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THERMAL~HYDRAULIC ANALYSIS OF TIGHT
LATTICE LIGHT WATER REACTORS

by
William Artis Boyd

ABSTRACT

This thesis investigates the thermal-hydraulic sensi-
tivity of the Main Yankee core with respect to changes in
rod diameter, rod spacing, linear heat generation rate and
axial heat flux shape using a specially developed steady-
state, single channel code (WABCORE) for this purpose.

A review of the information available in the open
literature on the effects of small rod spacings is presented
to bring into perspective, the type of thermal~hydraulic
changes that can be expected to occur with core geometry
changes. This review will also give insight into the nec-
essary thermal-hydraulic effects that must be considered
and modeled by WABCORE,

WABCORE has been designed such that the large amount
of computer runs needed for a sensitivity study of this
kind is performed in a fast and orderly fashion with a mini-
mum of computer processor (CPU) time. Results of a par-
ticular set of calculations can be automatically plotted.
Verification of the results obtained by WABCORE were made
by comparison with those obtained by COBRA ITIC/MIT for

examples representative of PWR and BWR core designs. The
agreement in most of the parameters is surprisingly good,

The physical models used in the code to represent the
phenomena in the fuel pin, and its associated coolant
channel are discussed in detail. An analytical approach
is used in WABCORE to represent the axial flux shape., This
representation allows a very elegant solution of the axial
DNBR shape correction factor, Finally, the limitations of
the correlations used in the code are summarized to indicate
where further improvement should be made,

Results of the sensitivity study indicate that the
linear heat generation rate of the Main Yankee core could
be increased from 5.7 KW/ft to 10.0 KW/ft using a flat heat
flux profile while maintaining the initial total mass flow,
core cross-sectional area, and total power, This increase
is achieved by decreasing the rod length and increasing the
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rod diameter over the initial values. The minimum allowable
DNBR for steady-state operation is reached before centerline
temperature becomes unsafely high for the suggested linear
heat generation rate. Other results of the sensitivity study
indicate that

-~ the core pressure loss is independent of the axial
heat flux profile

- the axial distribution of the rod centerline tempera-
ture and DNBR closely follow the axial heat flux profile.

Finally, optimized regions for steady-state operation
at linear heat generation rates greater than the initial of
5.7 KW/ft are outlined graphically.

Thesis Supervisor: Professor Lothar Wolf
Title: Associate Professor of Nuclear
Engineering
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NOMENCLATURE
Core area
Channel flow area
Flow area of liquid phase
Flow area of vapor phase
Specific heat
Hydraulic diameter
Rod diameter
Conversion factor
Channel mass flux
Enthalpy
Inlet enthalpy

Latent heat of vaporization

Heat transfer coefficient at inside clad

surface

Heat transfer coefficient at fuel pellet surface

Heat transfer coefficient of fuel rod gap
Thermal conductivity of clad

Thermal conductivity of fuel

Core length
Length between nodes

Normalized core length

Effective number of rods in core

Number of nodes
Pressure

Pitch



q - Total thermal power
q' - Linear heat generation rate
q" - Heat flux
qBNB,N - CHF for nonuniform flux shape
q"DNB,U"— CHF for uniform flux shape
ngAK - Peak power density
R, - Renold's number
Ry; ~ Clad inside radius
R ~ Clad outside radius
Rfs - Fuel pellet radius
S - Slip factor
Tci - Inside ¢lad surface temperature
Tco ~ Outside clad surface temperature
Tf - Coolant temperature
Teg ~ Fuel pellet surface temperature
Tg -~ Rod gap temperature
TPM - Two-phase multiplier
Vf - Liquid velocity
Vg - Vapor velocity
We ~ Liquid mass flux
Wg - Vapor mass flux
- Quality )
ZFDB - Length at which fully developed boiling starts
ZSc - Length at which subcooled boiling starts
Z* - Length at which thermodynamic equilibrium is

reached



void fraction
Liquid density

Vapor density

- Shape function

Liquid viscosity
Vapor viscosity
Liquid specific volume

Vapor specific volume
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CHAPTER I

INTRODUCTION AND BACKGROUND

MIT began work in 1976 to examine improvements in LWR
breeding performance (MIT LWR Thorium Project). Two of the
approaches taken to study these improvements included work
on thorium utilization and on tight-pitch LWR lattices., The
immediate objectives of this work was to:

~ Develop a model which would predict ore requirements
for a variety of systems composed of LWR reactors using
various combinations of fertile and fissile species.

~ Use the model to project savings which could be
achieved through improvements in reactor performance cha~-
racteristics, and through thorium utilization, for a range
off reactor characteristics. |

~ Identitify the most promising mode of fuel utiliza-
tions in a symbiotic LWR economy and the magnitude of the
resulting savings relative to conventional options,

Current reactor conditions were used as a starting point
in these studies, and advancements were made toward the
stated goals. The newly established reactor characteristics
made for these advancements were within the realm of current
state of the art technology. These changes were noEﬁ how-
ever, checked to determine whether they would combine to
produce a physically relizable thermal-hydraulic reactor

system,
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A preliminary study was carried out the summer of 1976
to evaluate the thermal-hydraulic constraints applicable to
tight-pitch lattices installed in as built PWR’S5. It was
considered to be sufficient for the initial phase of this
work to use a hand-calculational procedure, together with
some backup checks using COBRA-TIIC/MIT. With the Main
vankee reactor chosen as the base case, these preliminary
studies were expected to show relative sensitivities of
reactor characteristics to design changes, It was also
thought that preliminary limits could be established on a
portion of the reactor parameters. This would enable the
fuel management and lattice studies to continue with an
upper and lower limit of parametric variation. These
added restraints would aid the fuel management and lattice
analyst in determining whether their newly established reac-
tor characteristics would be feasible at all,

This first approach to the thermal-hydraulic question
did indeed show that:

- The core pressure drop was very sensitive to changes
in the pitch-to~diameter ratio and

- The axial power profile has a major effect upon the
fuel centerline temperature as well as on DNB.

Several questions did, however, remain unanswered in

this preliminary study. These included:
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1. What design changes lead to a reduction of the
high pressure drop resulting from a tight pitch?

2. What is the sensitivity of DNB to local flux ir-
regularities?

3. Can the mass flow rate and power rating of current
PWR designs be maintained for the redesign?

4, What is the most promising spacer design, grid or
wire wrap?

At this point, it was felt that a more accurate and flexible
tool than the initial hand- calculational procedure was
needed, and which was, at the same time much cheaper to
operate than COBRA IIIC/MIT, The development of this com-
putational tool was considered necessary in order to cope
with the vast amount of parametric information to be handled.
Tt would also provide the fuel management and lattice analyst
with a quick and inexpensive tool to examine the feasibility
of their reactor characteristic changes.

This thesis presents:

1, The development of a steady-state one~dimensional
code (WABCORE) capable of performing a thermal-hydraulic
analysis of both PWR's and BWR's,

2. Results of comparison checks made wiih COBRA IIIC/
MIT to validate WABCORE as a useful thermal-hydraulic tool.

3. Results of a sensitivity study performed on the

Main Yankee reactor to answer the above four questions and
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a final thermal-hydraulic area of interest to the MIT LWR
thorium project.
4., Detailed COBRA IIIC/MIT checks of the sensitivity

studies final results,

1.1 Geometric Effects Upon the Thermal-Hydraulic Behavior
of Rod Bundles

Certain water-cooled reactor concepts employ rod arrays
with very small clearances between the rods. Because these
designs have a relatively low water-to-metal ratio, it seems
possible that considerable adverse local flow redistributions
might occur within a typical coolant channel, particularly
under boiling conditions. As a result of this, flow staiva-
tions may occur causing the power level at which CHF con-
ditions are reached to be substantially lower than the power
level corresponding to complete mixing of the fluid in the
channel, Also, substantial increases in the channel pres-
sure losses can be expected as a result of the very small
clearances between the rods compared to the normal LWR rod
spacing.

The following section will present the results of a
literature survey covering both theoretical and experimental

evidence,
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1.1.1 Effect of Rod Spacing on CHF

Green et al.11 reported CHF data for water at pressures
ranging from 1200 to 2000 PSIA in a 48, inch long vertical
electrically heated channel simulating the narrow gap of
a triangular lattice as shown in Figure 1l.1A, His results
show that the measured CHF data for 15 and 30 mil gaps,
assuming complete mixing, agree closely with CHF data ob-
tained with rectangular channels having spacing of 59 to 97
mils. These results agree with those obtained by Towell in
a differently shaped test sectionlz, shown in Figure 1.1B,
in which the rod spacing was varried from .018 in. to .05 in,
No effect on CHF was found at a water mass velocity of
1 x 106 1bm/hr ft2 and at a pressure of 1000 PSIA having
a constant average exit quality in the range of 15 to 45% .

These results also agree with those found by DaSilva
and Andrades, who performed a thermal-hydraulic evaluation
of a core substitution with the constraints of maintaining
the initial total mass flow and core thermal power. They
concluded that there would be no advantage in using a trie-
angular array over a square array other than to obtain a
very low pitch over diameter ratio.

It should be noted that the above mentioned gap effects
upon CHF were obtained for a geometry where gaps were chang-
ed uniformly in a rod bundle. In case that a single gap

should be reduced in a rod bundle, the CHF would be affected
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Thermocouple

Thermocouple

N\

Thermocouple

Thermocopule

Figure 1.1A

Simulated Rod Gap in a Triangular
Lattice Rod Bundle

Figure 1l.1B

Towell's "Star" Rod Bundle
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by the local reduction of gap flow in comparison with the
average bundle flow.

1,1.2 Effect of Rod Length on CHF

In the 19-rod bundles tested by Matzna et al.‘13 and

Moeck et a1.14, results indicate a radial shift of CHF
locations from the outer channels to the inner channels as
the bundle length increases from 18 inches to 108 inches.
This shift was explained by Tong with the help of Figure
1.23. In the group of outer channels, the mass velocities
in the long rod bundles are lower, thus, CHF occurs in the
relatively low mass velocity channel. However, the flow at
CHF in the outer channel rod groups should be higher than
that of the inner channel group due to the higher power and
the cold walls surrounding the outer channels, DaSilva and
Andrade5 analyzed the possibility of increasing g' in a
PWR while maintaining the initial total mass flow and core
thermal power. They found that changing length would cause
less drastic changes in DNBR, centerline temperature and
core pressure loss than changing core area.

1.1,3 Flow Regime and Cold Wall Effects on CHF
15

Gellerstedt et al, have reported the CHF data obtain-
ed from a 9~rod, 6 foot long bundle with a uniform axial
heat flux. The rod outside diameter is .42 inches with a
gap of .138 inches between rods, and a gap of .069 inches

between the rod and wall. The CHF data were obtained for
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Channel length = 108"

Solid lines indicate DNB
channel P = 1200 BSIA

35"
\\(/
N ~ Inner Channels
—— 9‘..7‘:
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.2 .4 .6 .8 1.0

Non-Dimensional Length (Z/L)

Figure 1.2

Axial Subchannel Flow Distribution
in a 19-Rod Bundle



-23=-

mass fluxes ranging from .2 to 3.5 % 106 1bm/hr ft2 and in a
pressure range from 1000 to 2400 PSIA, The resulting
average exit quality varied from - 5% to + 75%. They found
that the cold wall effect on CHF differs in three distinct
flow regimes as shown in Table 1.1. These results indicate
that the cold wall effect is more important at higher void
fractions,

Bergles16 also found that for all flow regimes, a strong
tendency exists for the liquid to channel into the more
restricted corner subchannel of a 4-rod, 24 inch long bundle,
Under adiabatic conditions, large variations in the thick-
ness of the wall liguid films in annualr flow were noted.

The wall film thickness were consistantly thinner on the
portion of the rod which faced the interior subchannel. The
test results also indicated that flow regime boundaries are
shifted to lower qualities with heat addition,

1.1,4 Effect of Grids on CHF

Janssen et al.17 have reported on CHF data obtained
from 72 inches long,” 16-rod bundles with.uniformzaxial
heat flux for steam-water flow at pressures ranging from
600 to 1250 pSTA. The effect of grid-type spacers on CHF
is dependent on their axial positions. With the last
spacer located 4 inches’ upstream from the end of the heated '
length, CHF is improved. oOn the other hand, with the last

spacer located 18.5 inches upstream from the end of the

heated length, CHF at high flows is reduced.
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Table 1.1

Subchannel Critical
Heat Flux Location

Critical Heat Flux
Location (% of total
data points in the given
flow regime)

High Quality

Annular Flow

Nucleate Boiling

Corner Cell: 75%
Wall Cell: 25%
Unit Cell: 0%

Corner Cell: 22%
wall Cell: 77.5%
Unit Cell: 0.5%

Corner Cell: 30%
wall Cell: 0%
Unit Cell: 70%
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1.1.5 Effects of Improvements in CHF

A steady-state reactor analysis was performed by

william'sl®

to aid in reactor design improvements. For the
purpose of this analysis, a hypothetical hot-channel~fuel
plate was selected. Channel conditions were defined as:

Mass flux = 3 x 10° 1b/hr £t2

3 BTU/hr ft2

- Film heat transfer coefficient = 1 x 104 BTU/hr ft2

~ Average thermal flux level = 3 x 10

°F

Hydraulic diameter = ,01333 ft

- Channel length = 3,5 ft .
It was reported that improvements in CHF may be achieved
by channel inserts and fluid mixing, If the improvement in
CHF is measured from the DNBR = 1,0 point, the gain in
operational power is shown in Figure 1.,3. For example, if
DNB could be increased by 100% (by any method], the iti-
tial system could operate at 140% of its current limiting
heat flux with a maximum fuel plate temperature of 880°F,
Again, this analysis considered oniy the steady state per-
formance of a pressurized water core,

1,1,6 Effects on Pressure Loss
12

Towell also used his test section (Figure 1.1B) to
correlate pressure loss data versus exit quality for rod
spacings of .018 and .05 inches. Figure 1.4 shows the
results of his measurements and indicates that there is

approximately a two~to-one relationship between the pressure
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loss of the ,018 inch and .05 inch rod bundle spacings,

19 report that calculations show that

Castellana et al.
for high heat flux densities the magnitude of the subcooled
boiling friction factor in the wall voidage region can be
as much as several times the isothermal value, Thus, it
must be concluded that to neglect the wall voidage region,
and to only apply a bulk boiling two-phase multiplier (TPM)
in the detached voidage region can result in substantial
underpredictions of the friction pressure drop for condi-
tions of low exit quality where these regions are of sub-
stantial length, At present, however, there is no generally
accepted method for the accurate prediction of (a) and
(TPM) over a wide range of pressures, qualities, and flow
rates. Therefore several methods must be used to accu-
rately predict (a) and (TPM) over a wide range of flow
conditions,

Tsothermal pressure drop tests were performed on a
square rod bundle with several spacer types by LeTourneau

20

et al. to determine an effective friction factor, assuming

that the spacer pressure loss was distributed along the
length of the rod bundle, The Selmi~type spring clip

spacers resulted in friction factors which could be re-

J1

presented by £ = 155 Re~ while all other spring

collar spacers had friction factors that could be repre-

sented by f = ,244 Re—‘168g These friction factor results
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were based on

- Rod length = 90,79 inches

Flow area = 3,89 x 10" 2£¢2

2

-~ Heated area = 20,9 ft

Wetted perimeter = 43.92 inches

1

Hydraulic diameter = ,516 inches .
DeStordeui21, on the other hand, developed drag co-
efficients for fuel-element spacers and concluded that the

coefficients were independent of the height of the spacers,

1.2 Survey Conclusions

As a result of the preceeding literature survey, the
following dev opments are included in WABCORE:

~ Fluid properties are determined at each axial
location for more precise CHF and voidage calculations,

- Provisions for including the effects of grid spacers
through both the drag coefficient method recommended by

21 or the channel averaging method by LeTourneauzo,

DeStrodeui
- Two slip factors are applied to the homogeneous two-
phase flow model to enable more accurate voidage calcula-
tions in the low voidage flow region.,
Also, because of the results obtained from the litera-
ture survey, the sensitivity study will:

-~ only investigate hexagonal arrays if an increase

cannot be obtained in the linear heat generation rate while
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maintaining established constraints (discussed in Chapter 4)

- not vary the core corss-sectional area, but will

vary core length

-~ assume DNB will always occur in the interior channles

for the Main Yankee core .
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CHAPTER II

DESCRIPTION AND LOGIC OF WABCORE

2.1 Problem Formulation

The task of ail thermal-hydraulic codes is to generate
results that agree with the actual behavior of the reactor
core being modeled. Of course, the cost to build and to run
a thermal-hydraulic code that models an entire reactor core
exactly is much too expensive, and consequently, no such
codes have been built. What is commonly done is to formulate
a code capable of modeling a reactor assembly exactly and
surround this assembly with other assemblies represented as
modes. These results are then used to represent a reactor
core (i.e., MEKIN, THINC IV). The cost of this process is
not altogether inexpensive and in the case of using such a
code for the many runs needed in a sensitivity study, the
final cost would be quite high.

