 1.004 1.013 1.024

.566 .600 .702 .86S .952 .9s1 .?28 .925 .968 1.030 1.058

.801 .818 .870 .916 .936 .?25 .901 .897 .941 l.ool 1.026

.912 .914 .918 .921 .928 .915 .889 .884 .925 .984 1.00B

.922 .922 .922 .922 .’326 .911 .884 .878 .918 .976 I.000

.921 .921 .921 .921 .924 .~oq .882 .875 .915 .974 .998

.920 .920 .920 .919 .923 .908 .881 .874 .914 .972 .996

.919 .919 .?20 .919 .922 .907 .8%0 .873 .914 .972 .996

.919 .919 .919 .9!S .922 .907 .880 .%73 .914 .972 .996

.919 .919 .919 .918 .922 .907 .380 .373 .913 .972 .996

.918 .9!9 .919 .91% .921 .906 .879 .373 .913 .972 .996

.918 .918 .91S .917 .921 .906 .379 .373 .913 .971

.917
.995

.917 .917 .916 .920 .905 .378 .872 .912 .971 .995
.914 .914 .915 -914 .918 .903 .876 .s70 .911 .969 .994
.909 .909 .909 .909 .912 .898 .872 .366 .907 .965 .990
.898 .898 .898 .398 .90! .S37 .S62 .856 .s9s ●957 .9B2
.S7S .878 .878 .S77 .881 .367 .S42 .837 .377 .935 .962
.847 .847 .846 .S45 .848 .836 .S14 .806 .833 .S73 .902
.s41 .840 .839 .838 .836 .829 .S1S .811 .829 .857 .874
.832 .S31 .830 .32S .S25 .320 .%12 .s11 .S22 .340 .S52
.S21 .821 .819 .317 .314 .310 .805 .805 .312 .S24 .332
.809 .809 .807 .S05 .802 793 795 .796 .801 .s09 .814
.796 .795 .793 .791 .788 :786 :784 .784 .7’8S .793 .79s
.780 .779 .778 .776 .773 .771 .770 .771 .773 .778 .782
.762 .762 .760 .7ss .757 .75s .755 .755 .75s .762 .766
.743 .742 .741 .739 .738 .737 .73s .739 .742 .746 .751
.721 .720 .719 .718 .718 .71s 719 .722 .725 .730 .732
.6’37 .696 .696 .695 .696 .697 :700 .704 .70% .710 .723
.670 .670 .669 .670 .672 .675 .679 .635 .687 .701 0.000
.641 .641 .641 .643 .647 .652 .658 .662
.608

.676 0.000 0.000
.60S .609 .613 .620 .628 .634

.572
.649 0.000 0.000 0.000

.572 .574 .531 .59!
.531 .531

.601
.535

.61S 0.000 0.000 0.000 0.000
.547 .560 .531 0.000 0.000 0.000 0.000 0.000

.484 .4ss .493 .511 .s37 0.000 0.000 0.000 0.000 0.000 0.000

.428 .430 .447 .4s1 0.000 0.000 0.000 0.000 0.000 0.000 0.000

.354 .364 .406 0.000 0.000 0.000 O.OCIO0.000 .0.000 0.000 0.000

.347 .332 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

.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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DIMENSIONLESS MFtSS FLUX
c——.—--.—---—

RXIRL
POSITION RRDIRL PllSITItlN

.s00 .5s0 .600 .6S0 .700 .750 .800 .8S0 .900 .9s0 1.000

0.000
.ooe
.016
.024
033

:041
,Q49
.057
.065
073

:0s1

::::
.106
.1s1
.197
.242
.28s
.334
.379
.42s
.470
.516
.561
.607
.6S3
.69e
.744
.789
.835
.880

. .886
.892
.898
.904
.910
.916
.922
.928
.934
.940
.946
.952
.958
.964
.970
.976
.982
.988
.994

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 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.631 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.618 .577 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.610 .590 .681 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.648 .650 .783 .930 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.717 .755 .873 .981 1.010 0.000 0.000 0.000 0.000 0.000 0.000
.785 .824 .910 .997 .?85 .9s9 0.000 0.000 0.000 0.000 0.000
.86s .864 .919 .971 .982 .965 .959 0.000 0.000 0.000 0.000
.948 .922 .936 .971 .984 .979 .376 .333 0.000 0.000 0.000
.9?6 .990 .97$3 .981 .992 .992 .996 .997 1.141 0.000 0.000
.997 l.olo l_034 1.Q19 l.oQ~ 1.oQ6 l.ooQ 1.Q26 1.Q42 i.238 Q.QQo

