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3. REACTOR

3.1 DESIGN BASES

The reactor is designed to meet the performance objectives specified in
3.1.1 without exceeding the limits of design and operation specified in
3.1.2.

,

3.1.1 PERFORMANCE OBJECTIVES

The reactor is designed to operate initially at 2,452 Mwt* with sufficient
design margins to accommodate transient operation and instrument error
without damage to the core and without exceeding the pressure at the safety
valve settlags in the reactor coolant system. The ultimate operating power
level of the reactor core is expected uo be 2,568 Mwt, but additional oper-
ating information will be required to justify operation at this higher
power level. Thus, this section of the report describes only reactor oper-
ation at the initial power level.

The fuel rod cladding is designed to maintain its integrity for the
' anticipated core life. The effects of gas release, fuel dimensional
changes, and corrosion- or irradiation-induced changes in the mechanical

'') properties of cladding are considered in the design of fuel assemblies.

Reactivity is controlled by control rod assemblies (CRA's) and soluble
boron dissolved in the coolant. Sufficient CRA worth is available to
shut the reactor down (kegg 5 0.99) in the hot condition at any time during i

che life cycle with the most reactive CRA stuck in the fully withdrawn
. position. Redundant equipment is provided to add soluble poison to the
reactor coolant to ensure a similar shutdown capability when the reactor

i

coolant is cooled to ambient temperatures. !

The reactivity worth of CRA's, and the rate at which reactivity can be
added, is limited to ensure that credib: teactivity accidents cannot cause
a transient capable of damaging the reactor toolant system or causing
significant fuel failure.

|

3.1.2 LIMITS |
|

3.1.2.1 Nuclear Limits

The core has been designed to the following nuclear limits:

a. Fuel has been designed for an average burnup of 28,200 M.id/
, Mtu and for a maximum burnup of 55,000 Mwd /Mtu.

- * Full (rated) core thermal power. () d)k5.

3.1-1 009I9 -
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Design Bases

b. The power Doppler coefficient is negative, and the control
system is capable of compensating for reactivity changes
resulting from nuclear coefficients, either positive or
negative.

c. Control systems will be available to handle core xenon
instabilities should they occur during operation, without
jeopardizing the safety conditions of the system.

d. The core will have sufficient excess reactivity to produce
the design power level and lifetime without exceeding the
control capacity or shutdown margin.

e. Controlled reactivity insertion rates have been limited to
5. 8 x 10 -5 ak/k/sec for a single regulating CRA group with-
drawal, and 7 x 10-6 ak/k/sec for soluble boron removal,

f. Reactor control and maneuvering procedures will not produce
peak-to-average power distributions greater than those listed
in Table 3.2-1. The low worth of CRA groups inserted during2
power operation limits power peaks to acceptable values.

3.1.2.2 Reactivity Control Limits

The control system and the operation procedures will provide adequate
control of the core reactivity and power distribution. The following con-
trol limits will be met:

a. Sufficient control will be available to produce a shutdown
margin of at least 1% ak/k.

b. The shutdown margin will be maintained with the CRA of
highest worth stuck out of the core.

c. CRA withdrawal limits the reactivity insertion to 5.8 x
10-5 ok/k/see on a single regulating group. Bocon dilution
is also limited to a reactivity insertion of 7 x 10-6

Ak/k/sec.

3.1.2.3 Thermal and Hydraulic Limits

The reactor core is designed to meet the following limiting thermal and
hydraulic conditions:

a. No central melting at the design overpower (114 percent).

b. A 99 percent confidence that at least 99.5 percent of the
fuel rods in the core are in no jeopard 3 of experiencing a
departure from nucleate boiling (DNB) during continuous
operation at the design overpower.

Ob Id
O'(?('. r:1).s
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(m- c. Essentially 100 percent confidence that at least 99.96
percent of the fuel rods in the core are in no jeopardy of
experiencing a DNB_during continuous operation at rated
power.

.

d. The generation of net steam in the hottest core channels is
permissible, but steam voids will be low enough to prevent
flow instabilities.

The design overpower is the highest credible reactor operating power per-
mitted by the safety system. Normal overpower to trip is significantly less
than the design overpower. Core rated power is 2,452 Mwt.

.

'

3.1.2.4 Mechanical Limits

!

3.1.2.4.1 Reactor Internals

The reactor internal components are designed to withstand the stresses
resulting from startup; steady state operation with two, three, or four o

"reactor coolant pumps running; and shutdown conditions. No damage to
the reactor internals will occur as a result of loss of pumping power.

Reactor internals will be fabricate.d from SA-240 (Type 304) material andgs,

( n will be designed within the allowable stress levels permitted by the ASME

I \~- Code, Section III, for normal reactor operation and transients. Structural

integrity of all core support assembly circumferential welds will be
assured by compliance with ASME Code Sections III and IX, radiographic
inspection acceptance standards, and welding qualifications.

The core support structure will be designed as a Class I structure, as
defined in Appendix 5A of this report, to resist the effects of seismic
disturbances. The basic design guide for the seismic analysis will be AEC
publication TID-7024, " Nuclear Reactors and Earthquakes".

Lateral deflection and torsional rotation of the lower end of the core
support assembly will be limited to prevent excessive movements resulting
from seismic disturbance and thus prevent interference with control rod

assemblies (CRA's). Core drop in the event of failure of the normal supports
will be limited so that the CRA's do not disengage from the fuel assembly

'

guide tubes.

The structural internals will be designed to maintain their functional
integrity in the event of a major loss-of-coolant accident as described in

'

3.2.4.1. The dynamic loading resulting from the pressure oscillations
because of a loss-of-coolant accident will not prevent CRA insertion.

Internals vent valves are provided to relieve pressure generated by steam-
ing in the core following a postulate reactor coolant inlet pipe rupture, 2
so that the core will remain suf ficiently covered by coolant.

0'
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Design Bases

3.1.2.4.2 Fuel Assemblies

The fuel assemblies are designed to operate satisfactorily to design burnup
and to retain adequate integrity at the end of life to permit safe removal
from the core.

The assemblies are designed to operate safely during steady state and
transient conditions under the combined effects of flow-induced vibration,
cladding strain caused by reactor pressure, fission gas pressure, fuel
growth, and differential thermal expansion. The cold-worked Zircaloy-4
cladding is designed to be free-standing. Fuel rods are held in place by
mechanical spacer grids that are designed to maintain dimensional control
of the fuel rod spacing throughout the design life without impairing clad-
ding integrity. Contact loads are limited to prevent fretting.

The spacer grids are also designed to permit differential thermal expansion
of the fuel rods without restraint that would cause distortion of the rods.
The fuel assembly upper end fitting and the control rod guide tube in the
internals structure are both indexed to the grid plate above the fuel
assemblies, thus ensuring continuous alignment of the guide channels for
the CRA's. The control rod travel is designed so that the rods are always
engaged in the fuel assembly guide tubes, thus ensuring that CRA's can
always be inserted. The assembly structure is also designed to withstand
handling loads, shipping loads, and earthquake loads.

Stress and strain for all anticipated normal and abnormal operating condi-
tions will be limited as follows:

a. Stresses that are not relieved by small deformations of the
material will be prevented from leading to failure by not
permitting these stresses to exceed the yield strength of
the material nor to exceed levels that would use in excess
of 75 percent of the stress rupture life of the material.
An example of this type of stress is the circumferential
membrane stress in the clad due to internal or external
pressure.

b. Stresses that are relieved by small deformations of the
material, and the single occurrence of which will not make
a signific. ant contribution to the possibility of a failure,
will be permitted to exceed the yield strength of the mate-
rial. Where such stresses exceed the material yield strength,
strain limits will be set, based on low-cycle fatigue tech-
niques, using no more than 90 percent of the material fatigue
life. Evaluations of cyclic loadings will be based on con-
servative estimates of the number of cycles to be experienced.
An example of this type of stress is the thermal stress result-
ing from the thermal gradient across the clad thickness,

c. Combinations of these two types of stresses, in addition to
the individual treatment outlined above, will be evaluated
on the low-cycle fatigue basis of Item b. Also, clad plastic

O
3.1-4 Amendment 2
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Design Bases

/S strain due to diameter increases resulting from thermal
'

- ratcheting and/or creep, including the effects of internal
gas pressure and fuel swelling, will be limited to about 1
percent. y

Id. Minimum clad collapse pressure margins will be required
as follows:

(1) 10 percent margin over system design pressure, on
short time collapse,-at end void.

(2) End void must not collapse (must be either freestand-
ing or have adequate support) on a long time basis.

(3) 10 percent margin over system operating pressure, on
short time collapse, at hot spot average temperature
through the clad wall.