To reduce this cost further, an additional simplifica~
tion is made on the reactor assembly resulting in the iso-
lated single channel approximation as shown in Figure 2,l.
These single channel results will forseeably be conservative
because of its isolation for neighboring subchannels. This
isolation does not allow for the exchange of mass, momentum
or energy in the x-direction into the neighboring sub-

channels, thus resulting in this conservatism. The cross
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flow caused by this transversal exchange is not a serious
problem unless there are several radial and axial flux
peakings or any phenomenon which will cause transeverse
pressure gradients in the rod bundle being modeled. In this
case the single channel approach will not produce results
representative of the bundle or any single channel of the
bundle. As a result of the single channel approach, only
one spatical variable exists in the z-direction and all
transvere momentum calculations are eliminated.

This single channel technigue is developed into a steady
~state one-dimensional code (WABCORE) to model the thermal-
hydraulics of a reactor channel. The results will then be
applied to the entire reactor core. An attempt has been
made to develop a tool capable of performing the computa-
tional work of a sensitivity study in a fast and orderly
fashion. To do this, the following general considerations
went into the development of the code.

1) An imput format which can guickly and easily be
understood.

2) A minimum of computer processor usage (cPU) time,

3) Printed output of all results in tabular form
with computer plottings made of all important reactor design
variables,

4) pPossible deviations of less than 10% towards con-

servatism when compared with established multisubchannel
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thermal-hydraulic codes.

These considerations led to the preliminary logic il-
lustrated in Figure 2.2 and resulted in the following:

1) The correlations used in WABCORE produce very
accurate results while requiring a minimum amount of cal-
culation time. Naturally trade-offs had to be made between
accuracy and calculation time.

2) Decreasing the solution time by having one calcu-
lational pass made through the core by the code (Figure
2,2).

The loss of accuracy caused by this will be discussed
at a latter point.

3) Solution of algebraic equations to integrate up
the channel length, thus decreasing the computational time
necessary while increasing accuracy over the numerical
integration schemes normally used,

4) An unlimited number of cases can be calculated in
a single run while up to five of these cases may be plotted
on a single plot.

5) Water property correlations which are the same as

those used in HAMBO and COBRA III C.

2.2 Conservation Equaticas

A simplified one-dimensional analysis of two~-phase

flow can be made by considering the system in Figure 2,3,



~-35-

INPUT CONDITIONS

|

CALCULATION OF
SINGLE PHASE
CONDITIONS

¢

CALCULATION OF
SUBCOOLED BOILING

CONDITIONS
NO I
SUBCOOLED J -1
BOILING »}
CALCULATION OF NO
BULK BOILING BULK BOILING
CONDITIONS CONDITIONS
> l - -
CALCULATION
OF DNBR
OouTPUT
Figure 2,2

Elementary Single-Pass Flow Logic



-36~-

Figure 2.3

Simplified Model for Two-Phase Flow
Over Element 6f Channel
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This shows a flow in an inclined pipe under conditions where
there is a mass transfer between the phases (i.e., evapora-
tion or condensation), The flow is assumed to be steady and
mean values of the velocity and density of each phase are
assumed to exist across a plane normal to the flow. It is
further assumed that the pressure across any plane normal to
the channel axis is uniform~and the sum of areas occupied

by the vapor and liquid in this plane equals the channel
cross—sectional area.

2.2.1 Corservation of Mass

The equations expressing conservation of mass in the
channel in the absence of any addition or removal of mass
through the channel walls are

W=Wg+Wf

de = - dwf
(2.1)

A =
Wy = BgPgVg = W

We = AepeVe = w(l - x)

2.2.2 Conservation of Momentum

The forces acting on each phase can be equated to the
rate of change of momentum of that phase. Therefore, for

the vapor phase,
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g g : g g
(2 . 2)

+ d vV + 4av -wV -dw V
(wg + Awgd (Vg g’ g'g g'f
where

dar vapor function forces on solid surface

vapor function forces at gas-~liquid interface .

n
i

A similar relationship is derived for the liquid phase.

- A dP -~ 4F (2.3)

£ £ + s - Afdz Pgg sin 0 = Wde

f °
The basic differential momentum equation for this one-
dimensional approach is obtained by adding equations 2,2

and 2,3,

- AdP - @F_ =~ 4dF_. - sin 6 dz (A + A =
g g (fpf gpg)

f
(2,4)
d(weVe * wng) .
The net functional force may be expressed in terms of the
area:
£

(ng + d4F dz

= - A (QB)F dz . (2.5)

Substitution of equation 2.5 into 2.4 yields after rear-

rangement
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ae\ _ [(d4dp dp dp
(EE-) = (EE ) + (a'z a.) + (a"E Z) (2,6)

where acceleration losses are

dp _14d -
- (dz ) T A dz (ngg T oweVe) =
(2,7)
2 2
G% fL [x vg N (1 - x )vf]
i dz ol (T - o)

and the elevation losses are

A A
- d_P = 1 g —f— =
<dzz) gs:.nG[A g’ a f]
(2,8)

g sin © [apg + (1 - a)pf] .

The above derivation illustrates the use of momentum equa-
tions to relate the total static pressure gradient in terms
of the separate components of friction, acceleration and
static head. It should be pointed out that the frictional
term has been defined in terms of the force (ng + de)

and will be expanded upon in Section 2.3,

2.2.3, Conservation of Energy

The equation describing the conservation of total

energy for both phases is,
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w V2 vag
(6q - 6w) = wdh + @ “%?9 + 5= + wg sin 6 dz . (2.9)

For the purpose of this work:

-~ the work performed by the fluid on the surroundings
is assumed to be zero

- the kinetic energy and potential energy phases does

not contribute to the internal energy.

Therefore:

§q = wdh . (2.10)

2.2,4 Equation of State

For a given mass of fluid at equilibrium in either the
major or liquid phase, a relationship exists among the
pressure, temperature and the density. The relation is

written symbolically as

£(P,T,p) =0 .

That is, for any given equilibrium state of the mass of fluid
specification of any two of these parameters determines the
value of the third one,

The water property correlations used in WABCORE are
polynomial fits to steam table data. The exact equation of
state for water as given by the Keenan and Keyes Steam

Tableslo is
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P = PORT [l + pQ + pz(%%)]

\ ay_t)
h:RT[pt(:g_g)+1+pQ+92(g_g)]+_ag_

and
where 6
- € i-1
lPo . Ci/t
i=1
2
o=(t-T) € (-
c'.
j=1
+

The coefficients are

Cy = 1857.06 Cy =
C, = 3229.12 Cg =
and
R = 4.6151 bar cm>/g°K
. . 3
p = density in g/cm

1000 K

rr
i

+ C.n T+ C

7

taj)

36.6

j=2 € -
. Aij(p Paj

6

- 20.55

4,85

T

T
C

E

szn T/t

8
)i—l

i=1 J

C, = 46.0

C - 1011.25

temperature in °K

= 1.54

4.8
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2.3 Friction Loss

The friction loss term of the momentum conservation

equation is expressed by the Darcy formula

2
- %E F = f = 2V (7pM) (2.11)
2 Dei ch

where the Darcy-Weisbach friction factor is

o .221 _.221
f - - .2

L2
(DeiVo/u) Re

and (TPM) is the two-phase multiplier applied in the boiling
region., This multiplier will be discussed at a later point

in Section 2.9.

2,4 Grid Loss
From the continuity and energy equations, the mass flow

rates for liquid and vapor are

<5
We Aé(chpf(dP)f) (2.12)

w

.& .5
g Ag(chpg(dP)g) (2.13)

where through an orifice



Be
At = Cq 75
A
(1 - (zr) )
c
Ag
I =
Ay = Ca 75
t-(&))
A
c
A = orifice area
Ac= channel area
Cc. = a coefficient of discharge, obtained from

d
experiments or published data.

The two-phase loss is therefore, from Equations 2.12 and

2,13.

(dP)TP = (d1=')f + (dp)g

w.\2 w \2
£ 1 g 1
S(Af) 9P S(A;) 29cPg

(2.14)
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where

p=o¢pg+(l—0!.)pf .

Equation 2.14 is applied in all flow conditions and its
accuracy depends on the loss coefficient Cs . If there is
no void (i.e., single phase), then the liquid density is
the only density term in Equation 2,14,

Tt has been shown that the pressure drop from grids
is not a function of grid lengthl. This indicates that the
pressure loss is primarily a form loss rather than a fric-

tion loss.

2.5 Other Losses

For added versatility, the effects of spacer length and
thickness can be included. These will effect the channel
), thereby causing an

geometry (i.e., D ’ Gi r A

el cif
increase in the frictional loss term. Losses induced by
wire wraps are included this way and there are no loss
coefficients for them.

WABCORE does not consider any other type of pressure
losses in either the single-phase or two-phase region. The
flow is assumed to propagate up a single channel without

expansions or contractions. Oorifices are only considered

through the effects of grid losses.
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2.6 Heat Flux Shape Function

2.6.1 Shape Correlation

The basis of the analytical approach used in the code
is the analytical shape correlation. This correlation is
versatile enough to represent the most common reactor heat
flux shapes while still remaining a simple analytical function.
This simplicity becomes extremely beneficial when the cor-
relation is integrated into the code through the heat flux
and temperature equations.

The basic mathematical correlation consists of the
superposition of two exponentials as shown in Figure 2,4 and

are added together to yield:

_ (z-B)A -2C
dgpg(Z) = Kn[NA(B - z)C + KC2ZC ] . (2.15)

The different shapes are generated by varying the constants
(Kn,N,A,K,C) of the equation., Some possible shapes from
this correlation are illustrated in Figure 2.4 with

(B =1) .

2.6.2 Normalization

To represent the heat flux profile of a reactor core,
the z axis of Figure 2.5 must correspond to the height of
the core, Secondly, the dimensionless abscissor must

coincide with the 1.0 at the peak value of the shape function.
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Figure 2:4

Shape Correlation Exponentials
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This second condition is easily alleviated by using
the constant, Kn to equalize the reactor and correlation
abscissa values. The first condition requires a more in=-
volved, but straight forward approach.

Since ¢Sé§) is only a function of 2z , it need only
be multiplied by some constant to convert it to the true

reactor length. Mathematically, the multiplier is L'/B ,

where the normalized length (L') is

B -

If the entire iength of the 2z axis is not used to
represent the core length, but only a portion between z,

and z, (Figure 2.6), then

L! (B' + 2) —sB*= g& B
where
s =z,
Bt + s = z, .

This normalization multiplier is also valid when the cor-
relation is integrated over limits anywhere between -« and
+ © For use in WABCORE, B has been set to one.

2.6.3 Heat Flux

The heat flux used for further computation at each axial
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step is an averaged value over the length of the incremental

step. This average incremental flux is calculated from
z

5 i+l
R L'
(- n _is
9" = %ppak I LB f ¢spE (2) 92 (2.16)
2y
where B'+s

" - -n 2 ..Ii‘_
qPEAK q er/ Rfs B f ¢SPE (z)dz
S

(2,17)

z; and =z are the inlet and outlet positions of an

i+l
incremental length (node length). See Figure 2.1.

The more irregular the heat flux shape, the smaller the
axial increments (i.e,, more nodes) that should be used.
This will decrease the irregularities of the calculated

data between nodes. It will not, in any case, make a large

difference in outlet conditions,

2,7 Coolant and Fuel Pin Models

2.7.1 Coolant Temperature

The temperature of the coolant is calculated at each
axial node by applying the energy balance equation (Equation

2,10) over the preceeding axial node length

8q = wcp(GT) = wéh . (2,18)
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From Equation (2.17)

2 Lo Zi+1
fs

= o™
8q = 9"ppax ~B f dgpg (2142 .
2.
1

Therefore
2 zZ.
de. R: N L' i+l
_ *PEAK fs eff
8T, = cpr / ¢SPE(z)dz . (2.19)
z%
1

2.7.2 Clad Temperature

The energy balance is again applied at the coolant-clad
interface. The temperature difference between clad and
coolant is directly proportional to the heat flux and the

heat transfer coefficient. From this, it can be written

2
"wi t
IppakREs’

Tw ~ Tg ~ hd_B ¢gpg () (2.20)

where, in the single phase and subcooled boiling region,

K
h =8B, 5o Re 8 (rr) 33 . (2.21)

Bc is the Weism.an2 coefficient for
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square lattice - Bc = .042(13) - .024 for
r

and

triangular lattice - B_ = 0.26 (f—) - .006 for

The Weisman coefficient is chosen to readjust the single
channel heat transfer coefficient to that representative of
a square or triangular lattice. The Chen correlation is
used to determine h in the bulk boiling region. This will
be discussed in Section 2.10.

2.7.3 Fuel Surface Temperature

To determine the temperature difference between the
clad outsidz surface and fuel pellet surface, two, one-
dimensional radial heat transfer equations were solved.

For the clad region

dT

' I —
q' = k2TR 3R . (2.22)
Solving this equation yields:
q' Rco
T =T + n . (2.23)

ci co 2 kc Rci
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The solution in the gap region is approached by first
solving a one-dimensional energy balance in the region il-~
lustrated in Figure 2.7. The equations describing the

energy flow across this region are:

- q = 2R _;h .L(T_, - Tg)
q = 2mR; h, L(T. - Tg) .
Solving for TfS yieélds
- q' q'
T = + + 7T . (2.24)
fs 21ershfs 21chihci ci

Combining Equations 2.23 and 2.24 results in

_ 1 [o]e) 1 -~ 1
Tes = Teo +[§F *n ﬁ*'.‘*ﬁT*iﬁ"r]

c ci g fs g ci

(2.25)
L' 2,

+ § Rfg 9'prax %spr (2
where

hg = hci = hfs

2 L
U= w L
Q' = "Re. dppax B %spr ()

Because the gap heat transfer coefficient is applied to both
the fuel pellet and the inside clad wall, the results from
Equation 2.25 will be conservative. This conservatism will

be amplified and appear in the center-line temperature
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Clad

Figure 2,7

Fuel Pin Model
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results. The centerline temperatures calculated from WAB-
CORE can always be interpreted as an upper limit because of
this.

2,7.4 Center-Line Temperature

The center-line temperature is determined by solving

the one-dimensional Poisson equation. This results in

R2_L'
= ————— wi
Ter = Tgs T 2k B 9pEAK ¢spg (2) (2.26)
for
R=0 .
2.8 DNB

2.8.1 Critical Heat Flux Correlation

The W-3 correlation is used to calculate the CHF in

the subcooled and boiling regions.