1.013 1.025 1.044 1.072 1.0!511.OI?O .984 1.006 1.017 1.128 0.000
1.024 1.036 1.052 1.074 !.130 1.069 .S76 1.024 1.058 !.002 0.000
1.058 1.037 .9134 .924 .907 .933 .934 .972 I.(I84i.18e Q.oQQ
1.026 1.000 .921 .87!5 .8S6 .883 .902 .964 1.060 1.294 0.000
1.008 .981 .903 .8s9 .s41 .871 .893 .960 1.050 1.335 0.000
1.000 .974 .%98 .855 .838 .870 .893 .963 1.055 1.346 0.000
.998 .972 .896 .8S3 .837 .870 .893 .965 1.057 1.350 0.000
.996 .97! .895 .853 .837 .870 .894 .966 1.0S8 1.351 0.000
.996 .?71 .89S .853 .837 .870 .894 .966 1.058 1.352 0.000
.996 .971 .895 .&53 .837 .870 .894 .966 1.059 1.352 0.000
.996 .971 .895 .853 .837 .870 .894 .366 1.059 1.352 0.000
.996 .971 .895 .8S3 .837 .870 .894 .966 1.059 1.353 0.000
.995 .970 .895 .8.53 .837 .870 .894
.995 .970

.%7 1.059 1.3s3 0.000
.894 .8S3 .837 .871 .893 .967 1.060 1.354 0.000

.994 _969 .%94 .853 .837 .871 .896 .968 1.061 1.3S6 0.000

.990 .%7 .892 .8S2 .833 .872 .897 .971 1.065 1.361 0.000

.982 .960 .888 .830 .837 .874 .901 .978 1.074 1.375 0.000

.?62 .942 .875 .842 .834 .876 .907 .99! 1.093 1.414 0.000

.902 .897 .854 .827 .829 .862 .911 .993 1.142 1.581 0.000

.874 .87S .855 .834 .338 .859 .913 .972 1.128 1.656 0.000

.8S2 .852 .842 .834 .840 .862 .906 .952 1.175 0.000 0.000

.832 .833 .828 .826 .834 .8S4 .889 .942 0.000 0.000 0.000

.814 .816 .815 .816 .825 .840 .878 0.000 0.000 0.000 0.000

.798 .800 .801 .804 .S10 .832 0.000 0.000 0.000 0.000 0.000

.782 .78S .788 .789 .803 0.000 0.000 0.000 0.000 0.000 0.000

.766 .770 .771 .782 0.000 0.000 0.000 0.000 0.000 0.000 0.000

.7s! .7S2 .763 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

.732 .744 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

.723 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
O.oou 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000



fIXIRL CCJMPIINENT IIF MFISS FLUX
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HXIfiL
POSITION RFtDIRL POSITION

0.000
.008
016

:024
.033
.041
.049
.0s7
065

:073
.031
090

:098
.106
.1!31

::::
.288
.334
.379
.42s
.470
.516
.!561
.607
.653
.69B
.744
.789
.835
.880
.886
.392
.898
.904
.910
.916
.922
.928
.934
.940
.946
.952
.958
.964
.970
.976
.982
.988
.994

1.000

0.000 .050 .100 ,150 .200 .250 .300 .350- .400 .450 .500
-———-———--—.— —--—-— — —————

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 .161 .452 .607 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 .317 .479 .S87 .346
0.000 0.000 0.000 0.000 0.000 0.000 .660 .47s .470 .s66 .541
0.000 0.000 0.000 0.000 0.000 .952 .842 .631 .52B .S69 .S47
0.000 0.000 0.000 0.000 1.028 .990 .956 .773 .621 .603 .S76
0.000 0.000 0.000 1.086 .~~! 1.oo8 .954 .897 .783 .681 .637
0.000 0.000 0.000 .S56 .957 1.036 .993 .939 .903 .813 .724
0.000 0.000 .435 .681 .849 1.036 1.057 .976 .939 .919 .846
0.000 .137 .359 .638 .816 1.017 1.076 .999 .968 .9s0 .945

.16S .4S3 .627 .757 1.003 1.076 1.011
::2; .323

.987 .97S .973
.500 .595 .760 .998 1.061 1.013

.378
.9?8 .992 .995

.404 .4*I .614 .843 .996 1.015 1.006 1.003 1.004 1.011
.4i)6 .430 .502 ● 698 .889 .970 .988
.566