(4) Clad must be freestanding at design pressure on a
short time basis at = 725 F hot spot average tempera-
ture through the clad wall.

3'. l . 2. 4. 3 Control Rod Assembly (CRA)

The control rod clad is designed to the same criteria as the fuel clad, ass
applicable. Adequate clearance will be proyided between 'the control rods .
and the guide tubes, which position them within the fuel assembly, so that
control rod overheating vill be avoided and unacceptable mechanical inter-
ference between.the control rod and the guide tube will not occur under
any. operating condition, including earthquake.

Overstressing of. the CRA components during a trip will be prevented by
minimizing the shock loads by snubbing and by providing adequate strength.

3.1.2.4.4 Control Rod Drive

Each control rod drive is provided with a pressure breakdown seal to allow
a controlled leakage of reactor coolant water. All pressure-containing
components are designed.to meet the requirements of the ASME Code, Section
III, Nuclear Vessels, for Class A vessels.

The control rod drives provide control rod _ assembly (CRA) insertion and
withdrawal rates consistent with the required reactivity changes for
reactor operational load changes. This rate is based on the worths of the
various rod grcups, which have been established to limit power-peaking
flux patterns to design values. The maximum reactivity addition rate is

'specified to limit the magnitude of a possible nuclear excursion resulting
from a control system or operator malfunction. The normal insertion and
withdrawal velocity has been established as 25 in./ min.

A
U o.rca..
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Design Bases

The control rod drives provide a trip of the CRA's which results in a
rapid shutdown of the reactor for conditions that cannot be handled by the
raactor control system. The trip is based on the results of various reac-
tor emergency analyses, including instrument and control delay times and
the amount of reactivity that must be inserted before deceleration of the
CPA occurs. The maximum travel time for a 2/3 insertion on a trip command
of a CRA has been established as 1.4 sec.

The control rod drives can be coupled and uncoupled to their respective
CRA's without any withdrawal movement of the CRA's.

Materials selected for the control rod drive arc capable of operating within
the specified reactor environment for the life of the mechanism without any
deleterious effects. Adequate clearance 1:111 be provided between the sta-
tionary and moving parts of the control rod drives so that the CRA trip time
to full insertion will not be adversely af fected by mechanical interference
under all operating conditions and seismic disturbances.

Structural integrity and adherence to allowable stress limits of the control
rod drive and related parts during a trip will be achieved by establishing
a limit on impact loads through snubbing.

O
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't / 3.2 REACTOR DESIGNv

3.2.1 GE:?ERAL SCC!ARY

The important core design, thermal, and hydraulic characteristics are
tabulated in Table 3.2-1.

TABLE 3.2-1
CORE DESIGN, THERMAL, AND HYDRAULIC DATA

Reactor

Type Pressurized Water
Rated Heat Output, Mwt 2,452
Vessel Coolant Inlet Temperature, F 555
Vessel Coolant Outlet Temperature, F 602.8
Core Outlet Temperature, F 604.3
Operating Pressure, psig 2,185

Core and Fuel Assemblies

( ~
Total Number of Fuel Assemblies in Core 177
Number of Fuel Rods per Fuel Assembly 208

(N) Number of Control Rods per Control Rod Assembly 16' ~ '

Number of Incore Instrumentation Positions per
Fuel Assembly 1

*

Fuel Rod Outside uiameter, Inches 0.420
Clad Thickness, Inches 0.026
Fuel Rod Pitch, Inches 0.558
Fuel Assembly Pitch Spacing, Inches 8.587
Unit Cell Metal / Water Ratio 0.80
Clad Material Zircaloy-4 (cold-worked)

Fuel

Mate ial UO,
Form Dished-End, Cylindrical Pellets
diameter, in 0.362
Active Length, in 144
uensity, percent of theoretical 95

Heat Transfer and Fluid Flow at Rated Powe r

Total tieat Transfer Surface in Core, ft2 48,578
Average Heat Flux, Btu /hr-ft2 167,o20
Maximum 1: eat Flux, Stu/hr-ft- 543,000
Average Power Density in Core, kw/1 79.60
Average Thermal Output, kw/ft of fuel rod 5.4

,y Maximum Thermal Output, kw/ft of fuel rod 17.49
; ) Maximum Clad Surface Temperature, F no ." 4 654g, ' U n 4.

h3.2-1
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Reactor Design

TABLE 3. 2-1 cont inued

Average Core Fuel Temperature, F 1,385
Maximum Fuel Central Temperature at Hot Spot, F 4,160
Total Reactor Coolant Flow, lb/hr 131.32 x 106
Core Flow Area (effective for heat transfer), ft2 47.75
Co re Coolant Average Velocity, fps 15.7
Coolant Outlet Temperature at Hot Channel, F 644.4

Power Distribution '

Maximum /Avt: rage Power Ratio, radial x local
(F Lh nuclear) 1.85

Maximum / Average Power Ratio, axial (F nuclear) 1.702
Overall Power Ratio (F nuclear) 3.15q
Power Generated in Fuel and Cladding, percent 97.3

Hot Channel Factors

Power Peaking Factor (F ) 1.008q
Flow Area Reduction Factor (F ) 0.992A
Local Heat Flux Factor (Fq") 1.013
Hot Spot Maximum / Average heat Flux Ratio

(F nuc. and mech.) 3.24q

DNB Data

Design Overpower Ratio 1.14
DNB Ratio at Design Overpower (BAW-168) 1.38
DNB Ratio at Rated Power (BAW-168) 1.60

3.2.2 NUCLEAR DESIGN AND EVALUATION

The basic design of the core satisfies the following requirements:

Sufficient excess reactivity is provided to achieve the designa.
power level over the specified fuel cycle,

b. Sufficient reactivity control is provided to permit safe reac-
tor operation and shutdown at all times during core lifetime.

3.2.2.1 Nuclear Characteristics of the Design

3.2.2.1.1 Excess Reactivity

The nuclear design characteristics are given in Table 3.2-2. The excess
reactivities associated with various core conditions are tabulated inTable 3.2-3. The core will operate for 410 full power days for the first
cycle and will have a 310 full power day equilibrium cycle. Design limits

0~~
3.2-2
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i
\ will be held with respect to reactivity control and power distribution.

Incore instrumentation will be used to indicate power peaking levels. 12

Single fuel assembly reactivity information is also included in Table 3.2-2.

TABLE 3.2-2
NUCLEAR DESIGN DATA

Fuel Assembly Volume Fractions

i Fuel 0.285
t Moderator 0.590

Zircaloy 0.099
Stainless Steel 0.011
Void 0.015

1.000

Total UO , metric tons 91.61l
2

Core Dimensions, inches

Equivalent Diameter 128.9
Active Height 144.0>

Unit Cell H O to' U Atomic Ratio (fuel assembly)2

! Cold 2.97
Hot 2.13

Full Power Lifetime, days
.,

First Cycle 410
Each Succeeding Cycle 310

; Fuel Irradiation, Mwd /Mtu

,

First Cycle Average 12,460.

Succeeding Cycle Average 9,410
i

Feed Enrichments, w/o U-235

First Cycle 2.29/2.64/2.90 (by zone)
Equilibrium Cycle 2.94*

Control Data

Control Rod Material Ag-In-Cd |2
Number of Control Rod Assemblies

. ()[3j2$ 10.0 '|2
69

i Total Rod Worth ( Ak/k), 7.

Control Rod Cladding Material Type 304 SS,_

u ~

,

- * Average feed enrichment. ,m_,_,

"U U 4. L i
*

' Amendment 2 3.2-3
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TABLE 3.2-3
EXCESS REACTIVITY CONDITIONS

Effective Multiplication - BOLA

Cold, Zero Power 1.302
Hot, Zero Power 1.247
Hot, Rated Power 1.229
Hot, Equilibrium Xe, Rated Power 1.192
Hot, Equilibrius Xe and Sc, Rated Powerb 1.158

Single Fuel Assemblyc

Hot 0.77
Coldd 0.87

BOL - Beginning-of-life.

b Includes burnup until equilibrium samarium is reached.
cBased on highest probable enrichment of 3.5 weight
percent.

d
A center-to-center assembly pitch of 21 in. is
required for this keff in cold, nonborated water with
no xenon or samarium.

The minimum critical mass, with and without xenon and samarium poisoning,
may be specified in a variety of forms, i.e., single assembly, multiple
assemblies in various geometric arrays, damaged or crushed assemblics, etc.
The unit fuel assembly has been investigated fcr comparative purposes. A
single cold, clean assembly containing a maximum probable enrichment of
3.5 wt % is suberitical. Two assemblies side-by-side are supercritical
except when both equilibrium xenon and samarium are present. Three asset-
blies side-by-side are supercritical with both equilibrium xenon and
samarium present.