" o - 3 _ 3
APyp,u = [(2.02 - .43P/10%) + (.172 - .1P/107)

exp(18.2 x - 4.13 x P/10%)] . [1.16 ~- .87x]
. [(.148 - 1.6 x + .173 x|xh6,/10% + 1,041 (2.27)

. [.166 + .836 exp(- 3.15Dei)] .

- [.826 + .OOOS(HSAT - Hi)]
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This correlation has not been tested in quality ranges
greater than 15%. This will naturally limit the code to
flow situations where quality is less than 15%. Several
other limitations are 1isted'in Section

2.8.2 Shape Correction Factor

The form factor developed by Tong3 in conjunction with
the W-3 correlation is used in the code. The CHF correla-
tion and form factor are applied at each interval along the
axis. The results of this application account better for
the fact that all quantities used in this calculation are
local and no averaging is performed over the core length3.

The form factor is defined as:

= ot n
F = diyp,w/IpNB, N

z
z

clJf q"(z)exp[-c(z2 - z)ldz
21

F = (2.28a)

qioc[l - exp(-C(z2 - zl))]

where
1.72

c, = 4401 - x2)7‘9/(Gi/106) in

X, quality at z, .

This integral can be exactly evaluated because q'(z) 1is an

analytical function of 2z given by Equations 2.16 and 2,15,
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Substituting and solving results in

2
] *
F = Cld' RfsknL‘ NAB (c-D CziF)
B —ClziL'YB F
n -
qi(l C dRB
z.F z. . F
-%c D((Fz. -1)c i - s - 1)1C 1“1) (2,28b)
B 1
G ‘ A G
kC ( 2 T |
+ Ez— (GZi 1)C - (Gz; 4 = iz j
where
= ' = t
D AB + ClziB/L E ClziB/L
F=A+ ClB/L' G = ClB/Lt - C

heat flux at mode 1

| {]
9

distance between nodes i and i -1 .

©
il

Tt should be noted that this form factor correlation should
not be used with other CHF correlations because it has been
developed in concurrence with one CHF correlation and can
only produce consistent results with that correlation.
Tong's form factor and the W-3 correlation form a consistent
set in the sense. The B + W correlation for CHF and

shape correction are another consistent set.
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2.9 Subcooled Boiling Region

2.9.1 Boiling Lengths

WABCORE uses several correlations to determine the
lengths at which fully developed boiling starts, where
subcooled boiling ends, and where thermal equilibrium is
reached (Figure 2.8). These correlations are applied at
each axial step and checks are made as to whether the cal-
culated length is less than the node length (length of
axial interval).

Boiling is not considered until bubbles depart from the
wall (FDB). The accuracy lost as a result of not consider-
ing the region between (ONB) and (FDB) is not considered to
perpetuate any sizable errors. This conclusion has been
upheld through the verification checks (Chapter 3) made on
WABCORE, Ease of computation has been obtained as a result
of the slight loss in accuracy.

The combined length of regions A and B of Figure 2,8

is the total subcooled length (Z_.) , given by

SC
G;C Doy
Zeo = ~7q7 (Tsar ~ Tei) (2.29)

Bowring’s9 model for bubble detachment (FDB), which is
recommended as the best available at present, is also used

in WABCORE. His empirical development leads to
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. (2.30)
q Gi"-f}

where

n= .067[14, + ,0068P]

in British Engineering units. The length for reaching

thermal equilibrium (Figure 2.8) is determined from

G.C_ D . T - T_.
gk = _1 D €l [( co fl) + n ] (2.31)
f

113
4 q Giev

where

(1 + e) = 2.6

from Bowring's empirical relationship. It is used in this
case to generate consistency among the boiling length cor-
relations.

2.9.2 TwoPhase Friction Multiplier and Void Fraction

Two correlations can be selected from the homogeneous
model for calculation of the friction multiplier. Results of
the homogeneous model have been determined to be very good

in most of the flow regimes pertinent to reactor design,

TPM=1+x—g———%-°l+x-—Q-'--l (2.32a)
\)2 ug

and
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and

vy = vy " .25
opM = |1 +x I—2] .1 +x{-Z-1 (2.32b)
Ve Mo
with
o = xvg/(xvg + (1 - x)va) . (2.32¢)

The void fraction is calculated using the homogeneous
slip model. Two slip multipliers are used. The first is
used up to the subcooled boiling length (Zsc) and the
second thereafter. However, caution must be exercised when
these slip factors are applied. A discontinuity will be
introduced in the void fraction profile when different slip
factors are used. This is due to the sudden change in
vapor implied by the model at the point of slip factor
change.

The third two-phase multiplier and void correlation
which can be selected for use in WABCORE is the Armad-

Treschev model

TPM = (1 - x)1'75/(l _ 0L)l.z
8
o = (.833 + .05 &¢n -]—_'4—.-2—2-) B (2,33)
0 X
B = £

pq(l - X) + pgX
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This correlation is considered the most reliable in the
bulk boiling region and is highly recommended4.

2,9.3 Quality

WABCORE does not calculate any negative qualities.

Bowring's relationship

C nqu

x(z2*) = G—-EL-—— (2.34)

iteg®VE

is used to calculate quality at the thermal equilibrium
point. A straight line is then calculated through the co-

ordinates [x(x*),Z*] and [0,2 ] . This line is then

FDB
used to represent quality as a function of distance between
these points as shown in Figure 2.9, This is again a cal-
culational simplification which presumably results in a

loss of accuracy. For the purpose of this code however, the

loss is considered justified by the gain of computational

time,

2.10 Bulk Boiling Region

In the bulk boiling region, the same two-phase multi-
plier and void fraction correlations are applied as in the
subcooled boiling region (Section 2.9.2). A second slip
factor is used in this region.

The quality calculated from the straight line approxi-

mation continues into the bulk boiling region to the thermal
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equilibrium point. Once this point is reached quality is

calculated by

x(z) =

5 (z2 - zl) (2.35)

4q
eiGi fg

for each node length to the end of the channel. This com-

putation will continue in all cases no matter what value

the heat flux assumes and no vapor condensation calculations
are made if the heat flux should suddenly drop to zero or
any other very small value,

The Chen correlation for calculation of the clad wall
heat transfer coefficient is applied in this region, It can
readily be used in the subcooled boiling region but it is a
time consumming computation. The increased accuracy never-
theless is considered to justify the increased computational
time in the bulk boiling region,

Because Chen is not applied in the subcooled boiling
region, the resulting peak wall temperature will be over

predicted in this region.

2,11 Solution Logic

2.11.1 Initial Conditions

The preceeding correlations and models are sclved in
WABCORE using the following initial conditions:

~ Inlet temperature
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- Inlet mass flow, which is assumed constant

- Total power output

- Coolant inlet pressure ,
There are no outlet conditions specified except that im-
plied with the use of inlet mass flow and total power.
Mainly,

ho=hi+q/w o -

Each outlet condition is tied directly or indirectly
to the inlet conditions, but only one or two of the inlet
conditions will cause a charge of a specific outlet con-
dition. As a result of this, the outlet conditions can be
changed predictably using inlet conditions after running
the first case. This will be seen more clearly in Chapter 4,
The temperature, pressure and enthalpy equations are

solved at each axial node in the following order in WABCORE

START, 1 = 0

1) Hy., 171
2) Tpei41y 7L
3 R

4 To i)

5)

Tes (i+1)
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6) Tern (i+1)

7 8Pg g4y L7 L

8) ®PgpacEr(i+l) 71
9 SPpccqityy TFEL -

The clad, fuel surface and centerline temperatures are
solved for at the first axial node of the channel, This is
thought to lead to better results than from starting with
the second axial node such as COBRA IIIc/MIT does.

2.11,2 1Input Logic

WABCORE is capable of accepting two forms of geometri-
cal input conditions. The first of these are spacific
input conditions for the single subchannel (i.e., flow area,
rod diameter, etc.) Which are used directly by the code and
are not discussed further at this point,

The second option provides input information on an
entire reactor core. This is added to aid the user with
design problems of a nature concerning general core changes,
WABCORE will accept this information and reduce it to single
channel data for its analysis. This option is normally not
available on subchannel codes and will be further explained
in the remaining paragraphs of this section.

A rod diameter relationship using available input data
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can be derived from

=g
q q wdRL Neff . (2.36)

The single channel cells are assumed to be equally distri-

buted throughout the core area. Therefore,

= <

Combining Equations (2.36) and (2.37) and multiplying by

2
dR :
2
2 _ = 2
Therefore, _
a'mL Ac
dR = — . (2.38)
P
(&)
dR

The code then calculates subchannel geometry parameters
(i.e., Dei' Gi' Acif) using the effective number of fuel rods
to reduce the data to single channel data.,

Wire wraps can be chosen with hexagonal or square pitch
geometries. The wire diameter is used in the geometry cal~-
culations to determine the flow area and hydraulic diameter

of the channel, The pressure loss caused by the wire wrap

is then included in the friction and acceration losses
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calculated using the adjusted geometry. The wire diameter

is determined by

ds =P - dR .

In reality, this is not strictly true, because of small gaps
existing between the rod and spacer wire. The error caused
by this approximation is considered small enough to justify

the calculational simplification.

2.11.3 Flow Chart

The logic used in WABCORE is illustrated in the flow
chart shown in Figure 2,10. The brackets on the figure
enclose:

A) Two forms of input conditions that are possible with
the code. (1) Conditions for the full reactor core, which
are reduced by the code to represent a single channel and
rod. (2) Conditions for the single channel and rod.

B) Calculations of thermal-hydraulic results at each
axial step up to the end of the channel or until thermal
equilibrium is reached‘(LEQ.) .

C) Calculation of quality and two-phase pressure drop
multiplier at each axial location from the point of fully

developed boilign (L ), to the point of subcooled boiling

FDB

(L)
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Figure 2.10

WABCORE Flowchart
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Figure 2.10 (Cont.)
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Figure 2,10 (Cont,)
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D) Calculation of all thermal~hydraulic results for
each axial location from the point of subcooled boiling
(Lsc), to the end of the channel, Calculation of the sub-~
cooled boiling quality is explained in Chapter 3.

E) Calculation of heat flux shape correction factor
(F), DNBR, and printing of all results at each axial loca-
tion.

F) Plotter output: At the Laboratory of Nuclear
Science facility (LNS), figure plottings are recorded on
magnetic tape which are in turn, displayed by the user on a

Calcomp unit (Appendix A).

2.12 Correlation Limitation Summary

The correlations used in WABCORE and their ranges of
applicability as reported in the literature are listed in
Table 2.1. These limits are also the limits of WABCORE,
The first seven entries in Table 2.1 are water property
correlations used in WABCORE, whereas the remaining entries
are associated with the various correlations used in the

code.
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Table 2.1

Correlation Limitation Summary

Correlation Limitation
l-Saturation Temperature P > 450, PSI
2-Liquid Density P > 450, PSI, 450° < T < 650°F
3-Liquid Enthalpy P > 265, PSI
4-Vapor Density P > 450, PSI
5-Vapor Enthalpy P > 450, PSI

6~-Steam Viscosity
7-Saturation Pressure

8—Bc (Equation 3.,10A)

-y" s
9 qDNB,U (Equation 3.15)

10-F (Equation 3.16)

1ll1-Homogeneous TPM (Equa-
tion 3,20)

12-Timed~-Trechev TPM
(Equation 3.21)

405 < P < 2250, PSI

Triple point < T < Critical
point

1.1 < gL < 1.35 Square lattice
b

< 3,5 Triangular
lattice

1000 < P < 23-0, PSI

De = ,2 - .7 in

~§g =1 - 5 1b/he ft2
10

SAME

Only high flow regimes

150 < r < 2700, PSI

B < .9 (Equation 2.33)
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CHAPTER III

COMPARISON OF WABCORE WITH THE
MULTISUBCHANNEL CODE COBRA~IIIC/MIT

The validity of the results as obtained by WABCORE as a
reliable thermal-hydraulic tool will be established by test-
ing these results against those results computed by COBRA
IIIC/MIT, The range of these test cases will include two
axial heat flux distributions (i.e,, flat, cosine), as well
as PWR and BWR operational conditions. Naturally, all
results are steady-state results.

The two reactors chosen for this test were the Main
Yankee PWR and the Shoreham BWR. Due to the availability of
the Preliminary Safety Analysis Reports (PSAR} on both
reactors, results will also be presented from these reports
where applicable.

The major design parameters for the Main Yankee reactor
are shown in Table 3,1. These parameters were used as in-
put to both codes and held constant for the different axial
heat flux shapes. Results of these calculations are shown
in Tables 3,2 and 3.3.

Note that there is very good agreement between all
parameters of both Main Yankee cases except for the center-
line temperature and the MDNBR, As pointed out in Chapter 2,

because the rod gap region is treated separately in WABCORE,
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Table 3.1

Main Yankee Core

Nominal Design Parameters

Fuel Rod Array, square
Fuel Rod Pitch, inches

Spacer Grids
Number of Spacer Types
Number Per Assembly

Pellet Diameter, inches
Pellet Density, lb/ft3
Number of Fuel Types

Fuel Thermal Conductivity,
BTU/hr ft°F

Fuel Specific Heat,
BTU/1b°F

Clad Thickness, inches
Clad Density, lb/ft3

Clad Thermal Conductivity,
BUT/hr ft°F

Clad Specific Heat,
BTU/1b°F

Fuel to Clad H,T, Coef~-
ficient, BTU/hr ft2op

Core Cross~Sectional
Area, £t2

Core Power, BTU/hr

Active Core Length,ft
Avg. Heat Flux, BTU/hr ft
Hydraulic Diameter, ft
Wetted Perimeter, ft

Inlet Conditions
Core Mass Flow, l1lbm/hr

Mass Flux, lbm/hr ft2
Temperature, °F

2

Pressure, PSI
Enthalpy, BTU/lbm

14 x 14
.58

2
8

.3795
650

.024 nominal
410

8.8

.0780

600

94.37

8.995 x 109

11,392
1.695 x 10
.0444
1151

5

1,316 x 10°
2.545 x 10°
541
2100
537.6
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Figure 3,2

Main Yankee Core Results
With Cosine-Heat Flux Distribution

(British Engineering Units)

Outlet Liquid Temp.
Outlet Clad Temp.

Inlet Clad Temp.
Outlet Centerline Temp.
Peak Centerline Temp.
Inlet Centerline Temp.,
Pressure Drop

Outlet Enthalpy

MDNBR

1 -W«3 CHF Correlation

WABCORE COBRA PSAR
IIIC/MIT
592,7 592.5
602.1 609.5
550.7 559,02
1421.5 | 1400.1
2820.9 | 2449.1
1370.1 | 1349.3
13.1 12,35
605.9 606 .4
6.06 7.30% | 2.4 (Hot
CHN,))
NoT7.2
(Nominal)

2 - Taken from second node from

channel inlet.
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Figure 3.3

Main Yankee Core Results
With Flat Heat Flux Distribution

(British Engineering Units)

WABCORE COBRA PSAR
IIIC/MIT
Outlet Fluid Temp. 592,7 592.5
Outlet Clad Temp. 613.1 624.1
Inlet Clad Temp. 562.3 575,02
Outlet Centerline Temp. 2396,.5 2099.0
Inlet Centerline Temp. 2364.9 2066,7
Pressure Drop 13,1 12.4
Outlet Enthalpy 605.9 606.4
MDNBR 7.35 7.85% | 2,4 (Hot
CHN,)
7.2 (Nominal)

1 - W-3 CHF Correlation

2 ~ Taken from second node from
channel inlet,



WoLn@INis1d dWIL INIT YTLWED IINMYK YW T1°E 3400,

L OTx 4°dW3L 3NIT Y31IN4D

007082 007082 00°0he 000ce 0000c 00°081 00091 00"0nl gorocig

_ - o

O

B

Q

(om]

R

I o

el ©.