.396 1.oo3 1.o12 1.023
.599 .699 .861 .949 .949 .927 .925

.s01
.968 1.030 1.0S8

.818 .868 .914 .93s .925 .901 .897 .941 1.001 1.026
.912 .914 .918 .921 .928 .915 .889 .884 .92S .984 1.008
.922 .922 .922 .922 .926 .911 .8S4 .878 .918 .976 1.000
.921 .921 .921 .9”1 .924 .9(J9 .882 .87S .91S .974
.920 .920 ,920 .919

.998
.923 .908 .8B1 .874 .914

.919 .919 .920
.972 .996

.919 .922 .907 .880 .873 .914 .972 .996
.919 .919 .919 .918 .922 .907 .880 .873
.919

.914 .972 .996
.919 .919 .918 .922 .907 .880 .873 .913 .972 .996

.918 .919 .919 .918 .921 .906

.918
.879 .873 .913 .972 .996

.918 .918 .917 .921 .906
.917 .917

.879 .873 .913
.917 .916

.971
.920

.995
.905 .878 .872 .912 .971 .995

.914 .914 .915 .914 .918 .903 .876

.909
.870 .911

.909 .909 .909 .912 .898
.969 .994

.872 .866 .907
.898

.%5 .990
.898 .898 .898 .901 .887 .862

.878
.856

.878 .878
.897 .956

.877 .881
.982

.867 .842
.847 .847 .846

.836 .876
.845

.934 .960
.847 .834 .812

.841
.80S

.840 .839
.833 .876 .896

.837 .835 .826 .813
.832

.810 .828
.B31 .830 .827 .824

.854 .86S
.817 .808

.821
.807 .818

.821 .819
.834

.816 .812
.839

.806 .801
.809 .809 .806

.800 .806 .Et14
.803 .793

.815
.794 .790 .788 .791 .795 .793

.796 .795 .792 .785 .780 .776 .774 .77!5 .775

.780 .779 .777 :~~; .769
.772

.765 .761
.762

.758
.761

.756 .754 .751
.759 .7s5 .751 .747 .743 .739 .736 .733 .729

.743 .742 .739 .736 .732 .727 .723 .719 .715 .711

.721 .720 .717 .714 .?to
.707

.703 .701 .696 .692 .688 .684
.697 .696 .693 .690 .686 .6s1 .677
.670 .669 .666 .663

.672 .668 .664 .666
.6S9 .655 .651 .647 .643

.641 .640 .637 .633
.645 0.000

.630 .627 .623 .620 .622 0.000 0.000
.608 .607 .604 .601 .598 .S96 .593 .s97 0.000 0.000 0.000
.572 .s70 .567 .565 .!564 .563 .569 0.000 0.000 0.000 0.000
.531 .529 .525 .525 .526 .s3s 0.000 0.000 0.000 0.000 0.000
.484 .482 .478 .4al .494 0.000 0.000 0.000 0.000 0.000 0.000
.428 .427 .424 .443 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.354 .:359 .373 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.347 .306 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.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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R)(IRL COMPONENT UF MFtSS FLUX
.——-——.- ———

ftXIRL
PUSITIIIN RRDIRL PaSITIUN

0.000
.008
.016
.024
.033
.041
● 049
057

:06S
.073
.0s1
090

:098
.106
.1s1
●19?
.242
.288
.334
.379
.425
,470
.s16
.561
.607
.6S3
.698
.744
.7s9
.835
.880
.886
.892
.898
.904
.910
.916
.922
.928
.934
.940
.946
.952
.9S8
.964
.97(I
.976
.982
.988
.994

1.000

.s00 .530 .600 .6S0 .700 .7s0 .800 .850 .900 .9!501.000
—-— -—--—.-—-— ———-——- --

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.S46 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.s41 .49? 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.547 .s13 .390 0=000 0.000 0.000 o.o~o 0.000 0.000 0.000 0.000
.!576 .S53 .654 .80S 0.000 0.000 0.000 0.000 0.000 0.600 0.000
.637 .629 .696 .830 .s75 0.000 0.000 0.000 0.000 0.000 0.000
.724 .712 .760 .845 .364 .831 0.000 0.000 0.000 0.000 0.000
.846 .785 .808 .858 .884 .8S6 .831 0.000 0.000 0.000 0.000
.94s .893 .8S4 .877 .896 .892 .S68 .8S1 0.000 0.000 0.000
.973 .983 .947 .907 .911 .911 .912 .891 .988 0.000 0.000
.995 loos ~.027 .993 .939 .9S6 .931 -959 .923 1.196 0.000