3.2.2.1.2 Reactivity Control Distribution

Control of excess reactivity is shown in Table 3.2-4.

Q|.
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TABLE 3.2-4
FIRST CYCLE REACTIVITY CONTROL DISTRIBUTION

% ak/k

1. Controlled by Soluble Boron

a. Moderator Temperature Deficit (70 to 520 F) 3.4

b. Equilibrium Xenon and Samarium 2.5

c. Fuel Burnup and Fission Product Buildup 16.0

Total Soluble Boron Worth Required 21.9

2. Controlled by Inserted Control Rod Assemblies

Transient Xenon (normally inserted) 1.4

3. Controlled by Movable Control Rod Assemblies

a. Doppler Deficit (0 to 100% rated power) 1.2

b. Equilibrium Xenon 1.0g

c. >bderator Temperature Deficit (0 to 15%
power at end of life) 0.6

d. Dilution Control 0.2

e. Shutdown Margin 1.0

Total Movable Control Worth Required 4.0

4. Available Control Rod Assembly Worths

a. Total CRA Worth 10.0

b. Stuck Rod Worth (rod of highest reactivity value) (-) 3.0

c. -lunimum Available CRA Worth 7.0

d. Funimum Movable CRA Worth Available 5.6
i

Explanation of Items Above

1. Soluble Boron

Boron in solution is used to control the following relatively slow-s

)_ moving reactivity changes:
J- Y

0n:?-> .* L1 e ~. -,nn

C\)(){ L }
.
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a. The moderator deficit in going from ambient te operating tempera-
tures. The value shown is for the maximum change which would occur
toward the end of the cycle.

b. Equilibrium samarium and a part (approximately 1.4% ak/k) of the
equilibrium xenon.

c. The excess reactivity required for fuel burnup and fission product
buildup throughout cycle life.

,

Figure 3.2-1 shows the typical variation in boron concentration with
life for Cycle 1 and the equilibrium cycle.

Control rod assemblies (CRA's) will be used to control the reactivity
changes associated with the following:

2. Inserted Control

Sufficient rod worth remains inserted in the core during normal opera-
tion to overcome the peak xenon transient following a power reduction.
This override capability facilitates the return to normal operating
conditions without extended delays. The presence of these rods in the
core during operation does not produce power peaks above the design
value, and the shutdown margin of the core is not adversely affected.
Axial power peak variation, resulting from part'~ or full insertion of
xenon override rods, is described fully in Fis es 3.2-2 and 3.2-3.
The loss of movable reactivity control due tv the insertion of this
group produces no shutdown difficulties and is reflected in Table
3.2-5.

3. Movable control

Power level changes (doppler) and regulation.a.

b. The portion of the equilibrium xenon not controlled by soluble
boron, approximately 1% ak/k, is held by movable CRA's.

Between zero and 15 percent of rated power, reactivity compensationc.
by CRA's may be required as a result of the linear increase of
reactor coolant temperature from 540 F to the normal operating
value.

d. Additional reactivity is held by a group of partially inserted
CRA's (25 percent insertion maximum) to allow periodic rather than
continuous soluble boron dilution. The CRA's are inserted to the
25 percent limit as the boron is diluted. Automatic withdrawal of
these CRA's during operation is allowed to the 5 percent insertion
limit where the dilution procedure is again initiated and this
group of CRA's is reinserted.

e. A shutdown margin of 1% a k/k to the hot critical condition is also

required as part of the reactivity controlled by CRA's.

O
3.2-6
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4. Rod Worth.

A total of 4.0% Ak/k* is required in movable control. Analysis of the
69 CRA's-under the reference fuel arrangement predicts a total CRA
worth of at least 10.0% ak/k. The stuck-out CRA worth was also
evaluated at a value no larger than 3.0% ak/k**. This evaluation
included selection of the highest worth CRA under the first CRA-out

condition. The minimum available CRA worth of 5.6% ak/k* is sufficient
to meet movable control requirements.

3.2.2.1.3 Reactivity Shutdown Analysis

The ability to shut down the core under both hot and cold conditions is
illustrated in Table 3.2-5. In this tabulation both the first and equilib-
rium cycles are evaluated at the beginning-of-life (BOL) and the end-of-
life (EOL) for shutdown capability.

TABLE 3.2-5
SHUTDOWN REACTIVITY ANALYSIS

First' Cycle Equilibrium

\
Reactivity Effects, % Sk/k BOL EOL BOL EOL

1. Maximum Shutdown CRA Requirement

Doppler (100 to 0% Power) 1.2 1.5 1.2 1.5
Equilibrium Xenon 1.0 1.0 1.0 1.0
Moderator Deficit (15 to 0% Power) 0.0 0.8 0.0 0.8

Total 2.2 3.3 2.2 3.3

2. Maximum Available CRA Wortha -10.0 -10.0 -10.0 -10.0

Transient Xe Insertion Worth 1.4 1.4 1.4 0.0
Possible Dilution Insertion 0.2 0.2 0.2 0.2

3. Funimum Available CRA Worth

All CRA's In -8.4 -8.4 -8.4 -9.8
bOne CRA Stuck-Out -5.4 -5.4 -5.4 -6.8

*Does not include transient control. See Table 3.2-4.s) **First cycle. See Table.3.2-4.

0217
.
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TABLE 3.2-5 continued

First Cycle Equilibrium

BOL EOL BOL EOL

4. Minimum Hot Shutdown Margin

'All CRA's IN -6.2 -5.1 -6.2 -6.5
One CRA Stuck-Out -3.2 -2.1 -3.2 -3.5

c5. Hot-to-Cold Reactivity Changes

All CRA's In 0.0 +6.4 +3.0 +8.0
One CRA Stuck-Out -0.9 +5.5 +2.1 +7.1

d6. Cold Reactivity Condition

All CRA's In -6.2 +1.3 -3.2 +1.5
One CRA Stuck-out -4.1 +3.4 -1.1 +3.6

7. PPM Boron Addition Required for kgff
= 0.99 (cold)

All CRA's IN 0 170 0 190
One CRA Stuck-Out 0 330 0 350

#Total worth of 69 CRA's.

CRA of highest reactivity value.

cIncludes chariges in CRA worth, moderator deficit,
and equilibrium Xe held by soluble boron.

dNo boron addition.

Examination of Table 3.2-5 for Minimum Hot Shutdown Margin (Item 4) shows
that, with the highest worth CRA stuck out, the core can be maintained in
a subcritical condition. Normal conditions indicate a minimum hot shut-
down margin of 5.1% Ak/k at end-of-life.

Under conditions where a cooldown to reactor building ambient temperature
is required, concentrated soluble boron will be added to the reactor

coolant to produce a shutdown margin of at least 1% Ak/k. The reactivity
changes that take place between the hot zero power to cold conditions are
tabulated, and the corresponding increases in soluble boron sre listed.
Beginning-of-life boron levels for several core conditions are listed in
Table 3.2-6 along with boron worth values. Additional soluble boron could
be added for situations involving more than a single stuck CRA. The con-
ditions shown with no CRA's illustrate the highest requirements.

es,.,.,
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' . ( TABLE 3.2-6
'"' SOLUBLE BORON LEVELS AND WORTH

:

BOL Boron Levels,
Core Conditions ppm

_

l. Cold, k,ff = 0.99

No CRA's In 1,820
All CRA's In 1,290
One Stuck CRA 1,450

i
d 2. Hot, Zero Power, keff = 0.99

No CRA's In 2,080

All CRA's In 1,080
One Stuck CRA 1,380

,

3. Hot, Rated Power

No CRA's In 1,860

4. Hot, Equilibrium Xe and Sm, Rated Power

( No CRA's In 1,360

Core Condition Boron Worth, % ak/kppm

Hot 1/100
Cold 1/75

3.2.2.1.4 Reactivity Coefficients

i Reactivity coefficients form the basis for analog studies involving normal
and abnormal reactor operating conditions. These coefficients have been
investigated as part of the analysis of this core and are described below
as to function and overall range of values.

a. Doppler Coefficient

The Doppler coefficient reflects the change in reactivitye

as a function of fuel temperature. A rise in fuel temper-
ature results in an increase in the effective absorption
cross section of the fuel (the Doppler broadening of the
resonance peaks) and a corresponding reduction in neutron
production. The range for the Doppler coefficient under
operating conditions is expected to be -1.1 x 10-5 to
--l. 7 x 10-5 (ak/k) F.

f--)(t r
'' 0239
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b. Moderator Void Coefficient

The moderator void coefficient relates the change in
neutron multiplice. tion to the presence of voids in the
moderator. Cores controlled by appreciable amounts of
soluble boron may exhibit a small positive coefficient for
very small void levels (several percent void), while higher
void levels produce increasingly negative coefficients.