~
]

\ﬁmz:..euw ﬁ :MU
/W[5 v 90> o
- T (avm) o
. R\E\Q..E Y¥905 -
Am\:\\w.ouv L
=
Fyorge ey T :Mn.u
ST
o
—

C A=y Y _

F¥orgom (-~ BN

S

v )
B




=79~

a conservative centerline temperature is obtained, On the
other hand, COBRA IIIC/MIT lumps the clad and gap region
into one resistance and solves for the fule surface tem=-
perature.

1 Tco

1l
= + .

It is not known how accurate this relationship is or whether
it even produces a conservative result as compared to
experiments.

The descrepancy in MDNBR value is due to the COBRA
IIIC/MIT code not applying the shape correction factor (F)
in the single phase region. This correction factor however,
results in conservative values for DNBR obtained from WAB-
CORE.

The Shoreham BWR design parameters are shown in Table
3.4, These parameters were again used as input for both the
flat and cosine heat flux shapes and the calculated results
are illustrated in Tables 3.5 and 3.6,

Good agreement is again achieved between the two codes
except for the centerline temperature and MDNBR values. The
centerline temperature deviation is again due to the model
solution technique, and the consistant conservatism of

WABCORE is seen in the plots of Figure 3.2,
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Table 3,4

Shoreham Core Nominal Design Parameters

Fuel Rod Array, square
Fuel Rod Pitch, inches

Spacer Grids
Number of spacer types
Number per assembly

Pellet Diameter, inches

Pellet Density, lb/ft>

Number of Fuel Types

Fuel Thermal Conductivity, BTU/hr £t°F
Fuel Specific Heat, BTU/1lb °F

Clad Thickness, inches

Clad Density, 1b/ft3

Clad Thermal Conductivity, BTU/hr ft°F
Clad Specific Heat, BTU/lb °F

Fuel to Clad HT Coefficient, BTU/hr ft2°F
Core Cross=Sectional Area, ft2

Core Power, BTU/hr

Active Core Length, ft
Average Heat Flux, BTU/hr ft
Hydraulic Diameter, ft
Wetted Perimeter, ft

Inlet Conditions

Core Mass Flow, lbm/hr
Mass Flux, 1lbm/hr ft2
Temperature, °F
Pressure, PSI
Enthalpy, BTU/lbm

2

7 x 7
.738

.487
650

1.4
.08
.032
410
8.8
.078
600
108.2
8.331 x 10
12.0
1.647 x 10
05577
1474

7.55 x 10
1,285 x 10
525.0
1005,0
518,1
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Table 3.5

Shoreham Core Results With
Flat Heat Flux Distribution

(British Engineering Units)

Outlet Fluid Temp.
Outlet Clad Temp.

Inlet Clad Temp.
Outlet Centerline Temp.,
Peak Centerline Temp.
Inlet Centerline Temp,

Pressure Drop
Outlet Enthalpy
MDNBR

Outlet Quality
Outlet Void Frac,

1l -~ W-3 CHF correlation

2 ~ Homogeneous model with Slip 1

and Slip 2 = 1

3 -~ Homogeneous model with Slip 1

and Slip 2 = 2,7
4 ~ Armad-Trechev model
5 =~ Modified Armad model
6 - B&W CHF correlation

WABCORE  COBRA PSAR
IIIC/MIT
544.3 545,2
564 .8 577.9
563.1 558.0
2563.,0 | 2411,0
2608.8 | 2436,0
2582.8 | 2412.0
2 2
8.72 , | 8.2
4.837 7.5
6627.5 628.3
4,07Y | 1,9 (Hot CHN.)
7.74 z
4.0 v 6 (Nominal)
131 .131 .141 (AVG)
.7582 .7552 431 (AVG)
.536° .646° .768 (MAX)
.520%
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Table 3.6

shoreham Core Results With
Cosine Heat Flux Distribution

(British Engienering Units)

WABCORE COBRA PSAR
IIIC/MIT
outlet Fluid Temp. 544,2 545,2
Outlet Clad Temp. 554.8 562,7
Inlet Clad Temp, 542 .3 542 .5
Outlet Centerline Temp. 1472.9 1545,4
Peak Centerline Temp, 3067.9 2872.9
Inlet Centerline Temp. 1460.4 1524,7
Pressure Drop 9'02.4 8‘22
4,97° 7.5
Outlet Enthalpy 628.2 628.3
4.0t 1,9 (Hot CHN,)
MDNBR 6,35 4.26 v 6 (Nominal)
Outlet Quality .133 131 .141 (AVG)
outlet Void Frac, .7602 .7552 .431 (AVG)
,5383 .646° .768 (MAX)
.521%

1 - W=3 CHF correlation

2 - Homogeneous model with Slip 1 =1
and Slip 2 =1
3 - Homogeneous model with Slip 1 =1

and Slip 2 = 2,7
4 - Armad-Trechev model
5 - Modified Armad model
6 - B&W CHF correlation
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The sudden change in centerline temperature by the
WABCORE calculation is caused the application of the Chen
heat transfer coefficient in the two-phase region., This
results in good agreement with predicted results, however,
because WABCORE is a single pass code, the proper two-phase
heat transfer coefficient is not applied until the end of
subcooled boiling, Application at this point results in a
small error in the subcooled boiling region clad tempera-
ture from using the single-phase heat transfer coefficient.
The Chen heat transfer coefficient should be applied at the
beginning of the subcooled boiling region to eliminate this
error,

COBRA IIIC/MIT does calculate the DNB ratio in the
bulk bBoiling region with the shape correction factor in-
cluded. However, the correlation used for this calcula-
tion, could not be found in the literature and is obviously
not the original as recommended by Tong or B&W, As a
result of this, no real conclusions could be drawn about
the differences of the MDNB ratios. It should be pointed
out that the MDNBR is calculated to occur at the axial
center of the channel by WABCORE whereas, it occured close
to the outlet of the channel as determined@ by COBRA IIIC/MIT.

In nonuniform heat flux experiments there are usually

several CHF indications along the channel length between
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the heat flux peak and exit. The value used for computation
is the one located farthest upstream or nearest the peak of
the flux shapeG, This would lead one to believe that both
calculations of DNBR could have merit, however, which
result is the most accurate is not known for sure,

The effect upon quality by modeling vapor production
as a linear phenomenon from the point of fully developed
boiling to the point of thermodynamic equilibrium is il-
lustrated in Figure 3.3. This approximation appears to give
a better prediction of quality in the subcooled boiling re-
gion as compared to COBRA IIIC/MIT. This is due to the
linear approximation of vapor production in the subcooled

boiling region. The axial variation of the void fraction

for several two-phase models is illustrated in Figure 3.4.
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CHAPTER IV
RESULTS AND DISCUSSION
OF THE SENSITIVITY STUDY
The objectives of this sensitivity study is to first
answer the four questions put forth in Chapter I and second,
to define a range of themal-hydraulic reactor parameters
applicable to tight pitch lattice designs. The Main
Yankee reactor is used as the base case in this study.
Reactor parameters for this particular core are illustrated

in Table 3.1 of Chapter III,

4.1 Reactor Core Constraints

Due to the desire to maintain as many of the present
reactor characteristics as possible while using at the same
time, a core with a tighter pitch, the following initial con-
straints were established in order to use the same reactor

system componehts (i.e,, pressure vessel, pumps, etc.),

Maintain initial core cross~sectional area (Ac)
- Maintain initial enthalpy rise (8h)

=~ Maintain initial coolant outlet temperature (TFO)

Maintain initial core power (q)

- Maintain initial coolant mass flow (w).

To bound the results of the sensitivity study, the
two following general constraints will be used,

- Engineering thermal-hydraulic limitations @s used
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in today's LWR designs) and

- safety limitations as used in present day LWR design .
Economic constraints will not be used directly in the study.
Neglecting this impact, however, is not expected to in-
validate the results of the sensitivity study because of
the many constraints established in view of an already exis-
tant reactor system. It should be understood that if this
were not the case and the reactor system (i.e,, pressure
vessel, pumps, etc,) was nonexistant, then a sensitivity
study of reactor characteristics would require economic
constraints for a complete study.

The econamic implications imposed by the results of the
sensitivity study, as far as they are known at this point in

time, will be presented in the final section of this chapter,

4,2 Sensitivity Study Approach

The approach used in this study as believed to lead to
an orderly and systematic representation of possible core
design changes and results due to these changes, This
sensitivity study approach includes the effects of changing
the following parameters in the following order:

1. A Reference (i.e., initial reactor characteristics
held constant) case study of the effect of several axial
heat flux profiles to determine the sensitivity of coolant

and centerline temperature, system pressure loss, DNBR, and
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enthalpy rise.

2., Variation of linear heat rate to study the effect
of core length on DNBR and channel pressure loss,

3, Variation of rod pitch for each linear heat rate to
observe the effects on DNBR and channel pressure loss.

4, Variation of rod diameter for each pitch to study

the same effects,

4,3 Results

To examine the effects of the heat flux shape profiles,
five different flux shapes were used with all other Main
Yankee reactor parameters held constant. These shapes in-
cluded a lower bump, cosine, flat, and two saddle type
profiles (Figure 4,1).

The results indicated that there is no dependence of
flux shape on core pressure loss and very little effect on
coolant temperature and enthalpy rise. The changes in the
centerline temperature (Figure 4.2) and DNBR (Figure 4.3)
were; however, directly dependent on heat flux shape.
Figure 4,3 indicates that the lowest DNBR is approximately
5.5 corresponding to the lower bump flux profile with
g' = 5.7 KW/ft . This factor is established as a lower
DNBR limit, and the additional constraint resulting from

this is,
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- Minimum acceptable DNBR will be approximately 6,

Because efforts are being made to flatten the neutron
flux shape as much as possible, thereby causing a more even
fuel rod burn up, the heat flux profile used in the re-
mainder of the study is basically a flat profile with a
1.5% deviation from peak to average. This slight deviation
is caused by the exponentials used to make the shape.

Variation of the linear heat rate using a flat flux
profile produced the curves drawn in Figure 4.4, The curve
for q' = 15 KW/ft is extrapolated to intercept with the
initial power level of the Main Yankee reactor, This linear
heat generation rate was not followed beyond the point of )
intersection because of resulting low MDNBR (5.5) and a
high centerline temperature of about 5000°F, The pressure
losses associated with these linear heat rates at the
initial total power level of 2630 MW(th), decrease linearly
from 13 PSTI for q' = 5,7 KW/ft to 8PSI for q' = 10 Kw/ft,
Therefore, increasing the linear heat generation rate leads
to a decrease in pressure drop and MDNBR but increases the
centerline temperature,

To obtain the maximum linear heat generation rate
possible it is desirable to increase the MDNBR value for
gt = 10 KW/£ft from the 4.5 shown on Figure 4.4 towards a
MDNBR of 6. Tightening the pitch while keeping the core

cross-sectional area and rod diameter constant produces
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just this result (Figure 4.5). The 10 KW/ft cases approach
the MDNBR limit of six while the 7 and 5.7 KW/ft cases

are now above this limit. Pressure losses across the
channel lengths are not prohibitively large and seen tech-
nically feasible as Figure 4,6 shows. At this point, no
specific constraints have been placed on the allowable
pressure loss, To bound the pressure loss within technical
limitations, the following constraint is established,

- Maintain the pressure loss as close as possible to
the base case, but below 150% of the base case P < 1.5 PREF'

Results at this point already indicate that the linear
heat generation rate can be seemingly increased to
7.0 KW/ft with no major impact upon the initial pressure
loss and a small detrease in the initial MDNER,

Further variation of the spacing between rods is pro-
duced by varying the rod diameter about its initial value of
.44 inches., The results of this variation are illustrated
in Figure 4.8 through 4,13 for gq' varying from 5.7, 7.0
and 10.0 KWw/ft . At this point, the increased coolant mass
flux will become an important parameter in limiting the
sensitivity study results, Figure 4,7 shows the variation
of the mass flux versus the rod diameter and the pitch, To
meet the engineering and technical limits of reactor design

the following constraint on coolant mass flux is established.
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- Maintain the coolant mass flux as close to the base
case but less than 150% of the base case

From the plotted data and imposed constraints there
is now ample information to outline regions of operation
where smaller rod spacing can be applied for various linear
heat generation rates.

A general procedure for performing this optimization
would be to

1. Use Figure 4,7 to determine the upper limit of
rod diameter and pitch combinations with the coolant mass
flux constraint,

2, Apply the pressure loss constraint to Figures 4,9,
4,11, and 4,13 and determine the second upper limit of rod
diameter and pitch combinations meeting the established
criterion.

3, Apply the MDNBR constraint to Figures 4.8, 4,10
and 4,12 to determine the lower limit of rod diameter and
pitch combinations meeting this criterion.,

4, Transfer the mass flux and pressure loss, rod
diameter and pitch limits to the MDNBR plots of Figures 4.8,
4,10 and 4,12 to outline a region where all constraints
are met,

These optimized regions can be optimized further (decreased
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in size) by tightening the constraints on the governing
parameters, thereby decreasing the ranges of rod diameter
and pitch combinations that are applicable., Notice, with
the constraints used, the area of validity is so small in
the 10 KW/ft case (Figure 4,12) that there is only a small
range of variations which fall into this area, The minimum
geometrical parameters which correspond to this region for
q* = 10 Kw/ft are

- rod length > 6.2 feet

- pitch > .57 inches

- rod diameter > ,48 inches versus initial condi-
tions for gt = 5.7 KW/ft

~ rod length = 11,39 feet

- rod diameter = ,44 inches .

Variations can be made on these geometrical parameters
while still obtaining results which fall into this optimized
region, however, the upper limit for these parametric varia-
tions has not been determined in this study. Note that if,

1, The pitch and core length are increased, more
points can be obtained in the optimized area while decreas-
ing pressure loss and mass flux.