1.011 1.022 !.040 1.067 1.030 ,941 .924 .988 .933 1.087 0.000
1.023 1.034 1.050 1.072 1.128 1.023 .833 1.023 1.004 .974 0.000
1.058 1.037 .964 .923 .904 ,927 .928 .969 !.079 1.187 0.000
1.026 1.000 .921 .87S .8.5S .882 .900 .963 1.0S9 1.293 0.000
1.008 .981 .903 .8S9 .841 .871 .892 .960 1.0!50 1.335 0.000
1.000 .974 .898 .854 .838 .870 .893
.998

.963 1.0SS 1.346 0.000
.972 .896 .8S3 .837 .870 .893 .965 1.0S7 1.3S0 0.000

.996 .971 .895 .853 .837 .870 .894 .966 1.058 1.3S1 0.000

.996 .971 .89S .8S3 .837 .870 .894 .966 1.058 1.3S2 0.000

.996 .971 .895 .8S3 .837 .870 .894 .966 1.059 1.3S2 0.000

.996 .971 .895 .8S3 .837 .870 .894 .966 1.0S9 1.352 0.000

.996 .971 .895 .8S3 .837 .870 .894 .966 1.059 1.3s3 0.000

.995 .970 .895 .853 .837 .870 .894 .967 1.0S9 1.3S3 0.000

.995 .970 .894 .8S3 .837 .871 .895 .967 1.060 1.354 0.000

.994 .969 .894 .853 .837 .871 .89S

.990 .96;
.968 1.061 1.3S6 0.000

.892 .8S2 .838 .872 .897 .971 !.065 1.361 0.000
.982 .96u .887 .849 .S37 .874 .901 .977 1.074 1.37s 0.000
.960 .940 .872 .839 .831 .873 .904 .989 1.092 1.413 0,ooo
.896 .88Z .832 .810 .810 .8S1 .889 .981 1.09S 1.5S2 0.000
.865 .8S6 .826 .809 .S12 .839 .881 .94S 1.054 1.623 0.000
.839 .830 .811 .801 .80S .826 .861 .894 1.082 0.000 0.000
.813 .808 .795 .788 .792 .807 .830 .867 0.000 0.000 0.000
.793 .787 .777 .772 .774 .783 .~09 f).000 ().~ol)().00()0.000
.772 .766 .7S8 .7!54 .7s4 .766 0.000 0.000 0.000 0.000 0.000
.751 .74s .739 .73s .739 0.000 0.000 0.000 0.000 0.000 0.000
.729 .724 .718 .720 0.000 0.000 0.000 0.000 0.000 0.000 0.000
707 .702 .703 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
:684 .68!s0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.666 0.000 0.000 0.000 0.000 O.oou 0.000 0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.600 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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RftDIRLCOMPONENT OF MRSS FLUX
.——-—- -——

flxIRL
POSITION RRDIRL POSITION

0.000 .050 .100 .1s0 .200 .250 .300 .350 .400 .450 .s00

0.000
. Ooe
.016
.024
.033
.041
.049
.0s7
.065
.073
.081
,090
.09a
106

:151

::2
.288
.334
.379
.425
.470
.516
.S61
.607
.653
.69e
.?44
.789
.835
.880
.8e6
.S92
.a98
.904
.910
.916
.922
.928
.934
.940
.946
.952
.9S8
.964
.970
.976
.982
.9$38
.994