The expected range for the void coefficient,is +1.0 x
10-4 to -3.0 x 10-3 Ok/k )% void.

c. Moderator Pressure Coefficient

The moderator pressure coefficient relates the change in
moderator density, resulting from a reactor coolant pres-
sure change, to the corresponding effect on neutron pro-
duction. This coefficient is opposite in sign and consid-
erably smaller when compared to the moderator temperature
coefficient. A typical range of pressure coefficients
over a life cycle would be -1 x 10-6 +3 x 10-6 Ok/k) psi.

d. Moderator Temperature Coefficient

The moderator temperature coefficient relates a change in
neutron multiplication to the change in reactor coolant
temperature. Reactors using soluble boron as a reactivity
control have fewer negative moderator temperature coeffi-
cients than do cores controlled solely by movable or fixed
CRA's. The major temperature effect on the coolant is a
change in density. An increasing coolant temperature pro-
duces a decrease in water density and an equal percenta es
reduction in boron concentration. The concentration change
results in a positive reactivity component by reducing the
absorption in the coolant. The magnitude of this component
is proportional to the total reactivity held by soluble boron.

The moderator temperature coefficient has been parameterized
for the reference core in terms of boron concentration and
reactor coolant temperature. The results of the study are
shown in Figures 3.2-4 and 3.2-5. Figure 3.2-4 shows the coef-
ficient variation for ambient and operating temperatures as a
function of soluble boron concentration. The operating value
ranges from approximately +1.0 x 10-4 at the beginning of the
first cycle to -3.0 x 10-4 (ak/k)F at the end of the equilib-
rium cycle. Figure 3.2-5 shows the moderator temperature
coefficient as a function of temperature for various poison
concentrations for the first cycle. The coefficients of
the equilibrium cycle will be more negative than those of
the first cycle since the boron concentration levels are

*

considerably lower.

OZ20 h
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The positive temperature coefficient occurs during the [
initial portion of the first cycle only and will not con-
stitute an operational problem. The Doppler deficit repre- '

sents a much larger reactivity effect in the negative
direction and , together with the CRA system response, will 2
provide adequate control. Should detailed analysis result

,

in a requirement that the moderator temperature coefficient
be made less positive, fixed shims will be used in the l

unrodded fuel elements to reduce the boron level and ;
; consequently the moderator temperature coefficient. !
j. '

! e. pH Coefficient
j

I
| Currently, there is no definite correlation to predict

pH reactivity effects between various operating reactors,
,

pH effects versus reactor operating time at power, and
,

changes in effects with various clad, temperature, and
water chemistry. Yankee (Rowe, Mass.), Saxton, and Con
Edison Indian Point Station No. 1 have experienced
reactivity changes at the time of pH changes, but there
is no clear-cut evidence that pH is the direct influencing
variable without considering other items such as clad
materials, fuel assembly crud deposition, system average
temperature, and prior system water chemistry.

Saxton experimerits have indicated a pH reactivity effect
of 0.16 percent reactivity per pH unit change with and
without local boiling in the core. Operating reactor data
and the results of applying Saxton observations to the

,
reference reactor are as follows: ,

r

!- (1) The proposed system pH will vary from a cold

| measured value of approximately 5.5 to a hot calcu-
i lated value of 7.8 with 1,400 ppm boron and 3 ppm

KOH in solution at the beginning of life. Lifetime
bleed dilution to 20 ppm baron will reduce pH by
approximately 0.8 pH units to a hot calculated pH
value of 7.0.

(2) Considering the maximum system makeup rate of 70
4 gpm, the corresponding changes in pH are 0.071 pH

units per hour for boron dilution and 0.231 pH
units per hour for KOH dilution. Applying pH worth
values of 0.16% (ak/k) per pH unit, as observed at
Saxton, insertion rates are 3.16 x 10-6%(ak/k) see
and 1.03 x 10-5% (ak/k) sec, respectively. These
insertion rates correspond to 1.03 percent power / I

hour and 3.4 percent power / hour, respectively, I

which are easily compusated by the operator or the
automatic control system.

0-

02'3~1 -
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3.2.2.1.5 Reactivity Insertion Rates

Figure 7.2-3 displays the integrated rod worth of four overlappine rod
banks as a function of distance withdrawn. The indicated groups are
those used in the core during power operation. Using approximately
1. 27. Ak/k CRA groups and a 25 in./ min drive speed in conjunction with
the reactivity response given in Figure 7.2-3 yields a maximum reactivity
insertion rate for soluble boron removal is 7 x 10-6 Ak/k second.

3.2.2.1.6 Power Decay Curves

Figure 3.2-6 displays the beginning-of-life power decay curves for the two
least effective CRA worths as outlined in Table 3.2-5, Item No. 3. The
power decay is initiated by the trip release of the CPA's with a 300 msec
delay from initiation to start of CRA motion. The tine required for 2/3
rod insertion is 1.4 sec.

3.2.2.1.7 Neutron Flux Distribution and Spectrum

The neutron flux levels at the core edge and the pressure vessel wall are
3 given in Table 3.2-7. At both locations, the values shown include an axial

peaking factor of 1.3, a scaling factor of 2, and a safety margin of 1.9.
TABLE 3.2-7

EXTERIOR NEUTRON LEVELS AND SPECTRA

2Neutron Flux Levels, n/cm /sec

Interior Wall of
Flux Core Edge Pressure Vessel
Group (x 1013) (x 1010)

1 0.821 Mev to 10 Mev 6.0 3.4
2 1.230 Kev to 0.821 Mev 9.0 7.5
3 0.414 ev to 1.230 Kev 6.2 5.7
4 Less than 0.414 ev 7.1 2.1

The calculations were performed using The Babcock & Wilcox Company's LIFE
code (BAW-293, Section 3.6.3) to generate input data for the transport
code, TOPIC.1 A 4-group edit is obtained from the LIFE output which
includes diffusion coefficients, absorption, removal and fission cross
sections, and the zeroth and first moment: cf the scattering cross section.
TOPIC is an S code designed to solve the 1-dimensional transport equationn
in cylindrical coordinates for up to six croups of neutrons. For the
radial and azimuthal variables, a linear approximation to the transport

)0
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; equation is used; for the polar angle, Gauss quadrature is used. Scattering
i functions are represented by a Legendre series. The azimuthal angle can

be partitioned into 4 to 10 intervals on the half-space between 0 and ".
'

The number of mesh points in the radial direction is restricted by the
number of these intervals. For the core exterior flux calculations, four
intervals on the azimuthal were used. This allows the maximum number
of mesh points (240) in the "r" direction to describe the shield complex.
An option is available to use either equal intervals on the azimuthal
angle or equal intervals on the cosine of the angle. Equal intervals on
the cosine were chosen since this provides more detail in the forward

direction of the flux (toward the vessel). Five Gauss quadrature points
{ were used on the cosine of the polar angle in the half-space between 0 and

i

! Results from the above method of calculation have been compared with ther-
i mal flux measyrements through an array of iron and water slabs in tla LIDO '

pool reactor." Although this is not a direct comparison with fast neutron
measurements, it does provide a degree of confidence in the method sincei

'

the sagnitude of the thermal flux in shield regions is governed by fast
neutron penetration.

| Results of the comparison showed that fluxes predicted by the LIFE-TOPIC
! calculation were lower, in general, by about a factor of 2. Results of

the fast flux calculations are, consequently, increased by a factor of 2
! to predict the nyt in the reactor vessel.

The following conservatisms uere also incorporated in the calculations:
,

Neutron fluxes outside the core are based on a maximum power3 a.
density of 41 watts /cc at the outer edge of the core rather
than an estimated average of 28 watts /cc over life, resulting
in a safety margin of about 45 percent.

b. A maximum axial power peaking factor of 1.7 was used. This is
about 30 percent greater than the 1.3 expected over life.

Uncertainties in the calculations include the following: j
|

l. The use of only four neutron groups to describe the neutron ''

energy spectrum.
;

i

2. Use of the LIFE code to generate the 4-group cross sections. 1.

In the LIFE program, the 4-group data in all regions are com- 3
puted from a fission spectrum rather than a leakage spectrum.

3. Having only four intervals, i.e., n = 4 in the S ' calculation,n
to describe the angular segmentation of the flux.

It is expected that the combination of 1 and 2 above will conservatively
predict a high fast neutron flux at the vessel wall because it underesti-

n mates the effectiveness of the thermal shield in reducing the fast flux.