2, The linear heat generation rate is decreased, all
curves of Figures 4,8, 4.10 and 4.12 (except the MDNBR con-
straint line) will move to the right in the direction of

conservative values. (Compare Figures 4,10 and 4,12,)
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The curves of Figure 4.7 through 4,13 therefore, show the
complete thermal~hydraulic effects of varying rod geometry
and linear heat generation rate for the Main Yankee reactor
design with the designated parameters held constant,

The results of this preliminary study indicate that if

a flat flux profile is used, the linear power level of the

Main Yankee reactor may be increased to 10 KW/ft with a
slight increase in pressure loss to 14,8 PSI and a decrease
in MDNBR to 6,25, Rod temperatures for this special case
in the optimized region are shown in Table 4.1 as obtained
by WABCORE, A comparison with COBRA IIIC/MIT results is
illustrated in Table 4.,2. These results include the
basically flat heat flux profile with a 1,5% difference
from peak to average and a cosine flux profile with a 25,0%
difference from peak to average. The results show that the
DNBR minimum has been violated and the rod centerline tem-
perature is becorning unusually high for LWR operation,

The results predicted by WABCORE are generally more con-
ser--ative then the COBRA IIIC/MIT results. The core
pressure loss and maximum clad temperature are in good
agreement and well within engineering limits for both

cases.
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Table 4.1

Main Yankee Channel Temperatures
At 10 KW/ft Calculated by WABCORE

TEMPERATURES IN DEG. F

FLUIC CLAC FUEL SURFACE CENTER LINE
541.0000 571.9182 1644 .9536 3593.1077
543.,2693 574,2C26 1648.54C0 3599.,0581
54545325 5764490 1651. 7554 36C4.0325
547.7888 578 .6802 L654.6470 3608,1233
550.0376 580.8958 1657.2388 3611.3979
552.2781 583.0962 15659.5574 3613.3314
554 4,5095 585,2810 1661.6252 3615.7871
55647317 587.4502 1663 .4663 3617.0325
55809436 589.,6C47 1665.1067 3617.7397
%61.1450 591.7444 1666.5708 3617.9768
563. 3357 593.8694 1667 .8809 3617.8074
56545151 565.9805 1669.0635 3617.3040
567T.6831 598.0774 1670.1421 3616.534¢
569.8394 600.1611 1671.1409 3615.5630
571.9836 602.2317 1672.0852 3614 .4622
5741157 604.29G0 1€72.9G98 3613.3008
576.2356 606.3364 1673.9G687 3612.1443
5784+ 3433 608.3718 1674.8369 3611.0623
580.4385 610.3965 1675.8108 361C. 1284
582.5215 612.4111 1676.8535 3609.4C7C
584.5925 6lé.4167 1677.9910 3608.96E€0
586.6514 616.4138 1679.2490 3608.8845
588.6982 613.4031 1680.6519 3609.2224
590, 7336 620.3857 1682 .2246 3610.0515
39247576 2243625 1683.9932 36114419

O 0l U WN
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4.4 Economic Img}ications

Since fuel inventory cost has an inverse dependence on
linear heat generation rate, it is apparent that fuel cost
will go down if the limits can be increased. Physically,
an increased linear heat generation rate at constant
burnup and annual refueling increases the refueliny
fraction, This must be compensated by a corresponding
enrichment increase, Previous work in this area has shown
that the cost incentive for increased specific power is
surprisingly small, for a PWR with a 10% increase in spe-
cific power7. This lack of sensitivity is due to the fact
that the reduced cost are offset by the additional enrich-
ment to maintain burnup levels. It is therefore expected
that even though an increase in the Main Yankee linear
heat generation rate from 5,7 to 10.0 KW/ft results in
approximately a 25% reduction in fuel mass, there will be
a small economic benefit, However, on the other hand,

there will be substantial savings in core heavy metal mass.
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CHAPTER V
CONCLUSION AND RECOMMENDATIONS

Results of the preliminary sensitivity study of the
Main Yankee reactor . Core have indicated that the
linear heat generation rate could be approximately doubled
to 10 KW/ft with a basically flat heat flux profile (i.eq4,
1,5% deviation from peak to average) which lea”s o the
following consequences with a pitch of .58 inches

~ An increase in rod diameter from .44 to .5 inches

- An increase in coolant mass flux from 2,5 to 3.34
x 10° 1om/mr f£t2

- A decrease in rod length from 11,39 to 6.5 feet

- An increase inoore pressure loss from 12.8 to
14.8 PSI

- A decrease in MDNBR from 7.3 to 6,25 ,
With the parametric constraints used in this sensitivity
study, no pitches were found that were more than ,01 inches
smaller than the initial of .58 inches with a linear heat
generation rate of 10 KW/ft. The reason for this is due to
the constraint of maintaining the initial core cross-
sectional area and flow rate. Because of this more rods
must be used in the core when the pitch is tightened,
thereby causing a greater increase in the mass flux than

that caused by a rod diameter increase only. As a result, a
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linear heat generation rate smaller than 10 KW/°F would be
necessary for the use of a tighter pitch than ,57 inches.

During the course of this study, core area, total
power, coolant outlet temperature, enthalpy use and total
mass flow were held constant, If any one of these paramet-
ers are varied, then for each variation, a set of 36 cases
must be run to present the same amount of information
presented in this study (3 rod diameter x 4 rxod pitches
x 3 linear heat rates). WABCORE has been specifically
designed to handle this situation efficiently and the
number of cases will not cause a loss of organization or
time,

Because of the inherent conservatism of a single~
channel thermal-hydraulic code and the extra conservatism
built into WABCORE, the results can usually be interpreted
as being conservative for most parts. This conclusion can
be substantiated by the comparison with COBRA IIIC/MIT
results presented in Chapter III.

Finally, it is believed that the results in this
sensitivity study present a complete thermal-hydraulic
overview of the changes expressed by the Main Yankee core
within the framework of the given set of parametric con-
straints. Extrapolations based on these results can be

made within reasonable limits.
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5.1 Recommendations

To extend the scope of this sensitivity study on a
thermal-hydraulic and economic basis, the following recom-~
mendations can be made

1. Although the conservative results of the sensitivity
study indicate that there is a margin for increased peaking
of the axial heat flux shape, a hot-channel analysis should
be performed, Prescribed hot spot factors can be applied
to the heat flux and fuel rod using a deterministic or
statistical approach, It is suggested, however, that the
hot-channel conditions from the Main Yankee PSAR be used and
results checked against the PSAR hot~chennel MDNBR.

2. When the reactor parameters held constant in this
study ars varied for further study, the amount of informa-
tion needed to predict an optimum will increase signifi-
cantly, To handle this information efficiently, it is
recommended that an optimization program should be developed
to use and optimize the results of the thermal-hydraulic
calculations, To do this, nonlinear relationships would
have to be derived with variable rod diametexr, pitch,
linear heat generation rate, MDNBR, pressure loss, mass
flux, core length and any other reactor parameters which are
varied, A non-~linear optimization technique can then be
used to apply the desired constraints and outline a feasible

region of operation.
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3, If the above optimization method is introduced,
the results would be valid only from a thermal-hydraulic
point of view, A necessary step would be to add economic
constraints: These additions should include,

-~ Cost of initial ore for core start<up

- Cost of fuel rod fabrication

- Cost implied by the number of refuelings over a
time period .

As a result, the optimized core would be validated on a
thermal~hydraulic and economic basis., These results will
nevertheless be preliminary and should be followed by more
extensive studies before final decisions are made.

4, The last optimization consideration would be that
of the entire reactor system (i.e,, primary and secondary
loops, steam generators, etc.). Several ways of performing
this type of optimization are presented in the literature,
mostly in chemical journels on chemical systems. The most
valuable method in this context seems to be a technique
presented by Weisman and Holzman8 which optimizes a system
by minimizing the economic loss caused by the unoptimized
system,

5. A complete study of the transient capabilities of
the core (i,e,, LOCA, ATWS, etc.} must be performed to
determine any final deficiencies which might necessitate

changes,
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APPENDIX A

Users Manual for WABCORE

A.l Full Reactor Core Input Data

card Variable Format Descritpion Units
1 ITYPE I4 (=0) for this input
option
1 TITAL A76 Any user title
2 TEMPI F10,4 Inlet temperature °F
2 PRESSI F10.4 Inlet pressure PST
2 HT F1l0.4 Inlet enthalpy BTU/l1bm
2 FKC F10.4 Clad thermal conduc- °
tivity BTU/hr, ft°F
2 FHG F10.4 Gap heat transfer BTU/hr,ftz,
coefficient °F
2 FKF F10.4 Fuel pellet thermal BTU/hr, ft,
conductivity PF
3 Q E10.4 Reactor power BTU/hr
3 W E1G.,4 Coolant mass flow 1lbm/hr
3 AVGQ glo.4  Tate )
3 AVGQ E10.4 Rod avg. heat flux BTU/ft",hr
3 POVD F10.4 Pitch over diameter
ratio
FL F10.4 Rod length ft
LSTEP F10.4 Core cross sectional ft2
area
4 DELTA F10.4 Ratio of total lgth.
of spacers to 1lgth.
of rod
4 T F10.4 Grid thickness* ft
5 FS F10.4 Starting point of

heat flux shape
(Figure 2.5)
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Description Units

5 FBPLSS F10.4

5 FKN F10.4

5 FN F10.4

5 FA FF10.4
5 FK F10.4
5 FC F10.4

6 SPSILO 10F8.4

7 SPSCOF 10F8.4

8 ISPAC I5

8 ITPM I5

[o0]

IPLOT I5

8 AON1 F6.3

End point of heat
flux shape
(Figure 2.5}

Shape normalization
constant (Kn)

Exponential multi-
plication constant

Exponential shape
constant (A)

Exponential multi-
plication constant

Exponential shape
constant (C)

Spacer location*
-Grid only,10 per
card

Spacer coefficient-

-~Grid only, 9 per
card

(=1)-Sq,. array w/grid
spacers

(=2)-Sqg. array w/wire
wrap

(=3) ~Hexagonal array
w/wire wrap

(=1) ~-Homogeneous TPM
(Eq.-3,20A)

(=2) ~-Homogeneous TPM
(Vqu-3 1208)

(=3) ~-Armad-Treschev
TPM (Eq.-3.21)

(=0)-No plots
(=1) -Plot*

(=1)
(=2)

Ratio of pellet to rod
dia. (IRAD=2)*

Volume of moderator to
fuel ratio (IRAD=1l)*
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Card Variable Format Description Units
8 AON2 F6.3 Ratio of inside clad
to rod dia.
(IRAD=2) *

Fraction of clad to
clad+gap thickness

(IRAD=1) *

8 SLIP1 F6.3 Subcooled boiling slip
factor (Eq. 2.32C)

8 SLIP2 F6.3 Bulk boiling slip

factor (Eq. 2.32C)

A2 Single Channel Input Option

Ccard Variable Format Description Units
1 ITYP 14 (=1) -For this input
options
1 TITAL A76 Any user title
2 TEMP1 F10.4 Inlet temperature (°F)
2 PRESST F10.4 Inlet pressure (PSI)
2 HI F10.4 1Inlet enthalpy BTU/1bm
2 FKC F10,4 cClad thermal con- BTU/lbm,
ductivity ft,°F
2 FHG F10.4 Gap heat transfer BTU/1bm,£t2,
coefficient °F
2 FKF F10,4 Fuel pellet thermal BTU/1bm, ft,
conductivity °F
AVGQ E10.4 Avg, heat flux BTU/£t2,hr
GI E10.4 Coolant mass flux lbm/hr,ft2
DEI F10.6 Subchannel hydraulic ft
dia,
3 FL F10,6 Rod length ft
ACIF F10.6 Subchannel flow area ft2

LSTEP I5 No, of axial nodes
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Card Variable Format Description Units
4 FS F8.4 Starting point of
heat flux shape
(Figure 2,5)
4 FBPLSS F8,.4 End point of heat
flux shape
(Figure 2,5)
4 FKN F8.4 Shape normalization
constant (K ) (Eqg.
n 2.15)
4 FN F8.4 Exponential multi- (E
plication constant 9.
2.15)
()
4 FA F8.4 Exponential shape
constant (A) éEg-
.15
4 FK F8.4 Exponential multi- )
plication constant
(K) (Egq. 2.15)
4 ¥C F8.4 Exponential shape
constant (C)
(Eq. 2.15)
5 SPSLO 10F8,4 Spacer location¥* ft
~Grid only,10
per card
6 SPSCOF 10F8.4 Spacer coefficient
-~Grid only, 9
per card
7 ITPM I5 (=1) -Homogeneous
TPM (Eq.-3,20A)
(=2) ~-Homogeneous
TPM (Eq.-3.20B)
(=3) ~Armad~Treschev
TPM (Eq.-3.21)
7 IPLOT 15 (=0) -No plot
(=1) -Plot*
7 RODDI F10,5 Rod diameter
7 RFS F10.5 Fuel pellet radius
7 RCI F10,.5 Inside clad radius
7 SLIP1 F10,5 Subcooled boiling

slip factor
(Eq.2.32C)
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Ccard Variable Format Deecription Units
7 SLIP2 F10.5 Bulk boiling slip
factor (Eq.2,32C)
7 PITCH F10,5 Rod pitch

*See Section A.3 for further input
explanation,

A3 Input Explanations

1. Spacer Location (SPSLO) ~ This is the axial position of
the grid along the channel. To indicate that there are no
other grid locations, the last entry must be larger than
the channel length (i.e., 99ft), No spacer coefficient
corresponds with this entry. If the wrie wrap option is
selected, these cards must still be included with an entry
of 99 in the first location of the spacer location card,

2. Plots (IPLOT) ~ Any number of cases may be computed in
a single run, however, only five may be plotted, These
plots are made on the corresponding set of axis versus

core length, The plotted variables are

1

Coolant temperature

Centerline temperature

Enthalpy

1

System pressure

DNBR

1
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- Void fraction

- Quality

- Heat Flux .
The five plotted cases need not be in sequence and are
chosen by setting IPLOT=1l. If a particular run consists of
boiling cases (i.e.,, x>0), then the last case of the run
must be a boiling case also, otherwise, the quality and
void graphs will not be plotted.

The plot results are placed on a 7-track tape at LNS
and are displayed by the user via a calcomp unit at 37-678
of MIT,
3, (AON1l) ~ If IRAD=1 then AON1l is the volume of moderator
to fuel ratio A .
cif

TR
fs

AON1 =

Aﬂs<

If IROD=2, then AON1l is the ratio of pellet to rod diameter

2R
dr

AON1 =

4, (AON2) -~ If IROD=1, then AON2 is the ratio of clad

thickness to the clad plus gap thickness

T
C

dp = 2 Rgg

AQON2 =

where

Tc = clad thickness .
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If IROD=2, then AON2 is the ratio of inside clad diameter

to rod diameter

5. Grid Thickness (T) - This is the thickness of the pro-

jected face with a normal parallel to the channel length.
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APPENDIX B

WABCORE LISTING



(¢d°T3°MB/018 +*H°0Ld°=ANOD TANI +//%eA°T4°0S°HH/N1E 4 h°0Ld° =431
0D AROD SUO’XEL* d° I SH/NIE 2’0 0Ld’a=UNOD HIHLI QUTID*40.) IVNYOL
(s1d

OIHI ¥IOVAS 4“/°%°94° +=HIONZT JO¥/AIVAS s “X9E‘GCI’e="0ON ddIS
*DS 2 H°0Ld’ =VIUY FUOD+*XGZ°edd +°0°0Ld’ s=HIONIT FHODs*+0e) LUKYEOL
(ne0te

3% ="VIA/HOIId s X42%403°0S/008 +'0°0b&* +=X0Td DAY +*/°HH/NET +°0°L
0L3* +=EIVE MOTJ SSYW’XZZ°¥H/N1E +°4°0LA*=L1¥EAH TVIOLs‘’40+)IVHEOL

1 h°9d? v=SSTNNT
TARYT{!