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 0.000 0.000 0.000 0.000 0.000 0.000 -.227 -.481 -.350 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 -.421 -.477 -.3S6 -.315
0.000 0.000 0.000 0.000 0.000 0.000 .177 -.347 -..408-.346 -.299
0.000 0.000 0.000 0.000 0.000 .5S0 .232 -.069 -.263 -..287 -.270
0.000 0.000 0.000 0.000 .s93 .300 .335 .190 -..1S3-.244 -.2’37
0.000 0.000 0.000 .628 .S*4 .459 .330 .266 -..003-.227 -.330
0.000 0.000 0.000 .434 .467 .457 .271 174 .0Q4 -.105 -.303
0.000 0.000 -.119 .201 .223 .316 .17S :109 .040 -.015 -.181
0.000 -.013 -.030 -.025 .054 .111 .084 .052 .010 -.034 -.080
0.000 -.01S -.161 -.168 -.025 -.024 .011 .006 -..013 -.042 -.077
0.000 -.127 -.207 -.074 -.087 -.163 -.047 -.027 -.028 -.045 -.069
0.000 -.156 ‘.093 -.05.5-.1S0 -.212 -.07’3-.044 -.034 -.042 -.059
0.000 -.095 -.047 -.085 -.219 -.166 -.082 -.045 -..030-.034 -.047
0.000 -.027 -.060 -.08S -.080 -.062 -.042 -.021 -.005 .001 -.001
0.000 .-.022 -.049 -.052 -.038 -.026 -.017 -.009 -.001
0.000

.005 .012
-.010 -.016 -.014 -.010 -.006 -.003 .000 .003 .006 .009

0.000 -.001 -.001 -.001 -.000 .000 .001 .002 004 005
0.000 .000 .000 .000 .001 .001 .001 .002
0.000

:::: :002 :003
.000 .000 .000 .001 .001 .001 .001 .001 001 .001

0.000 .000 .000 .000 01)0 .000 000 .001 001 :001 .001
0.000 .000 .000 .000 :000 .000 :000 .000 :000 .000 .000
0.000 .000 .000 .000 .000 .000 000 .000 .000 .000 .000
0.000 .000 .000 .000 .000 .000 :000 .000 .000 .000 .000
0.000 .000 .000 .000 .001 .001 .001 .001 .001 .001 .001
0.000 .000 .001 .001 .001 .001 .002 .002 .002 .002 .002
0.000 .001 .001 .002 .003 .003 .004 .004 .004 .005 .005
0.000 .001 .003 .004 .005 006 .00% .009
0.000

010 .011 .011
.002 .00s .007 .010 :013 .01s .017 :020 .022 .025

0.000 .004 .00% .012 .017 .022 .026 029 .034 .041
0.000

050
.008 .016 025 .035 .056 .0s4 :041 027 .056 :110

0.000 .009 .Olp :030 .042 .062 .064 .0S3 :044 .074 .127
0.000 .012 .023 .036 .0s0 .067 .074 .074 .077 104 .147
0.000 .013 .027 .042 .0S6 .072 .083 .090
0.000

.102 :128 .165
.015 .031 .047 .063 .080 .094 .107 .124 .150 .183

0.000 .017 03s .053 .071 oa~ .106 .
0.000

123 .144 .170 .201
.020 :039 .059 .080 :100 .119 .140 .162 189 .218

0.000 .022 .044 .066 .089 .111
0.000

133 .156 .1S0 :208 .236
.024 .049 .074 09s .123 :147 .172 .199 .226

0.000
.255

.027 .054 .081 :109 .135 .162 .189 .217 .245 .262
0.000 .030 .060 .090 .120 .149 .178 .207
0.000

.236 .253 .283
.033 .066 .099 .132 .164 .195 .225 .244

0.000
.274 0.000

.036 .073 .110 . 146 .180 .213 .234 .264 0.000 0.000
0.000 .039 .081 .122 .161 .1’37 .223 .254 0.000 0.000 0.000
0.000 .043 .091 136 .178 .210
0.000

.241 0.000 0.000 0.000 0.000
.046 .103 :154 .193 .227 0.000 0.000 0.000 0.000 0.000

0.000 030 .120 .172 .210 0.000 0.000 0.000 0.000 0.000 0.000
0.000 :055 .142 188 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 .05a .159 0:000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 .130 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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RFtDIftLCOMPIIF{ENT IIF MfLSS FLUX
——..——————

RX IRL
PCISITION RRDIFIL PUSITIUN

—— ———-...-— -—-—-—.———--

0.000
.008
.0!6
.024
.033
.041
.049
.057
.065
.073
.081

:;:;
.106

::;;
.242
.288
.334
.379
.42s
.470
.516
.S61
.607
.653
.698
.744
.789
.83S
.880
.886
.892
.898
.904
.910
.916
.922
.928
.934
.940
.946
.9s2
.95s
.964
.970
.976
.982
.988
.g%