(- J In penetration through water, the average energy of the neutrons in the
%J

n n ') T 7vum. -,u3 _
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Ogroup above 1 Mev increases above that of a fission spectrum, i.e., the
spectrum in this group hardens. For neutrons above 1 Mev, the nonelastic
cross section of iron increases rapidly with energy. Therefore, the
assumption of a fission spectrum to compute cross sections in the thermal
shield, and the use of a few-group model to cover the neutron energy
spectrum, would underestimate the neutron energy loss in the thermal
shield and the subsequent attenuation by the water between the vessel
and thermal shield. The results from 34-group P3MG13 calculations show
that reduction of the flux above 1 Mev by the thermal shield is about a
factor of 4 greater than that computed from the 4-group calculations.

The effect of 3 above is expected to underestimate the flux at the vessel
wall. In calculations at ORNL using the S technique, a comparisonn
between an S4 and an S12 calculation was made in penetration through
hydrogen. The results for a variety of energies over a penetration range
of 140 cm showed the S; calculation to be lower than the S ,, by about ay
factor of 2 at maximum. Good agreement was obtained betweeii the S12 nd
moments method calculations.

The above uncertainties indicate that the calculation technique should
overestimate the fast flux at the reactor vessel wall. However, the
comparison with thermal flux data indicates a possible underestimate.
Until a better comparison with data can be made, we have assumed that
the underestimate is correct and accordingly have increased the flux
calculations by a factor of 2 to predict the nyt in the reactor vessel.

The reactor utilizes a larger water gap and thinner thermal shield between
the core and the reactor vessel wall when compared to currently licensed
plants. The effect of this steel-water configuration on (a) the neutron
irradiation, and (b) the thermal stresses in the reactor vessel wall, were
evaluated as follows:

a. Neutron Irradiation

Calculations were performed in connection with the reactor
vessel design to determine the relative effects of varying the
baffle and thermal shield thicknesses on the neutron flux
( > 1 Mev) at the vessel wall. These calculations were
performed with the F1 option of the P3MG1 code (Reference 3)
using 34 fast neutron groups. The results showed that the
neutron flux level at the vessel wall is dependent, for the
most part, on the total metal and water thickness between the
core and the vessel. However, there was some variation in
fluxes depending upon the particular configuration of steel-
water laminations. Also, the gain in neutron attenuation by
replacing water with steel diminishes somewhat with increasing
steel thickness.

In general, however, the results showed that for total steel thick-

nesses in the range of 3 to 6 in., 1 in. of steel in place of 1
in. of water would reduce the neutron flux above 1 Mev by about 30

OZM
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percent. In pure water the calculations showed that the
neutron flux would be reduced, on the average, by a f actor of
6 in 6 in. of water.

Based on the above analysis a comparison has been made of the
neutron attenuation in this reactor vessel with those in San
Onofre, Turkey Point 3 and 4, Indian Point 2, and Ginna. The
total distance between this core and the reactor vessel is 21
in. This provides from 1.5 to as much as 5.75 in. more distance
between the core and the vessel than in the other reactors.
For neutrons above 1 Mev it was found that this additional
distance would provide additional attenuation ranging from a
factor of 1.1 to 5 times greater than that in the other PWR's
considered.

b. Thermal Stresses

The gamma heating in the reactor vessel is produced by primary
gammas from the core and by secondary gammas originating in
the core liner, barrel, thercal shield, and the vessel itself.
In this reactor design the major portion of the heat is
generated by ga=ma rays from the core and by secondary gamma
rays from the core liner and barrel.

/~^ Since the gammas from each of these sources must penetrate the
( )) thermal shield to reach the vessel, the vessel heating rate

,

is dependent on the thermal shield thickness.

For designs which employ thicker thermal shields, or in which
internals are tc be exposed to higher neutron fluxes, gamma
rays originating in the thermal shield or in the vessel itself
may govern the vessel heating rates. Since gamma rays from
these sources would have to penetrate only portions or none of
the thermal shield to reach the vessel, the vessel heating in
such cases would be less dependent on thermal shield thickness
than in this reactor design.

A comparison was made between the gamma attenuation provided
by the water and metal in this reactor vessel and that in
other PWR's by assuming that, in each design, the vessel heating
was dependent on the gamma ray attenuation provided by the
thermal shield. This approach would be conservative since, as
noted above for some designs, gamma sources other than those
attepuated by the thermal shield may contribute appreciably to
the vessel heating. The results of the comparison showed that
the difference in gamma attenuation between this reactor and
other PWR's ranged from negligible difference to a factor of
5.3 less for this reactor design.

The maximum steady-state stress resulting frem gamma heating in
g'' the vessel has been calculated to be 3,190 psi (tensfon). This is
t j a relatively low value, and no problems are anticipated from

thermal stresses in the reactor vessel wall.
(pv
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3.2.2.2 Suclear Evaluation

Analytical models and the application of these models are discussed in
this section. Core instabilities associated with xenon oscillation are
also mentioned, with threshold data evaluated under reference conditions.

3.2.2.2.1 Analytical Models

Reactor design calculations are made with a large number of computer
codes. The choice of which code set or sets to use depends en which
phase of the design is being analyzed. A list of codes used in core
analysis with a brief discussion follows in 3.2.2.2.2.

a. Reactivity Calculations

Calculation of the reactivity of a pressurized water reactor
core is performed in one, two. or three dimensions. The
geometric choice depends on the type of calculations to be
made. In a clean type of calculation where there are no

strong localized absorbers of a type differing from the rest of
the lattice, 1-dimensional analysis is satisfactory. This type
of problem is handled quite well by the B&W 1-dimensional,
depletion package code LIFE. LIFE is a composite of MUFT'+ ,

5KATE , RIP, WANDA,6 and a depletion routine. Normally the
MUFT portion is used with 34 energy groups, an exact treatment
of hydrogen, the Greuling-Goertzel approximation for elements
of mass less than 10, and Fermi age for all heavier elements.
The KATE portion normally uses a Wigner-Wilkins spectrum. In
WANDA, 4 energy groups are utilized. Disadvantage factors,for
input to the thermal group are calculated with the THERMOS /
code. This code set has been shown to give reliable results
for a reactivity calculation of this type. Recent check calcu- |lations on critical experiments have a standard deviation of '

less than 0.5% tk/k.

A 1-dimensional analysis of a geometric arrangement, where
there are localized strong absorbers such as CRA's, requires a
preliminary 2-dimensional analysis. The required properties
of the 1-dimensional system are then matched to the 2-dimensional
analysis. In this manner, it is possible to analyze the
simpler 1-dimensional system in a depletion survey problem with
only a small loss in accuracy.

The 1-dimensional calculations are used as preliminary guides
for the more detailed 2-dimensional analysis that follows.
Values of reactivity coefficients, fuel cycle enrichments,
lifetimes, and soluble poison concentrations can be found to
improve the initial conditions specified for 2-dimensional
analysis.

07,26 g
nn,4a

'3.2-16



._.

'"$ Reactor Design

w/
Two-dimensional reactivity calculations are done with either

O 9the PDQ or TURB0 diffusion and/or depletion codes. These
codes have mesh limitations on the size of a configuration
which can be shown explicitly and are often studied with quarter
core symmetry. Symmetry is desirable in the design, and no
. loss in generality occurs. The geometric description includes
each fuel assembly and as much detail as is possible, i.e. ,,

usually each unit in the fuel assembly. Analysis of this type
permits detailed power distribution studies as well as
reactivity analysis. The power distribution in a large PWR
core which has zone loading cannot be predicted reliably with'

1-dimensional calculations. This is particularly true when
,

local power peaking as a function of power history is of
interest. It is necessary to study this type of problem with
at least a 2-dimensional code, and in some cases 3-dimensional
calculations are necessary.

Use of the 2-dimensional programs requires the generation of
group constants as a function of material composition, power
history, and geometry. For regions where diffusion theory is
valid, MUFT and KATE with THERMOS disadvantage factors are used
to generate epithermal and thermal coefficients. This would
apply at a distance of a few mean paths from boundaries or
discontinuities in the fuel rod lattice. Discontinuities refer

"' to fuel assembly can, water channels, instrumentation ports,

q and CRA guide tubes. The interfaces between regions of dif-
ferent enrichment are considered to be boundaries as well as
the outer limit of the core.

1

To generate coefficients for regions where diffusion theory is
inappropriate several methods are utilized. The arrangement
of structural material, water channels, 'and adjacent fuel rod
rows can be represented well in slab geometry. This problem
is analyzed by P3MG (Reference 3) which is effective in slab
geome t ry. The coefficients so generated are utilized in the
epithermal energy range. Coefficients for the thermal energy
range are generated by a slab THERMOS calculation. The
regions adjacent to an interface of material of different
enrichment are also well represented with the P3MG code.

!