(GI’9°0LdE*h°0LAZ)LVNIOL
(G°0L49°GIZ) IVNYOA

(vel’

1) LY RE0d

(€°9418°GIh) IYNYEOL

(h°8d0L) LVRIOA
((h°0Ld)8)LVKYOA

(I’ (h°0Ld)e’(h°0La) E)IuRYOI
XTA0XKW TYdH

-126-

L3 Tvdd

JIAH*D9°dF0DH’ddNIL /NHD/ NOWMWOD
ZdITS’LAITIS RALI’HWNA‘EWNA‘ZHNOA LRNA“AI0OALKAL /RAL/ NONWKOD

SdY Y TA0XN’ITA*ID‘EGNA* AT I0SO’X*Z°H*1LOLTED /1LHENC/ NOWKOD
OVdSI‘ONdda*A’VYITad*I‘IATOY“HOIId /¥O¥dS/ NOWKOD

DIWIMATINANI*NI’NI’Vd NORMOD

(06) aoa’ (0G) X10° (ZG) GH (ZG) hH NOISNARIA

(ZG)EH® (ZG) ZH® (zS) LH? (26) 69’ (zG) 49 (26) €9°(26) Z9° (2S) LD NOISNIWIA
(0Z)TYLII NOISNAWIA

(zg)cd* (zG)na’ (ze)ed(zg)za’ (2s) La’ (Zs)cd? (ZG) hA NOISNAWIA
(zs)ea® (zg) za“ (2s) L3’ (zs) sa’ (ze) ha’ (2c) €A’ (2G)2a NOISRAWIG
(Zs)La*(zs)so* (zs) o2 (Zs)en? (gl zo’ (gg) 1D (2s)ga’ (ZS) n8 NOISNAWIA
(zo)ea’ (zg) za’ (zs) La’ (zo) oY’ (2GS hu“ (2G) v’ (2G) v’ (€G) LY ROISNIKIA
(0g)dd‘ (0S) ENG NOISNIAWIQ

(oL) 01sdas’ (L) 300sds’ (06) o¥dsda’ (06) Dovd’ (0G) DI¥dd NOISNIWIA
(os)avisz® (0g)Dsz’ (ps)aaaz’ (0s) LOTIVD Y (0S) TOAWAL NOISNANIA

(0S)Z* (0S)H’ (0G)SAdKAI’ (0S) DAWAL’ (0G) ddNAL’ (0G) dSEEd NOISNAKIA
(0G) 23050’ (06) X (0G) AIOA’ (0G) ZHAL’ (0G) LWNAL NOISNIRIA

(2G)caTd* (ZS) haTa* (ZG) EATA (ZG)CETad* (ZS) LETd NOISNIAKIA

(000L)ddnd NOISNAWIG

c0s

L0S
Li
9l
ni
£l
(43
Li
oL



MOIHL AVIDe“XZL’h°9d°,=0I1V8 TaNd OL YOIYJAAOW 40 °*I0As“40¢) IVREOE EES
(h°9d’.t
=*Jy8d SOIAVE QYTID YARNIL‘X9Z’H°9d’.=°DV8d SNIAVE TANds‘'»04)IVREOd CES
(bISds?XEL?1ISL
m..xrw..amm..uop...am.Omxcam..uop..zmq\aam..me.Hmm. .u. W) LYHEOd  LES
(617 (x5 dograrees ) ovnaod vEe
(JAIITVAD XSG’ 4 IOVYEd AIOAL’XE o1 TON SYHA Ca’'olbs) LYREOE LTS
(JNOIOIY ONITIOH:’ s o) IYWHO4d 925
(EI*XS*n°*0Ld’ (XS’ 0Ld)Z' s ) IVHEOL ETS
(s°Ld°0S/ NIG.°XH° 901044 mmou..um.“mzo .“.r.vaazmom zcs
((XG’0°0Ld) T’ o) LUWHOd LTS
(¢ NOIIVDOT 9EO¥dS+°X9’ 4300 9VYUAL’e0.) IYRIOL 0CS
(WNOIS®ZHE ONITIOH UZ7T002d0Se’s +)IYWEOd 8LS
(EI“(XS’h°0LA) 1’ .ﬂacnmom LLS
WALITVL
N0 .+°XG* ¢IDOVHI QIOA’XE* +Z1IOR SVYHd Ze’XE€’WLITION SYHd Ca’s04) LYREOE 6LS
(EI*(XG’°G°0LA)E® s +)ILVREOA GLS
(bHIONTT LYS+“X9’ ¢HIONIT OS+’XG’HIONIT €ade ‘e ls) IVRYOL 1iLG
(+SSOT 9VHAL*XL*+SSOT DO¥4*X9“4SS0T DI
Hds *XE* X0Td IVIH TYOILIED*XG’ 1 AdTVHINT +*XL*,38NSSTUde’sbe) LYNEOL ELS
(EI° (XS’H°0Ld) E°XS“H°0La° (XG°n°0Ld) T’ +) ZY¥HYOA ZLS
(EL’(XS’th°6d) 0’ o) IVNEOd 605
(¢INIT SIINZDs*X2*+E2VIUNS TANLs“X0L°eQVTO“X6°4QINTIe s o) IVNEOL LLS
(¢d °930 NI STENIYEAIWIL*XO0L’sLe) IVREOd OIS
(433 +°4°93* y=LNIHVUDONI QO¥:“404) LYRHOI 9IS
(oI4°0D°9H/0I8 +*0°0L3T*s=NIA XNT3 LYIH XVW4’404) IYHEO04 806
(oId +°t°0Ld*y=HIONET AO¥ GIZITVWION +°/°st
Id +*0°9d° =QYE QYTO FAISNI+*XCE“sId s’1°9d4°.=AVY T30d4’40:) LVREOd LOS
(eZd +°0°0L2%02
=*VIQ *dAH.°X6Z°:Id +'0°0LT*e=¥3d I3K +‘/’ Id°0S HH/RET +“1n°0L3T =L
ZILVE MOTd SSUN’X9L*sId°0S +'0°63¢s=VIYY MOTd TANAVHD+’40.) IVHEOA 90S
(E°0Ld*4s="ON QO¥4*XGE’:Id +°1°94°:=HOIId 4°/1L
¢ L J'0°94%,="YIA Q0¥+ ’XNh2Z’HET/018 +*0°0Ld’s=H ¥1T3d.’:04)I¥HN0d GOG
(eZd/ o°0°8d°4=D +°/°0°83°1=40’X8E‘sdd/ +°n°8d°%s=¥ /%083 v=Na ‘XL
La’0°9d%e=NY +*/%e3d +°9°9d°:4=S+ufs ‘X6E°sId s “7°9d°4=Sas*10s)IURTOL 1O0S

-127-



-128-

(I)o01sds’ (1) 400sds (L 2GS 9)ILIunm

0L‘t=I 6L od

(02G*9)aAITUM

(LEGS*9)ALTIINM (E°0T°*HALI) AT

CAITS‘LdITIS (HES*9) ATIUA(Z 0T HALI °E0° L °*0F°HALI)AX

CNOY’LNOV (Z€6°9)dLIyN (T 0a*QV¥yI)dI
ZNOV/LNOY (£€G°9) AT 1uM (| *03 *QVHEI) 4T

Dd*NA*VA NI’ NNA*SSTdd4’Sd (n0G*9)ALIYM

dNd*9H D44 (€06°9) 2L TuM

I/V1TI9a“*daIs1ov 14(206°9)ILIaN

" AAOd*09AYKRD(L0G’9)AIIEN

(6L%1=I*(I)TIVITIL) (QEG*9)TLIUN
ZdITS’LdITS‘ZNOVYLNOY‘AVEI’L0TIdI*RALI*DYASTI(ELS)avTL
(OL’L=I°(1)d00sds) (ZL*S)avay

(OL‘’L=I°(T)o1sds) (zi‘s)avad

Dd’NA'VI’NI'NNA*SSTddd“’sa (LL*g)avay

L’vi13a (LL’s)avay

dadIST OV’ Td°0A0d 0O0AEAn’0(0L S)avaY
ANd*9OHI°ONdTHISSINd ‘IaNal (LL*Gs)avay

GE OL 09(1L°*0d°*dxl1)dI

(6L°L=1I° (I)IVLIL) “dAII (0SH=ANT “Hi°*g)avay

0=GN

O=nN

0=¢tNR

0=2ZN

0=LN

0=NNEN

(' IZAON FSVHA-OMI AFHOAVI-AVRYUY.’, o) LVYWHO4

(GI’4="ON dFIS+°X92°:3d +*t°0Ld*+=HIONIT QOY +‘/1L

S Id +9°9d%y="YIC QO :“XnZ/eRAT/NIE o’H°0Ld’s=H VI1I3Qs°404) IVREOL
(sId 2°0°94° 4=HOLId 4°/°e3d +*H°0LT’4="VIA °AC

AHo X122 34°0S/038 +°0°0LT % e=XNTd 9AY +°/ 1 1d°0SHH/HET 0 °0LE‘s=1
AIVY MOTId SSUWs’X9L’eI1d°0S +°h°63*s=VaYY MOTd gmzzmmu...o..aczmow
L

#°94*,=dI1S Tdd0TTAEA ATINds *X6Z°h°9d*s=dITS QATO0IEAS ‘s o) IVNHOL
(7°94°s=°2V84d SSANL

St

LES
9¢s

StSg
hes



-129-

(*L-d31s1d) /T4=431S1d

d3xST=da 1S'1d

((SSTddd*Sd) AVHS %« ZkxSAdx9L 0l "€) /Td»xIAA0E %9 LNl “E#DDA¥=XTIOXU
{Sd-5S1ddd) /Td*°L=HI¥ATd

*Z/10ao0¥=q49doy

(4I0VxI9) /Td%IAA0U %O Lt *Ex0IAV=HVLTEA
HOIId’ZdITS*1dIISID8’Sad *Iaq0oy“I014I*HAITI (9L°G) avay
(0L’1L=1’(1)4d00sds) (zL’g)avay
(OL’L=I’(1)o1sds) (zL’s)avad

DANMI VI NI NNI"SSTddd’sa (LLG)avdd

daTST IOV TAIAIH 09AY (LL*G) avay
NA’OHI’ONI’IH?ISSHNd‘TANEL (LL°G)avay

Gt 0L 09

dILSTA(9LG*9) ITT UM

XTA0XKH (B0G*9) ALIUM
W19d134108°sd9(L0G%9)ALIYM

IZA°Id’19°4ID0V (90G“9)TLIuM

ONJdJdd *HOIId*IAAO¥ “HYITIA (G0G“9)ALIYN
(*L-d31S1d) /1d=d2LS1a

didLST=dd1STd

((5STddd“‘Sd) dVHSxONAdT % (ZxxSdY) x9LtL °€) /70=XTIOXHK
(Sd-SS1dd3) /1d%x*L=HI¥dTd

*Z2/1a008 %ZNOY=IDY

*Z/I0q0UxINOV=S4¥

0€ OL 09

ZHOY % (S4¥-a9a0¥) -quaao¥=1D4

Gux ((LNOY%9LtL *€) /dIDV) =S4¥

GZ 0L 09(Z°0d°AVII) &I
(IZQ°Id°I9°dI0V)8gdd¥ds TIVD
NOD%Zx%xHDOILId/DV=0Ndd3

IdA0dxdA0d=HOLId

*2/10a0¥=04004

NODx% (Zx% (QAOd) x0) 7/ (DY xTd*»9L t1l *€x09AV) =10a0Y
(G*%%°€/°Z)=N0D (€ *0d *O¥4dSI) dI

*iL=N0D

M/0=HY1T1dd

St

(113
YA



-130-

*0=(1)0s2

*0=(1)dadz

*0=(I)aoa

*0=(1I) X310

06%L=1I § 0d

L=II

*0=KOS

*L=(1) LRd4L

*0=(1L)Q10A

*0=(L) X

0=10i

0=€dIM

0=2Z4d1J

0=1dIN

*0=(L)¥VIS2Z

*0=(1L) DSz

*0=(L) €ad2

*0=(L) dovd

*0=(1)DO184d

*0=(1) 101190

(I) 01sds” {1)d0osds (LzG*9)aLIun
oL’L=I 0% Od

(026°9)dLI4A

dars1a(91G“9)aLI¥A

XT40XW (B0G“9) 311dA

DdMA’ VA NI NN¥L“SSTddd*Sd (Hh0G’9) LTI
(LEG?9)dLTYM (E°0d *RAIT) 41
Z3I1s’LdIIS(hes“9) ALTuN (Z°0d WALI °*¥O° L°0F°HAIII LI
ANI’9HI DN (E0G° Q) ATIUN
RI¥dTd°I08’sag(L0G’9)azIun

dAIST* T4 *I0A0Y ‘HYLTIA (9€G“9) AT 1A
HOLId‘IZA’09AY IO’ IOV (SEG*9)ALIYA
(6L*L=I*(I)IVIIL) (0€EG*Y) ALIYAN
*L=0Nd4dd

IAd04/HOIId=0A0d

I9%xdIDV=M

Sh
Oh



-131-

L+R=N

(*ati» (D) SNIA%D9%°Z) /ZxxI9% (K) 400sds=(I) d¥dsd

05 Ol 09((sd+1d/ (Sd-SSTddx) x(K) 0ISdS) *11° (1) 2)4dX
(*thileZ° Lxl

xI30) 7 (8° L %xIO%dAISTAXT % (X) ISTA) = ((09x(0) SNIA%°Z)/1LZZ°) =(I) DI¥dd
. 00L 0L 09(p°0a°1)4I

(INd%*H) /dVHSTI#XTIOXN*Z #«%Sd¥+ (I) SddNETL= (1) TOANAL
dVHSTIdxXTIOXN%Z xS d 8% ( (OHI=IDYx"L

/7 L+ (9OHIxSAYx°T)/° L+ (DAd%° )/ (ID8/05308)901¥) + (I)DdNEI=(I) SIANEL
.Hanom*mmoum.\mazmgm;xamoun*m**mmm+Au.ammmau.uuwwsma

Qdx|

(I)2=) dXTx (I) Zxddadd+ (VA% (*L=-(1)2) ) dXT=( (1) Z-°L) «VdxN3) xN¥I=dYHSTL
tEEL

€oxx((X)dH/ (A)ISTA% (X)dD) »8° % ((X)ISIA/IO) x(Z°%xI130A/ (1) dHxd) =dE0DOH
(I) dadi=0n

(nx (X)dDi

Y/ ((I)Z°(L-1) 2) AVHS*ONAIT%Z k% SITx9L 01l *ExXTIOXH+ (L-I) AdRE L= (I) AdWAL
((L-I) H+ (I) H) %G *°=4

B/0NEdT% ((I)Z°(L-I)2Z)AVHS*ZxxSdTx9ihL *ExXTIOXR+ (L-I)H=(I)H
(L-I)dsayd=d

(L-I) 2473/ (Sd-SSTddd) »dTISTA=(I) 2Z

09 0L 09(L°03d°I)dI

dIrsT’L=1 00L Oa

900°-0A0d%920°=2 (£°0&*DV¥4dSI) 4l

©hZ0°-AA0d=Zh0° =4

IH=2X

1Ssd¥d=¥ssaud

ISSZdd=d

sd=(1)2

IH=(L)H

Issddd=(}) dsaud

IdRal=(1) ddN3T

803 LL =29

L=H

*0=(I)Dovdsd

*0=(I)yvIsz

09



L+II=1I
€EEdIN‘LAIN=I QOhZ Od
L-€dIN=€€dIN GET
(M) §¥ISZ/dAISTAxUSZA=4UYSZX VEC
G€Z 0L 09
(LdIN-CAIN) /4SZX=HYYSZX
0€Z 01 09 (L 0% *10oM) 4l
(({(¥) dsauddl
)OITH=-( (M) 3STUA) AVAH) %9 *L»(d) INZA/ ° L =19) /0VITTA«KIN % ( (M) H) dD=¥SZX
(4) dsqgd=d
0LZ OL 09(ZdIN-0d°LdIN) 4l
G8E OL 09(0°0T°LaIN)AI OLlL
dars1=y
dIIS1=2d1
=404
ANNIINOD Q0L
0LL OL 09
I=¢dId
I=Mx
00L OL 09(ddISTA°*LH°* (I)PVYISZ)dI
0/ ((((N)SNIA/ L) %9 °L»ID) /RINI+OVLTIA/ILTAA) »«I3A% (X) dOxI9= (1) ¥¥ISZ 06
I=€dIN(dILSTATT*({I)DSZ) 41
(OVLITEA%x*H) /ILTIAxTIdAx (X) dO»I9=(I) DSZ
06 OL 09 (0°EIN°E€EdIN) AT S8
I=LdIN(da5sT70°d71° (I)6adz)d1
4/ (I97((n) SNIAxRINI) -OVITAA/ILTdA) »I3Ax (A) dO»IO=(I) €042
G8 Ol 09(0*an°LdIN 41
(VSSTUd%B8900°+°hL) xL90°=M2Nd
(II°¥Ssd49d4°1) 9dNa TTIVD
0v¥L13a=(1) 14050
(dZ21STaA*IAA0¥) / ((I)2°(L-1)2) AVHS #Z»%SdUxXTIOXN=0VITHA
((L-I) asaad+ (I) 4SHHd) »G*=V¥SSdY¥d
(I) 3dRIL-(d)RAIIVS=ITTIAQU
(*thL#09)/dTLSTA% (0) SNIA%LAIE6Z “L*Z *ZT€~- (I) DD¥d~ (I) dSdy¥d=(I) ST 44
(i bxD9) /2xxI9% (((L-T) AdWEI) SNIA/*L- ((I) JdHEAT) SNIA/ L) =(T) DDVud
(I)ovdsd- (I)o18dd-(L-I)dsdyd=(I) 3said 0s