1.000

.500 .550 .600 .6S0 .700 .750 .800 .850 .900 .950 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 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-.315 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-.299 -.288 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-.270 -.290 -.340 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-.297 -.342 -.431 -.465 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-.330 -.418 -.528 -.524 -.505 0.000 0.000 0.000 0.000 0.000 0.000
-.303 -.416 -.s00 -.s30 -.473 -.4ao 0.000 0.000 0.000 0.000 0.000
-.181 -.361 -.439 -.455 -.4ii8-.446 -.480 0.000 0.000 0.000 0.000
-.080 -.228 -.382 -.417 -.406 -.404 -.44s -.492 0.000 0.000 0.000
-.077 -.114 -.242 -.374 -.394 -.393 -.400 -.449 -.570 0.000 0.000
-.069 -.097 -.119 -.230 -.361 -.392 -.364 -.365 -.483 -.320 0.000
-.0!$9-.078 -.095 -.102 -.209 -.395 -.33? -.189 -.406 -.302 0.000
-.047 -.062 -.072 -.072 -.061 -.313 -.270 -.034 -.332 -.235 0.000
-.001 -.001 .009 .036 .065 .110 .097 .07s .104 .0s4 0.000
.012 .019 .026 .033 .040 .047 .052 .052 .048 .055 0.000
.009 .012 .015 .017 .019 .020 .020 .020 .017 .019 0.000
005 .006 .007 .008 .008 .008 .007 .007 .005 .004 0.000

:003 .003 003 .003 .003 .003 .003 .002 002 .001 0.000
001 .001 :001 .001 .001 .001 .001 .001 :001 .000 0.000

:001 .001 .001 .001 .001 .001 .000 .000 000 .000 0.000
.000 .000 .000 .000 .000 .000 .000 .000 :000 .000 0.000
.000 .000 .000 .000 .000 .000 .000 .000 .000 .
.000 .

000 0.000
000 .000 .000 000 .000 .000 .000 .000 .000 0.000

.001 .001 .001 .001 :001 .001 .001 001 .000 .000 0.000

.002 .002 .002 .002 .002 .002 .002 :001 .001 .001 0.000

.005 .00s .00s .005 .00s .005 .004 .003 .002 .001 0.000

.011 .012 .012 .012 .012 .011 .010 .008 .006 .004 0.000

.02s .027 .028 .029 .02a .027 .025 .022 .017 .012 0.000

.0s0 .059 .065 .066 .067 .066 066 .062 .058 049 0.000

.110 .167 .19S .166 .17S .138 :203 .

.127 .
1S4 .324 :301 0.000

183 .218 .201 .209 .186 .z39 .z27 .403 .330 0.000
.147 193 .227 .233 .242 .247 .283 .326

:203
.459 0.000 0.000

.233 .247 .262 .281 .318 .368 0.000 0.000 0.000
:::: .216 .244 .263 .284 .304 .343 0.000 0.000 0.000 0.000
.201 .231 .2S8 .280 .295 .32S 0.000 0.000 0.000 0.000 0.000
.218 .247 .273 .287 .314 0.000 0.000 0.000 0.000 0.000 0.000
.2S6 .264 .279 .305 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.2ss .270 .298 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.262 .291 O.OfiOO.OOO 0.000 0.OOO 0.000 0.000 0.000 0.OOO 0.000
.283 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

STREfiM FiJNCTIllN CUNTOIJR PLOT CREi3TED

ISDBRR PLOT CRERTED

RUNTIME = 39.08S00 SESSItlN= 47.26200
STOP
/

*US. Government Prlntlng Office: 1979 – 677-013141



F?intcd in the Unilwl Svalcsof Amcria Amibhk from
NAc.mlTcchnicd lnform~tlon ScfW.’c

US DepxwtmentOf Conlmcrcc
S2RSPort RoydR02d
Springrwld. VA 22161

Miclofichc S3.00

001-023 4.00 1?6-150 7.15 2S1-27S I 0.7s 376400 I 3.00 sol .52s , s.~~
026.0s0 4.s0 151-175 UN 276-300 11.00 40142S ,3.25 S26-S50 15.50
051.075 S.25 I 76-200 9.00 301-32s 11.7s 426450 14.00 SSI-575 16.2S
076-100 6.00 ?01-?259.2S J~&JSO I2.004s1475 14.s0S76U70 16.S0
101-12s6.50 226.?s09.s0 351-37s12.50476-S001s00 6ol-llp
NOW Add S2.50fnr mch.ddilion~l lW-mWin LTLW1cnt l’rOm601 IWW UP.