The. arrangement of instrumentation ports and control rod guide
tubes lends itself to cylindrical geometry. DTF-IV10 is quite
effective in the analysis of this arrangement. Input to DTF-IV

11is from GAM and THERMOS or KATE. Iteration is required
between the codes. The flux shape is calculated by DTF-IV and
cross sections by the others. The outer boundary of the core
where there is a transition from fuel to reflector and baffle
is also represented by the DTF-IV code. The 3-dimensional
analysis is accomplished by extending the techniques of 2-

,

dimensional representation.

)s-
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b. Control Rod Analysis

B&W has developed a procedure for analyzing the reactivity
worth of small Ag-In-Cd rods in fuel lattices. Verification of
this procedure was made by the comparative analysis of 14
critical experiments with varying rod and rod assembly configura-
tions12,13,14 Critical lattice geometries were similar to
those of the reference core design. Boron concentration
ranged from 1,000 to 1,500 ppm. The Ag-In-Cd rods were arranged
in various geometrical configurations which bracket the
reference design. Water holes , simulating withdrawn rods , were
included as part of the lattice study. The resulting comparison
of the analytical and experimental worths are shown in Table
3.2-8. Details of the critical configurations are given in
References 13 and 14.

TABLE 3-8
CALCULATED AND EXPERIMENTAL ROD AND ROD ASSEMBLY COMPARISON

Ag-In-Cd Rod Assembly - Rod Assembly -
Core Assemblies Rods per H,0 Holes Calculated Experimental

No. per Core Assembly per Core Worth, % /.k/k Worth, % ak/k

5-3 4 4 252 2.00 1.98
4-F 4 9 0 3.38 3.34
5-C 2 12 276 2.38 2.35
4-D 1 16 0 1.43 1.42
5-D 2 16 284 2.80 2.82
4-E 1 20 0 1.54 1.52
5-E 2 20 292 3.05 3.01

The mean error in calculating these configurations is shown to be less
than 1 percent. Comparison of the power shape associated with the 16-rod
reference assemblies showed good similarity. Point-to-average power
had a maximum variation of less than 2 percent with experimental data.

The analytical method used for this analysis is based on straight diffusion
theory. Thermal coefficients for a control rod are obtained from THEPJ105
by flux-weighting. Epithermal coefficients for the upper energy groups
are generated by the B&W LIFE program. The resulting coefficients are
used in the 2-dimensional code PDQ to obtain the required eigenvalues.

GAKER and LIBPM are used to prepare data for THER'105. GAKER generates
scattering cross sections for hydrogen by the Nelkin technique. LIBPM
uses the Brown and St. John free gas model for generating the remaining
scattering cross sections.

C'i28
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THERMOS is used in two steps. First, the critical fuel cell
is analyzed to obtain a velocity-weighted disadvantage factor.
This is used in the homogenization of fuel cells and gives a
first order correction for spatial and spectral variation. The
ratio of flux in the moderator to flux in the fuel was
analyzed to within 2 percent of experimental values using the
velocity-weighting technique. The second step is to use THERMOS
in a calculation where the Ag-In-Cd rod is surrounded by fuel.
This is used to generate the flux-weighted control rod cell
coefficients as a function of boron concentration. As a check
on the validity of the THERMOS approach, extrapolation distances-
were compared to those given by the Spinks method.13 The
agreement was within 2.2 percent for a set of cases wherein the
number densities of Ag-In-Cd were varied in a range up to 250
percent. All other coefficients are generated by LIFE in much the
same manner as with THERMOS. The data are used in a 2-dimensional
PDQ layout where each fuel rod cell is shewn separately.

c. Determination of Reactivity Coefficients

This type of calculation is different from the reactivity
analysis only in application, i.e., a series of reactivity
calculations being required. Coefficients are determined for
moderator temperature, voiding,.and pressure, and for fuel
temperature. These are calculated from small perturbations in

v the required parameter over the range of possible values of the
parameter.

The moderator temperature coefficient is determined as a
function of soluble poison concentration and moderator tempera-
ture, and fuel temperature or Doppler coefficient as a
function of fuel temperature. The coefficient for voiding is
calculated by varying the moderator concentration or percent
void.

3.2.2.2.2. Codes for Reactor Calculations

This section contains a brief description of codes mentioned in the preced-
ing sections.

THERMOS (Reference 7) - This code solves the integral form of the
Boltzmann Transport Equation for the neutron spectrum as

,a function of position. A diagonalized connection to the
Lisotropic transfer matrix has been incorporated allowing
a degree of anisotropic scattering.

MUFT (Reference 4) - This program solves the P1 or By multigroup
equation for the first two Legendre coefficients of the
directional neutron flux, and for the isotropic andp anisotropic components of the slowing down densities due

h to a cosine-shaped neutron source. Coefficients are gen-
erated with MUFT for the epithermal energy range.

0229 nn,37
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KAIE (Reference 5) - The code solves the Wigner-Wilkins differential
equation for a homoget.aous medium moderated by chemically
unbound hydrogen atoms in thermal equilibrium. Coefficients
for the thermal energy range are generated by KATE.

RIP - This program averages cross sections over an arbitrary group
structure, calculates resonance integrals for a set of
resolved peaks, and computes L-factors for input to MUFT,
PlMG, and P3MG.

,

WANDA (Reference 6) - This code provides numerical solutions of the
1-dimensional few-group neutron dif fusion equations.

LIFE - This is a 1-dimensional depletion package code which is a
combination of MUFT, EATE, RIP, and WANDA. The combination
mechanizes the procedures for using the codes separately.

CAM (Reference 11) - This code is a multigroup coefficient genera-

tion program that solves the P1 equati ns and includes
anisotropic scattering. Inelastic scattering and resonance
parameters are also treated by GAM.

1

P3MG (Reference 3) - The code solves the multienergy transport
equation in various geometries. The code is primarily |
used for epithermal coefficient 7,enerations.

DTF (Reference 10) - This code solves the multigroup, 1-dimensional i

Boltzmann transport equation by the method of discrete I

ordinates. DTF allows multigroup anisotropic scattering as |
well as up and down scattering.

1

PDQ (Reference 8) - This program solves the 2-dimensional neutron
diffusion-depletion problem with up to five groups. It

has a flexible representation of time-dependent cross
sections by means of fit options.

TURBO (Reference 9) - This code is similar in application to the |PDQ depletion program. It, however, lacks the great flexi- |

bility of the PDQ fit options. |

CANDLE (Reference 9) - This code is similar to TURBO, but solves
the diffusion equations in one dimension.

TNT (Reference 9) - This code is similar in application to TURBO,
but is a 3-dimensional code extended from DRACO.

3.2.2.2.3 Xenon Stability Analysis

Initial studies of the initial and equilibrium cores, where realistic
fuel temperatures are generated by thermal-nuclear iteration, indicate no
instability at any time during the life cycle. These results are

0
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encouraging, but until more detailed analyses are completed, it will' be
assumed that axial xenon oscillations are possible. Azimuthal oscillations
are unlikely,.and radial oscillations will not occur.

An extensive investigation must be completed before the stability of a
_ core can be ascertained. An adequate solution can be found by first using,

, analytical techniques in.the manner of Randall and St. John to predict
4

problematic areas, and then by analyzing these with diffusion theory
programs that are coupled with heat trans fer equations.

The results of the stability analysis of'the reference core are presented
below, followed by the methods section containing the details of the
threshold and diffusion theory calculations employed. The closing section
outlines an overall approach to the solution of the stability problem in,

regara to additional detailed calculative programs as well as a method
for the correction of unbalanced power distributions.

t

> a. Summary of Results

(1) Threshold Analysis,

In the threshold analysis axial, azimuthal, and'

radial oscillations were investigated for beginning -
of-life, flattened, and slightly dished power distri-2

butions.16,17 The results are as follows:
)

'
(a) For a fixed dimension, the tendency toward

spatial xenon oscillation is increased as the
flux increases.

(b) For a fixed flux, the tendency toward spatial
oscillation is increased as the dimension of
the core increases.

(c) The large size of current PWR designs permits
an adequate xenon description using 1-group
theo ry.

(d) Flattened power distributions are more unstable
than normal beginning-of-life distributions.
Dished power distributions are even worse.

,

(e) In a modal analysis of the reference core,
modal coupling can be ignored. 'In addition,,

the core is not large enough to permit second-
harmonic instability.

(f) A large, negative power coefficient tends to
dampen oscillations. If this coefficient is

|

O
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sufficiently large, oscillations cannot occur
regardless of core size or flux level. Current
PWR designs have a substantial negative power
coefficient.

(g) The critical diameter for azimuthal oscillations
is larger than the critical height for axial
oscillations.

(h) The reference core design is noE large enough
to excite radial oscillations.

(i) Examination of the diameter, height, and power
coefficient for this reference design indicates
that oscillations should not occur at the
beginning of life with unflattened power
distributions. However, there exists a finite
probability of oscillations at some later time,
since core depletion tends to flatten the power
distribution.