-132=



-133-

(JIGH»IO*I30) /dTISTAx (L+EdIN-ZdIN) x2d0SAUk " h=(0) X
(Z+EAIN-TdIN) /UNS=1LI0SAY

(I) 1d0S0+RAOS=HAS

22aIN‘edId=I Z6Z OG

L+Z2dIN=2ZdIN

n6C OL 09(°0°*AN°WNS)AI

G6Z O&L 09

(L-r) x839sZX=(P) X

062 OL 09(gdIM°I9°I)dI

(A3 ISTA%IAA0H) / ((I)Z* (L-I)2Z) dVHSxZ*xSd %X TIOX = (I)140S0O
(d) 0ITH- (d) dVAH=4IQH

(L-I) dsgud=d

(L-I)Z2+1d/ (Sd-SSTd4d) xddLS1A=(I) 2

II=0

L+II=II

ddIST*3=1I 08¢ 04

L+€dIN=N

AONIINOD

(II‘d°N) ¥aNd TTIY¥D

G w((I)dsaud+ (L+I)dsayd) =d

L+I=N

(L+I)D0oVa~- (L+I) dSdy¥d=(L+I)asd¥d
(*unL=xD9) 1L

/Z%%I9% (I9TOASxkRNA-09TOAS*ERNA+ITIOAS%ZROT-0TTIOASxLRAA) =(L+I) DD¥d
((p+I)dasayua) INZa/ *L=0110AS

((L+I) ISTUA) ONFA/ *L=09TOAS

((I)asday¥d) INZA/°*L=ITT0AS

((I) 2S2¥d) ONZA/ *L=IDTOAS
((a)OITH-(d)dVAH) % (L) X+ (L+I)B=(L+I)H
(L+1) D¥asd-(1L+I) DTudd=- (1) dsddd= (L +I) 4ST¥d
(C) LRAL* (L+I) 218dd=(L+I) D1¥dd

(L°I1I°d’Z) XAI0A TTIV¥D

(d) OITH=X

(L-r) x888S2x=(0) X

{(L+I) Zsdud=4

II=r

ced

06¢

0Lt
onc

8€C

nee



-134-

Jd-RIUATA/*Lxid=9
WISdTA/ LxiNeVd=d
6°Lux (ALTYND-°L) »ZL#ZL  Lux (9T °L/ID) /=L
.e¢pmnu I)X=ALIVN0 ((0°AR°LAIN) ANV (LdIN°ID°I)) d]
*0=A11Y¥00
daLsT‘Z=I 98¢t 0d
ZONIINOD
(II*d“I)9dNd TIND
G'x((I)dsd8d+ (L-I)dsd8d) =d
(1) oovd- (1) dsgud=(1)asayd
(*hhL=xD9) L
/Z%sI9% (I9TOASxNHAA-09TOASKENNA+ITTIOAS #«ZH NA-0TTOASxLWAA) =(0+I) DD¥d
({(1) 2539d) INIA/ *L=0TT0AS
((X)dsaud)orRaaA/ °L=0910AS
((L=-I)ds3¥d) INTA/*L=ITTOAS
((L-I)dsayud) 9N3A/ °L=I9T10AS
(1) o¥dsd-(I)D>184d-(1L-1)asaqud={I)aAs3yd
L+R=R
(*HhLxAYRENIAXI9%°Z) /Zxx19% (K) 4008dS= (1) DVdSd
onE OL 09 ((sd+Td/ (sd-SSTd€d) % (W) 01IsdS) *I1°(I)2)dl
(0) LNdIx (I)DI¥ad=(1)D184dd
(*tl%Z° L%l
*I30) /7 (8°LwxI0xdTLSTA%Z *wx (X) TSI A) % ((D9xAVRNEA%"T) /12T °) = (1) DI¥dd
(d) oNZd% (£) aI0A+ (d) INIAx ( (L) AIOA~-"* L) =AYHNNEQ
(Z°II’d’x)XAI0A TI¥D
(ANd%°*h) /AVHSTA*XTIOX U x#Sd¥+ (I) SadNET= (I) TOdRIAL
dVHSTAxXTAOXR=ZxxSJd¥x ((DRIHIDE%" L
2/ L+ (OHd»SdUx°Z) /7 L+ (D¥d%°T) 7/ (ID8/08a0¥) 907TY) + (I) DdRaAI= (I) SIdWIL
AHaaom*mmou=v\mmmmam*xnmounﬁwi*mmm+AH.wmzmsu.u.wwnma
Jdxl
(I)2-) dXdx (I) Z2ddudd+ (Vdx(*t-(T)2Z) ) aXdx ((I)Z-°L) %VdxNd) xNJI=dYHSTd
(r*I°d’X) NIHD TIVD
(d)wazivs=(I)ddRaL
(d) OI'TH=X
dIdH% (L) X+ ()0 ITH=(I)H
(JIAB%I9»I3A) /d3ISTA% (I) Ld0SOx *n+ (L-£) X=(L) X

°1-13
o8t

ohe

Ott

S6C -
el



-135-

LZh OL 09(L°03°11)4x

€ 0L 09(L*d3N°J101dI)dl

I°(I)140S0*(1)dd*(1)dNA(€2G°9) aLIun

d3ILST’Z=I GiL4 Od

(22g?9)IIIam

¥ (I)X° (I)AIOoA*(I)iwaL(82S°*9) dLIun

L=LdId+I=)

£°4=1 OLh Oa

(L2S°9)FL1I4M

Litr OL 09(0°03°|dIN)4I
I°(1)o¥dsd*(1)o0va‘’(I)o14dd’ (1) 10I18D°(I)H* (1) asa3a(ziG*9)dLIEM
(926°9) ZLTUM ((Q AN E€AIN) *aAR¥* {(L+€dTIN) °03°1)) AT

(8L6°9)3LTdn (LdIN°03° °I) 41

ddIs1’t=I S0% Od

(LES*9)ATIYAN

(ELG°9)dTIuA

T4 (I)104RAL’ (1) SAdRITL (1) DdRAL’ (1) ddRAL (60G6°9)ATIUA
(926°9)a118u ((0 dAN°€4IN) “aNV¥ " ((L+€dIN) *0a°I))dI
(8LG’9)I1Tgn(LdIN0d 1) dI

d3is1’L=1I 00#h Od

(LLG*9)ETIYM

(0LG°9)aTLIun

I*(I)avIsz’(1)0s2?(1)aadz(siG’9)dLIuA

ZaIi‘L=I 02Z 0d

(hig*9)aLlIan

((X) 32 (I)140S0) /(1) LOLI¥D=(TI)ANC

(hd+€d-2d) xLd=(1) 43
(Zx%9) /L
..m-.eumvnuwvmam*..w-.«am.N*w.-,manunuaw.mxm*..po.mvN*wvvuow*umnww
Cxxdl) /L

((Q=(L=T)Z%d. dXTx(*L-(L=1) Zxd) - (A= (1) Zxd) dXTx (*L=(I) Zxd) ) xVdxNI=€d
d/70(a-(1L-I) Z%d) dXT-(A-d% (1) 2) dX3) %° LxVdxNI=24d
(*LxIaaodx{(((L-T)2Z2- (1!

)2) L/ RIVATIxLN-) dXT-"1) % (I) Ld0SO) /RIHATIxNNI#T x%SITxXTIOXRxLY=Ld
RISdTd/°Lx (1) Zxl N+ Le¥d=A

RIHATA/ L% (I) Zxl =3

Sth

Lin
obn

Son

00

oce

98¢



-136-

(I) dduai=(I) eV
EN‘L=I LEH Od
dIIST=€N

€ Ok 09

(I)H=(I)za
(1)ana=(L-1) 23

(1) Ladso=(L~-1) 24

€EN OL 09(L°03°I)dI
(£)aoa=(I)cH

(1) x10=(1)29
(L-I)%ddis1a=(I) 214
(I)dsayga=(1)Zd

(1) 10dN3aL=(1)2Zd
(I)dgnaz=(1)ev
ZN’L=1I E€€h OQ
daLsI=¢N

€ 0L 09

(I)HE=(I) 1a
(I)ana=(L-1) L3

(1) 130S0=(1=-I) Ld

LZh 0T 09(L°0d°1I)4I
(x)aoa=(I) LH

(1) x10=(1) L9
(L-I)%d32ISTA=(I) 12T
(1) dsdga=(1) LD

(1) 104aK3aI=(I) Ld
(I)danar=(1) v
IN‘L=I LZH Od
daALSTI=LN

NDUN’ (Ghh ‘0Nt SEN’OEN*SCH)OL OO
L+NOEN=NAEN
(1$$$¢°:04) 1YREOA
(L°9)2I14M
*00Lx(I)AI0oA=(L-1dIN+I)AO0A
*00Lx(I)X=(L-1dI¥+I) A10
£*Z=1I 024 Oa

SEN
gEeEn

(A%

oen

Leh

9Zn

SZh

LZn
0t



-137-

dOLS (0°0Z *NNYN) 4TI
(I) H=(I) ga
(r)ang=(1-1) g3

{I) L40S0=(L~-I)Gd
Lht 01 09(L°03°I)dl
(I)aoA=(I)GH

(1) x310=(1)5d

(1-1I) %ddIST1a=(I) GATd
(I) dsdgd=(I) 6D

(1) 10aKai=(I)sda
(I)ddRdi=(I)gY
GN°L=I Lthh OQ
dalsI=SN

€ 0% 09

(I) H=(I) 6da
(I)aNd=(1-I) ha
(I)140s0=(L~I)nd
gent 0L 09(L°03°1)dI
(1)aoa=(1) hH

(I) 210=(I) ho
(L-1I)%d321sT0=(1) w314
(1) asadd=(1) #d

(I) T0dRaI=(I) ne

(I) dauai=(I) n¥
aN’L=1I €6n OQ
dIZIST=HN

€ 01 09

(I)e=(I1)€a
(I)anda=(L-I)ed

(1) 140s0=(1~-1) €4
LEH OL 09(L°0d°1)aIx
(1)aoa=(I)€H

(1) 230=(T) €2

(1-1) %*ddISTA= (I)€d1d
(1) 2s38d=(1) €D

(I) 10dHaI=(I) €8

ogn
Luh

onh

Shh

thn

chn

ont
LENY

9tn



-138-

L-tN=hHN

L-EN=EN

L-ZH=ZN

L-LN={N

(I)GaT1d=({1-1)sa1d

(I) h31d=(1-I) nd14d

(I)ea1da=(-1) €314

(1) za1d={L-I) 2314

(D) La1d=(1-1) 1314

06°Z=1 GSh 0Q

gm-..o..mv 10148 TIVD

(N3N’ m £’ mz GATA’SH ' h W N ‘A T4 hH E'C'EN’ECATAEH T N ZN CETI R L
0°E’IN’LITA‘LE ap..am.mawzmn 4800, 79-*s%“0I0A.*°8°°0L) ¥NIDOI& TIND
(€-*°0’°€) 1014 TIVD

(NOZ

EN‘GeE‘GN’ mmnu GOH’h NN’ HaTL’ aw g‘¢e’ mz €ATA‘ED*Z*n’ZN’2a14°C9°0EL
SN LITACLOHL Y WII’HIONIT FU0D+°6-° o¥’XLITUNDO*"8“°0L) ¥OIDId TTIVD
€Gh 0L 09(0°0a°*1dIN)dI

(E-“°0’°€) &O14 TIVD

(NDUR‘’G°E°SL

N’GITd°SA’ N h HN’ NI T A EC C EN‘ETTA’EA’T H*CN“ZATA*CA0 E LN’ LETAYL
“LAd’HL*IAd’HIONIT TY0Ds*9L-°sWAT/0IG*AdTVHING.“*8°°0L) INLDIZ TTIVD
(€-*°0*°*€) L0I4d TIVD

(NREN°GL
e GNGHTAYSO N ON R T ND E EENETTA’ED’T N ZN*TATAZD0E LN
LI TI LD 0L+ IA*HIONET TH0D¢*ZL~* ¢ ISd°3UNSSTYd4?*8°°0L) dNLDOIA TIVD
(€=*°0’"€) L0O1d TIVD

(NDEN‘S°E“’SN’YL

GETI’GCH B h aN I TI Ha E EEN‘ETTI CL’Z 0 *ZNZATI*TA‘0“E LN’ LTI LL
gL 1dHIONTT FH0D:°8Ll-*ed*dAKIL EINIT HIINED°87°0L) HAIOIA TIVD
(€-°°0’"€) 1014 TIVD

.zamz.m.m-
.mz mmqm Gy’ a Do HN ‘I TA WY E‘EC EN‘ETTIEN ' ZN*ZaTA°ZV*0E LN LEL
TI°LYU*HL s LA’HIONET JH0Ds’hl-*+d*dNAT az«goou...m..ep. 4nIoId TI¥D
(000L* (L) dand) SI01Id TINVD

(L°9)3LIYA

Ssn

ESh



-139-

ani
doils

(6667°0°°0) 101& TIV¥D

(€-“°0°°0L) 1014 TTVD
(NOUN’G‘’Z

€'GR’GITI’GI ' NI TAHIC CEN‘ETTIE€A’2*4“TN*ZATI“TA°0°E°LN‘LL
FTI°Ld L% e LdHIONTT FHO0DEL-41d0S/019°X0Td2°°8°°0L) 80IDI4 TIVD
(€-°°0’*€) 101d TIVD
(NDUN‘GYE’GN*STTI*GA*n N 'ON " nITAnT € C ' EREATA €A 2 n*ZN* AT 2L
T0°€LNLATI LA ‘DLW I “HIONAT A¥0Ds“H-*28ENC°°8°°0L) ¥NIDOI4 TIVD
{-GN=GN



anig
R3ALIY
(EXRX%°L-EX%0°0L+XxX%*L-X%99°L+n98°)/ *L=dD
XxXxX=€X

Hx100°=X

(4) dDO NOILONAOd

ana

RUflLdy

0LTaA/ *L=1NEA

LO-FE96LZ *+0x(Z0-269n0n°+Nx (T0-ACTHL6LL

*+0x(20-2€Z6LL °+0nx (20~ uNmNPN.+D*~No 4L9ZhlL *+0%€0-TBEIT*=)))) ) =0ITA
*L-{d) 901v¥=n

(1) INZA NOIIONQOJ

-140-

anNd

RYALId

96766 °55S1L
+0%(GL8S0°nZL+n%(8LLSI  ni+Nx(18LLI " +Nx(6L969°~-Nx0L091°~)))) =RILIYS
*L-0=0

(d) 901¥=0

(d)WELIVS NOILONOZ

and
N30I3yg

(((p-vx¥d) x(Ydx(*L-¥))adXT-("L-axVd) % (¥VIZ

#(°1-9))dxa) « (VA/NA) = ((*L+VxDI) % (Dd4¥=-) dXT~- (L +6%Dd) % (Ddx8-) dXT) » (i
2d/34d) - ((¥de("L-¥))dXd- (Vdn (*1-8) ) 3XT) %°L»Nd) » (*L/RITdTAdxNYd) =dVHS
DAd’WINATI NNI’HA NI YL NOWROD