(j) The period of oscillation (25 to 30 hours) is
long enough to permit easy control of the
oscillations.

(k) The modal analysis of this core toward the end
of the initial cycle (with about 80 percent
flatness) showed that axial oscillations are
possible, azimuthal oscillations are unlikely,
and radial oscillations will not occur.

(2) Depletion Analysis

Diffusion-depletion calculations coupled with heat
transfer equations were employed to investigate
further the axial stability of the core since the
analytical s tudy indicated that this was the most
probable mode of oscillation. The results follow:

(a) Axial instability did not occur at any time
during the initial cycle. An average fuel
temperature of 1,40) F was maintained during
the cycle.

(b) The threshold for axial instability near the
end of the initial cycle was found to coincide
with a core average fuel temperature of 900 F.

Diffusion theory was also used to examine the
problem of controlling the system with rods if the
stabilizing power Doppler was not present. The
following was concluded:

O
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(a) Partial control rods are quite adequate in
controlling axial oscillations. These rods
have 3-ft-long polson sections which are-
movedLup and down about the midplane of the
core to offset oscillatory power shifts.

i- (b) Detailed power profiles will be available to the
reactor operator as output from the instrumen-

,

tation. The large period of the oscillation
will allow partial rod movement such that axial

;

power peaks are held well within allowable
| limits.
!

I b. Methods

(1) Threshold Analysis4

i The method used in the threshold analysis is an
i extension of the 1-group treatment including power

coefficient introduced by Randall and St. John.
'

One- and 2-group treatments have been compared, and
the conclusion drawn is that a 1-group model is

I satisfactory for large cores. For all three
i geometries, data were generated as a function of:
! /
'

(a) Core size

; (b) Flux level
T

(c) Degree of flatness in the power distribution

(d) Power coefficient
!

(e)- Reactivity held by saturation xenon r

,

!

In addition, slightly dished power distributions
were investigated to show that any dishing resulting

| from high depletion is not sufficient to require cor-
rection to data based on replacing the dished segment'

; with a flat-power distribution.
i

[ The effect of modal coupling has been examined and
; sh_own to be of. no consequence for cores similar to
! the reference reactor design. Values of the critical

dimension varied no more than 1 to 2.8 percent for
,

the same core with and without modal coupling. Thei

! lower value was computed with a zero power coefficient
|

and was conservative without modal coupling.

-R

-
-
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Table 3.2-9 summarizes those parameters for the
reference core which affect the xenon stability
threshold. The parameters were calculated at two
substantially different times in core life.
Reference physical dimensions are also shown for
comparison purposes in the following discussion.

Table 3.2-10 shows the threshold dimensions for
first mode instability as a function,of flux flat-
tening. The percentage of flattening is defined
as 100 percent times the ratio of the flattened
power distribution to the total physical dimension
under consideration. The parameters of Table 3.2-9
at two full power days were used since they are
virtually the same as those at 150 days but are more
conservative. Axial depletion studies show that
power distributions are flattened by 0, 63, and 73
percent at 2, 150, and 354 full power days,
respectively. A maximum flatness of approximately
80 percent may be expected for long core life.

An examination of the data in Table 3.2-10 shows
that--with the maximum flatness--axial oscillations
are possible, azimuthal oscillations are unlikely,
and radial oscillations will not occur.

O
TABLE 3.2-9

REFERENCE CORE PARAMETERS

Two Full (Rated) 150 Full (Rated)
Powar Days Power Days

, o
M, cm' 57.0 57.0

+th, n/cm -sec 3.9 x 1013 133.8 x 10 |

|
x (reactivity held by saturationa

xenon), ak/k 0.034 0.033

Doppler Coefficient, (Sk/k)/F -1.1 x 10-5 -1.1 10-5 |

Moderator Temperature Coefficient Positive but Small Negative

aT (p wer Loppler coeff.),
-16 -16(ak/k)/ unit flux =-2.2 x 10 = -2.3 x 10

|

Equivalent Dimensions, ft

height 12.00
Diameter 10.74
Radius 5.37

nnnan
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'N Threshold dimensions for second mode oscillationsms

were 50 percent larger in magnitude than those
shown in Table 3.2-10 for the first mode. Oscilla-
tions in the second mode will not occur in the
reference core.

TABLE 3.2-10
FIRST MODE THRESHOLD DIMENSIONS AND FLATNESS

Threshold Dimensions, ft flatness, %

0 50 80

Threshold height (axial oscillations) 18.5 14.1 11.8
Threshold diameter (azimuthal oscillation) 20.4 16.5 14.0
Threshold radius (radial oscillation) 16.8 16.7 14.5

Table 3.2-11 shows the values of H/D versus power
flatness for equal likelihood of axial, azimuthal,
and radial first harmonic oscillations, i.e., if the
core is just at the axial threshold for axial oscilla-
tions, it can also be expected that there will be

.) azimuthal and radial oscillations provided the value''~' of H/D in Table 3.2-11 is satisfied. H/D for this
reference reactor is 1.12.

TABLE 3.2-11
THRESHOLD RATIO AND POWER FLATNESS

a ness, 7
Ratio

0 20 50 80 100

H/D (axial versus azimuthal) 0.91 0.87 0.86 0.86 0.85
H/D (axial versus radial) 0.55 0.49 0.42 0.41 0.41

The modal methods used to examine the xenon oscilla-
{ tion problem made use of core-averaged quantities such

as flux, power coefficient, and reactivity held by
saturation xenon. In addition, flux distributions
were limited to:

,

s

d 0235
:.

3.2-25- o n n A r3.

VUm7/

- . . . . - - ., - ..- - -- . . _ , - - - - - , - . -. -



.

Reactor Design

(a) Geometric distributions

(b) Partially or totally flat

(c) Slightly dished

The power distribution during early life is such that
no xenon instabilities will occur. The power flatten-
ing effect of fuel burnup with time renders the core
more susceptible to xenon oscillations".

(2) Depletion Analysis

Core-averaged quantities were used in the analytical
analysis. For a more comprehensive investigation, it
is desirable to study xenon oscillations with diffusion-
depletion programs including heat transfer. Such cal-
culations, which include the important local temperature
ef fects , allow the designer to look for xenon oscilla-
tions under actual operating conditions. For these
reasons, the B&W LIFE depletion program was modified to
include axial heat transfer. The equations and itera-
tion scheme are outlined below:

(a) The average fluid temperature for each axial core
region is computed from a previously known power
density distribution as follows:

Z
f outaTi (Tout - Tin)1 PD (Z) dZ (1)C= =
Zin

where j

temperature change in region "1"AT =
1

PD (Z) power density in Z direction=

Zin' Zout region "i" boundaries=

and
aT

C #8
C (2)=

N

/o PD (Z) dZ

where H active fuel height.=

0236 _--,-
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'~' Equation (1) is solved to Tout of region "i". Since
is known from core inlet conditions, the averageTin

fluid temperature is defined as follows :
,

4

_
T + T (3)out in

IT "

i fluid 2
t

(b) The newly computed region-averaged fluid tempera-
tures are used to compute new fluid densities.
These fluid densities are then used to adjust the
number densities for water and soluble poison.
Local or bulk boiling is not permitted.

(c) The average fuel temperature for each axial core
region is then computed from the average fluid
temperatures and power densities: 7

1
1

K PD + T (4)T =
fuel 1 fluid1 f

.

i coverage power density of regionwhere PD =

' [ ) "i" and K is defined by
'% J

_. _

(5)T fuel - T fluid core
K = ---

PD. core

(d) After the new fluid temperatures, moderator
densities, and fuel temperatures are obtained,i

these quantities are used as new LIFE input to,

obtain a new power distribution until either a
convergence criterion is met or a specified num-
ber of iterations is made.

This analysis used an exact solution in that the
spectrum was recalculated for each zone (11 axial;

'

zones described the reactor) for each iteration
at every time step. This included the effects
of the moderator coefficient.

This LIFE package was used to determine the
effects of the uncertainty in the power Doppler
on the stability of the core. The uncertainty in
the Doppler was more than compensated with a
reduction in-fuel temperature of 500 degrees., ('' The reference core was analyzed with core average

m

, hDff
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fuel temperatures of 1,400 F and 900 F. Figure

3.2-7 compares the cyclic response of these two
cases following the 3-ft insertion and removal
(af ter two hours) of a 1.2% ak/k rod bank near
the beginning of life. These studies were made
at beginning-of-life boron levels of approximately
1900 ppm. This level is approximately 200 ppm
above the predicted beginning-of-life level and,
consequently, reflects a more positive moderator
coefficient than would be expected.