(6°y) d¥YHS NOILONNDL

oo

VOO

VoL



-141-

and

NEnLdy

Z809°L8LL+Ox(ILSL

€°9n-0% (690Z uh-0x(ZLLT LT~ (8L hZ-D+(BLLL°6-0%0LLL°E))))) =d¥UAH
°L-(d) 90T¥=N

(d)dVAH NOILONDJ

ana

NEONLEY

9Ad/3d=9N3Q
9nL6°6EN+Nx(LNL
1S°19-N%(EL00°€G-N%(L96°LT-Nx(90€EHN°TZ-Nx(EL6G " 9-N%6S1L°N0))))) =DAd
*L-1(d) 90T¥=0

(d) 9Naa ROILONOJL

and

Ng0Idd

EESL LSS+Nw (18L°09L+Nx(ENT6H°LL

€+0% (9168 EL+Dx (LLOB 0L +0x (MESLH L+0x (LEL6NLL +0%EL8S5"~))))))=0ITH
*L-(d) 90T¥=0

(3d)0ITH NOILONDA

aNg

NYnLdy
H/*8LL+800°=T1SIA
(H) ISIA NOILONOZ

UL

vouo

LLL



-142-

N°(g’n’g’Z’L)oL 09

(Z) T2aVTX° (Z) TIEYTIX NOISNIWNICA

(D)11°(2)21° (2 e1’ (Z)0h1°(2) ST NOISNARIA
(2)ie*(Z)ze* (Z)er’ (2)ne? (Z) G0 NOISNIWIA
(ZIIN‘(2)Zn’(Z)eEN* (Z) N * (Z)SN NOISKIMWIC

(ZL)WX‘ (ZL) WX NOISNIWIA

()L 2)Zx°(2)EX’(2Z)ni’(Z)SK NOISNIWIQ
(Z)Lx*(Z)2x’(2) X’ (Z) 1X°(Z) GX NOISNAMWIA
(N°GT*GL°GN*GXR °SX“HT ’HL ' aN"hE WX ET°EL EN‘EX‘EX2T°Cr 2N TA‘TL

X LT LO LR LR LXAON TAGYVIA“XON’TAAVIX NI TANTTX) ¥0LDId IANIINOYLAS

ana

NEALAY

dNNILNOD
L*C2280°-80L0°C6=SNIC
S OL 09
LxhZES0°~961LL°9L=SNId
¢ OL 09(°065°19°1)dI
(L) SNIQ NOILORNO4

and

NYALEY
(X%GZ°9)dXA/TLO -X»Gh° =Lt *=dH
SZ*~-Hx100°=

(H) 48 NOILONAOA

aNg
RENL3Y
(8L°S0fh~d) »9-T9€ *8+6S0n0 °=9SIA
(d) 9SIA NOILONN4

vov

oo

voov



=143~

(ET°ELLEN‘EX*EX)ANIT TTIVD
(Z+NN) WX=(L+d) EX
(Le+NN)REZ=(M) €EX

(Z+NN) HX=(L+3) €X

(L+RN) RX=()) €X

L+ (L) EN=)

(€°0°0°0°0)I014

TT1¥D

(BT HC’ L ON’HX*0X) IRIT TIVD
(Z+NN) REX=(L+X) 0K
(L+NN)RA=(X) haA
(C+NN) RX= (L+X) nX

(L+NN) RX=()) nX

b+ (L) nN=M

(€’0°0°0°0)101d

TI¥D

(ST°SP°L°GN*GA’GX)ANIT TIVD
(Z+NN) RX=(L+d) GX
(L+NN)HZX=(X) QA

(Z+NN) RX=(L+31) GX
(L+NN)RX=(¥) gX

L+ (L) GN=M

N°(ot’6°8°L°9) 0L 09

((Z+NN) RE (L+NNIRX°0°06'NITX’XON TGV TLA°0°0°0°0) SIXY

TTY0

((Z+NN)HX* (L+NN)RX’0°0’NITX°XOR*TAAYIX‘0°0°0°0) SIXY TIVD

(L°NN’NZTAHX) ETYDS

TIVD

(LNN’NZTIX°HX)ETVDS TIVD
NxC=NN

((Z)WRK*(L)RALNLA) XYUNIN
((Z)RX° (L)RXYLN’LX) XVANIN
((H)RE°(E)RAZN’ZL) XYRNIR
((B)RX°(E)NX*ZN’ZX) XYRRIK
((O)WX’(SIRA“EN’EL) XVUNIN
((9)RX°(CIRX“EN‘EX) XYKRNIN
((B)NX/(L)HZA’HN*HX) XYRNIK
((B)HX° (LINX*HN’HX) XVRNINH
((OL) WA’ (6) MA'GN’GA) XVYNNIR
((OL) WX’ (6)HX°GN’GSX) XUNNIN

TIND
TI¥O
TI¥D
YA fo)
TIND
TIVD
TIND
TIYD
TI¥D
TI%D

118

™ o



-144-

Id/4IdUx°*h=130
(IaD¥dS+Iaaoy) x9iLht *€=1d
(IID¥20Nd3T) /A=19
(ZxxIAOVAS+ZexIAa0d) x (/9L L °€) ~Tx%HDLIJd=4IDV
I0Q0¥~-HOIId=1AD%ds 8l
GZ 0L 09
(h2G°9)aLIYA
Id/410¥%°H=13a
(L-HOLId) »V1Tddx*h+ICA0Us9LHL *€=1d
(dIDVxONdd3) /8=1I9
VITEA# (Zkxl-L#HOIId%°2) -*0/Z %% (1AA0Y) %9LhL *E~Z 4% (HOIIJ) =410V 9L
J¥dsI®(0Z“8L“9L) 0L 0D
(sdVHM FUIM HILIM XVEYV TVNOOUXIHL"XGZ’ L) IVRYOd 6269
(odVEM ZYIM HIIM ZVSUY ZUVA0S“XGT°sbe) LURHOL GCS
(,SHIOVIS QINOD HITIM XVHYEVY ZYVAOS“XGZ°4Ls) LVRWYEOL 626
JVdSI*ONdIT*A*VITIA‘L*IAAOT“HOLId /¥DVdS/ NOWIO0D
(I3a°Id°I9D*4IDV) 8E2VdS aANILNOY¥LAS
ana
N30NL3Y
(0593330 °404) LYREOE Q0L
(00L°9)31IuM
(E=-*°0’°€+NITX) L1014 TI¥D
(LTLOCL/LN*LX LX) EANIT TTIVD
(Z+NR)HA=(L+d) LX
(L+NN)RA=(3) LX
(CeNN) RX=(L+d) LX
(L+NN)RX=(M) L X
L+ (L) LN=) 9
(€0°0°0°0)10Td T1V¥D
(Z7°ZP°L*ZN’ZA*ZX)ARIT TTIVD
(Z+NN)RA=(L+X) 21X
(L+NN)RX=(N) 2K
(Z+NN)RX=(1+4) 2X
(LeNN) RX=(N) ZX
- e (L) ZN=M L
(€°0°0°0°0) 1014 T1I¥D



-145-

(170AS/ (L) X+970AS/ (L) X=-"1)) /(TTOAS/ (L) X) =8d €€

heZ OL 09
(GZ*)xxl(°p-L

(%) ISIA/ (d)OSIA) x(L)X+°L) % { (TTOAS/ (TIOAS-9T0AS) ) % (L) X+ L) =(I1) LRAL Z¢€2

hEZ 0L 09

(GZ°=)xul(°L-1

() 9SIA/ (X)ISIA) % (L) X+° 1) x ((TTOAS/ (TT0AS=-9T0AS) ) % (L) X+°4) =(II) LWL
WALI’(€€Z°2Z€2’LECIOL 09

(d) INZA/ *L="TTOAS

(d) 9N3 A/ ° L=9T0AS

II=r

CAITS’ LAITIS’NALI®HRNA‘EHNC‘ZHNNA L HOA‘AI0ALRAL /KA I/ ROHKOD
SIY’XTIOXR’IAAIO®ANQ A4 °I40S0'X* 2R L0IIYD /1LEENA/ NOHROD
(0S)AI0A’ (0G) LHAL NOISNIRIA

(0G) ana® (0s) 44° (05) 330sSD”* (06) X* {05) 2° (0G)H? (0G) LOIIYD NOISNIRIA

_ (R’II“d“X)XTI0A EANIINOHENS

aNz

REIRA T

(((L-1)n-{a)d11¢€
H) #1n6L000°+8628°) w { (TTA%LSL €~) dXT%LGE3 *+H99Z°) s { (L) X#698°~LSL°L) %C
(LEQO*L+9T°L/I9% (Zas (C) X%6ZLL + (L) X296G°L-081L*) ) % (( (L) Xx (d%6ZL 100" L
“LLL°8L))dX3x (Gxh860000°-22LL") +(3*xZ0EHN000°-220°2) ) »9d°L=(1) L0XTIY¥D
SJd’XTA0XW’IIAID’ANA“32°140S0°X“2H°LOIIYD /1L 4ENA/ NOWNWOD

(0G) Ana’ (0s) 24* (0G) T30S0 (0S5)Xx* (0S)2* (0G)H? (0S) LOLIYD NOISNIARIA
(r*a‘’I)adanag Iniinoddns

ang

NENZI3Y

ANNILNOD

(626°9)31T4A

I1d/310¥x"h=130

(IdD¥dS+Iaaod) x(°Z/9LniL*€)=1d

(dID¥#ONddH) /8=19
(ZxaIdOVdS+Z#410A0YH) 5 (*8/9L7L €E) -ZuxHOLId* (" /G *2x°€) =4ID¥
IdQo¥-HOIId=1IAD¥4sS

gZ 0L 09

(GZs’9)arran

2 X4

S¢

0¢



-l46-

aNz

NYQIZY

INNIINOD

*0=hNAOd

8€Z OI 09

(L-CL)AIOA/Zxx(L-0) XI=HROA

LEZ 0L 094Z°0d°r) a1

(L) AIOA/Zx% (L) X=EKNA
((L-0)AI0oA-L)/Zxs((L-0) X-L)=ZRAOA

((0) a10A-L)} /Zxx ((0) X-L) =LRAA

A/ ((3)oNZa/ L« (L) X)=(II)dI0A
dIisx(a)INaa/ L& ((C)X-°1) + (3) ONTA/ °Lx (L) X=A
LdITS=dITIS (L°03°R)dI

ZdI11S=211s

9€2 OL 09(g°0d°MALII)4I

2ot ((0)AIOA-"L)/SL L ( (L) X="L)=(0) LHAI
g9% ((ZZ°h1/788) 90TUx50°+EE€8°)=(L) QI0A

8€C
LET

9¢ec

UL XA



% ( (X) OSIAZ (X) ISIA) S xx ( (d) INFA/ (d) ONEA) %6 " & ( (L) X/ ((L) X=-*4)) =L1X
Z 01 09

. %l
*{(X)dB/ (X)) ISIAx (K) dD) %8 ux ( (X) TSIA/ID) +(Z°xxI3A/ (X) JH%EZ0°) =dF0DH
9 0L 09((1)140s0°11°1s310)4I

((I) 3dRAL- (3) NILLVS+SITIA) *xdSOH=ISILO

9 013 09((d)0IIHID°X)AI

(*09Z1L/a-)aXAG %% (I) LA0SO%ZLO *=SITHdA

newx((X) dH/ (L

A)ISIAx () dD) %8° »x ((X) ISIA/ (D) X-°*1L) »ID) % (Z°»»12A/ (X) AH%EZO0 *) =dSOH
dIAH*D9°Z300H’ (0G) ddWAL /NHD/ NOWKOD
SAY’XTIOXRIAA IO’ANG A2 ’1a0S0’X*2°H°LOLTIED /LUENG/ NOHWROD

(os) ana’ (0s) da“’ (0G) T30S0’ (0S) X (0S) 2° (0S) H® (0S) LOLIED NOISNIRIA
(P°I’d’X)NdHD 3ZNIINO¥WENS

aNg

N QLIa

BEQS il xdLYS=dLVYS

(CC(°Lanll) #Z-30L8L2°G-) + ((°9%xIl) «xLZ2GZ° )+ ((°Gaxll) xth =) +((°L
kL) xln60L®) +((*Caxll) x96898°) + ( (*ZxxIlL) 982G °LL-)+ (TixiZL°62) +L
(ZnZe L hl=) ) % (Z-9€L°HLE) %G-F0°Lx ((GL°ELZ+2Z)/°000L) ) dXT%88°0ZZ=dLVS
(ZxlL0°-59°)Sq¥=1ld

*6/°6x(°2€-1) =2

(L)dIV¥S NOILONNL

-147-

and
NEnL3aY

G-4GZSB8°9xNLANS=NLIAS

(((°GL=X) x9S L) dXTA»ZET°+ (X%G89°)dXA/N8°L+9°h) xX=N14NS
*hxxX%L00000°=X

(d) oNza-(ad) INZa=X

(d) NILdNS NOIIDRNd

9

(SR ORS

(SR SNS)



-148-

0Z°91‘61L ((I)14D0SO-BANO)ATI
TIV4L=010%

RIRD=0AT100

Ll 0L 09(}°19°01)41

9f 0L 09(L0°*°d1°0Isdl)dI

(I)130S0/ {((I) L40SD-MIND) SAY) =0IS4L
((dQ) NELIVS-TIVAL) x (AIDOH+JSOH) =MaND
SL 0l 09

((3) HEIIYS-TIVAL) »dIOH+ ((I) ddWAL-TTVAL) »dSOR=HAND

L 0L 09 ((d)0ITH E9°X)d4I

L%k ()l % (A=BALVUS) ) %xNZ %% ( (d) WEAIIVS-TIVAL) xNIHDOV=dIDH

9Z 0ol 09(00L°I8°DI)4dI

1 +2I=D1
(TI¥ML)dI¥S=RKdLYS
0=9V14d1

0=01

(d) HELIYS=HI

SI130+(d) KILIYS=TIVAL

GZ wkII»Sxd%xZZ1 00 =NdHOV
(G 2% (d)NLANS%HZ *»x% (d) O}

NIA 0T *+xdIAH%6Z *%x (X) TSIA) /(6 °xx (A) TREARGH *wek (X) D %6 L *wx (X) 4H) =€

.P”m
ZL 0% 09
(Ga*€£/d138) 90TY=LLI0*~LL" =S
ZL 0L 09
(Ga°€/d138) 90T¥%ZEC ~LL =S
Ll O 02(gd g a9 dray) 41
0L 0L 09(p°31°d134) 4l
GZLlaxd* { (K) ISIA/TIAA%x (L) X-°L) %I9) =d18Y
dxdSOH=dSJH
*L=d ({d)OITH°IT1°X) 41
8EL %x (TIX/°Z) %9°|=d
6 0L 09
*L+IIX/S6°+ (LIXxILX) /S =
8 0L 09(g°**39° (ITX/°L)) 3z
Lt

8l

si
i

L

L
ot

i



-149-

ana
NENLIY

ZNNIINOD

d LOH+dSOH=4d0DH

¢ 0L 09

((I) ddNET-TTIYML) /7308I0=4TODH

((d) NALIVS-TIVAL) %d@dH+ ((I) 2dWAL-TIVAL) »dSOH=ENYLO
9z 03 09((d)DITH DRI JI

#Z OL 09

TIVAL=IHL

BRAND=TIHO

%Z 0L 09

TI¥RL=01L

#aANO=01T0

GZ oL 09( (1) 140SD0°19°KAND) AT

€L 01 09

d4do1s/ (THO- (IHI*3d01S) + (1) Td0S0) =TTIYML
(0TL-IHL) /7 (010~-IHO) =adO1S

a101=011

TIVAL=IHL

MAND=TIHO

a100=010

%Z 0% 09

TIYMI=01L

a10L=IHL

MIAND=010

a100=IHO

€2°22°27( (1) 230S0-mdAND) 41

L=9VT4I

8L 0L 09(°Q°19°C1Sd1)dI

LZ 0L 09 (1 °03°9VT4I)4I

((I) 330S0-maAND) /7 ((I)140S0-aT100)=CISAL
€L 0L 09

*OL-TTIVMI=TIVAL

€L 0L 09

*OL+TIVMI=TTIVAL

9t

14

(XA

he

tc

(44

Li
(114
6l