Case 1 on Figure 3.2-7 depicts the behavior of
the core if the heat transfer equations were not
included in the calculation. Figure 3.2-8 shows
the effect of fuel temperature toward the end of
life. It is easily verified that the 900 F fuel
temperature case approached the threshold condi-
tion for axial oscillation in this core. On the
basis of the information presented, it can be
said that for a realistic fuel temperature this
core does not exhibit axial instability at any
time during the initial cycle.

The 1-D model was used to determine a method of
controlling the core without taking into account
the stabilizing effect of the power Doppler.
Normally, this would produce a divergent oscilla-
tion as shown in Figure 3.2-9. A study was com-
pleted wherein a 1% ik/k rod bank with a 3-ft-
long section of regular control rod material was
successfully maneuvered to control the core after
a perturbation of the power shape at a point
about 3/4 of the way through Cycle 1. The con-
trolled results are also shown in Figure 3.2-9.
The minimum rod motion was one foot, and the time
step employed was 4.8 hours. More precise rod
movement over shorter time periods would produce
a much smoother power ratio curve. This control
mechanism appears quite adequate.

c. Conclusions

Instability in the radial or azimuthal mode is not expected
since the diffusion theory study showed that the core is
stable throughout life-time and the L/D ratio is 1.1. The
results are encouraging, but until additional analyses are
completed, it will be assumed that axial xenon oscillations
are nossible. Consequently, rod motion will be used to
compensate for unbalanced power distribution as indicated
by the instrumentation.

''
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Work.is underway to provide a 2-dimensional depletion
program which allows nuclear-thermal iterations. A
detailed quantitative analysis of core stability and con-
trol procedures is to be undertaken with the new program.

3.2.3 THERMAL AND HYDRAULIC DESIGN AND EVALUATION

3.2.3.1 Thermal and Hydraulic Characteristics

3.2.3.1.1 Fuel Assembly Heat Transfer Design

a. Design Criteria

The criterion for heat transfer design is to be safely

below Departure from Nucleate Boiling (DNB) at the design
overpower (114 percent of rated power). A detailed des-
cription of the analysis is given in 3.2.3.2.2, Statisti-
cal Core Design Technique.

The input information for the statistical core design
technique and for the evaluation of individual hot channels
consists of the following:

b (1) Heat transfer critical heat flux equations and data
D correlations.

(2) Nuclear power factors.

(3) Engineering hot channel factors.

(4) Core flow distribution hot channel factors.

(5) Maximum reactor overpower.

These inputs have been derived from test data, physical
measurements, and calculations as outlined below.

b. Heat Transfer Equation and Data Correlation

The heat transfer relationship used to predict limiting
heat transfer conditions is presented in BAW-168.18 The
equation is as follows:

o

q" (1.83 - 0.000415 P) x 90,000=

c [_sj- 0.3987 + 0.001036 ST - 1.027 x 10-6 (ATesc)2esc
.240 \L/_

\_-
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where q" critical heat flux as predicted by=

the best fit form, Btu /hr-ft2

core operating pressure, psiaP =

2channel mass velocity, lb/hr-ftG =

channel equivalent diameter, ftS =

length up the channel to the point ofL =

interest, ft

inlet subcooling (T -Tinlet), FAT =
satsc

coolant saturation temperatureT =
sat

corresponding to P, F

This equation was derived from experimental heat transfer
data. An analysis of heat transfer data for this and
other relationships is described in detail in 3.2.3.2.3,
Correlation of Heat Transfer Data.

Individual chanrels are analyzed to determine a DNB ratio,
i.e., the ratio cf the heat flux at which a DNB is predicted
to occur to the heat flux in the channel being investigated.
This DSB ratio is related to the data correlation as in
Figure 3.2-10. A confidence and population value is asso-
ciated with every DNB ratio as described in the Statistical
Core Design Technique. The plot of DNB versus P shown is
for a confidence of 99 percent.

The DNB and population relationships shown are also the
values associated with the single hot channel analysis for
the hottest unit cell where a 1.38 DNB ratio corresponds to
a 99 percent confidence that at least 94.5 percent of the
population of all such hot channels are in no jeopardy of
experiencing a DNB. This statement is a corollary to the
total core statistical statement given in 3.1.2.3, Thermal
and Hydraulic Limits. The criterion for evaluating the
thermal design margin for individual channels or the total
core is the confidence-population relationship. The DNB
ratios required to meet the basic criteria or limits are a
function of the experimental data and heat transfer corre-
lation used, and vary with the quantity and quality of
data.

c. Nuclear Power Factors

The heated surfaces in every flow channel in the core are
examined for heat flux limits. The heat input to the fuel
rods comprising a coolant channel is determined from a

O----
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nuclear analysis of the core and fuel assemblies. The
,

results of this analysis are as follows:

(1) The nominal nuclear peaking factors for the worst time
i in core life are

1.79Fah =

1.70Fz =

3.04Fq =

(2) The design nuclear peaking factors for the worst time
in core life are

1.85Fah =

1.70Fz =

3.15Fq =
,

where
max / avg total power ratioFah =

!., C)- (radial x local nuclear)

max / avg axial power ratio!' Fz =

(nuclear)
:

Fah x Fz (nuclear total)Fq =

,

f The nominal values are the maximum calculated values. The
design values are obtained by increasing the maximum cal-

1
- culated total power ratio, Fah, from 1.79 to 1.85 to obtain

'

a more conservative design.

The. axial nuclear factor, Fz, is illustrated in Figure
3.2-11. The distribution of power expressed as P/F is
shown for two conditions of reactor operation. The first
condition is an inlet peak with a max / avg value of 1.70
resulting from partial insertion of a CRA group for trans-

; ient control following a power level change. This condition
'

tesults in the maximum local heat flux and maximum linear
heat rate. The second power-shape is a symmetrical cosine
which is indicative of the power distribution with xenon

: override rods-withdrawn. The flux peak max / avg value is
1.50'in the center of the active core. Both of these flux
shapes have been evaluated for thermal DNB limitations.

. The limiting. condition is the 1.5 cosine power distribution.

!o-1
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The inlet peak shape has a larger maximum value. However,
the position of the 1.5 cosine peak farther up the channel
results in a less favorable flux to enthalpy relationship.
This effect has been demonstrated in DSB tests of nonuni-
form flux shapes.19 The 1.5 cosine axial shape has been
used to determine individual channel DNB limits and make
the associated statistical analysis.

The nuclear factor for total radial x local, rod power,
Fah, is calculated for each rod in the core. A distribu-

tion curve of the fraction of the core fuel rods operating
above various peaking factors is shown in Figure 3.2-12.
Line B shows the distribution of the maximum calculated
values of Fah for nominal conditions with a maximum value
of 1.79. The distribution of peaking factors for the
design condition is obtained by increasing the maximum cal-
culated value for all rods in the core by the ratio of
1.85/1.79 or 1.033 to provide conservative results. Deter-
mination of the peaking distribution for the design condi-
tion in this manner has the effect of increasing reactor
power by about 3 percent. This assumption is conservative
since the distribution with a maximum peak Fah of 1.85 will
follow a line similar to Line C where the average power of
all rods in the core is represented by an FSH of 1.0. The
actual shape of the distribution curve is dependent upon
statistical peaking relationships, CRA positions, moderator
conditions, and operating history. The shape of the dis-
tribution curve will be more accurately described during
the detailed core design.

d. Engineering Hot Channel Factors

Power peaking factors obtained from the nuclear analysis
are based on mechanically perfect fuel assemblies.
Engineering hot channel factors are used to describe vari-
ations in fuel loading, fuel and clad dimensions, and flow
channel geometry from perfect physical quantities and
dimensions.

The application of hot channel factors is described in
detail in 3.2.3.2.2, Statistical Core Design Technique.
The factors are determined statistically from fuel assembly
as-built or specified data where Fq is a heat input factor,
Fq" is a local heat flux factor at a hot spot, and FA is a
flow area reduction factor describing the variation in
coolant channel flow area. Several subfactors are combined
statistically to obtain the final values for F , F ", and0 0F. These subfactors are shown in Table 1.2-12. TheA
factor, the coefficient of variation, the standard deviation
and the mean value are tabulated.
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k _/ TABLE 3.2-12s

COEFFICIENTS OF VARIATION

CV No. Description e x CV

1 Flow Area 0.00075 0.17625 0.00426

2 Local Rod Diameter 0.000485 0.420 0.00116

3 Average Rod Diameter 0.000485 0.420 0.00116
(Die-drawn, local and
average same)

i 4 Local Fuel Loading 0.00687
Subdensity 0.00647 0.95 0.00681
Subfuel area 0.000092 0.1029 0.00089

'

(Diameter effect)

5 Average Fuel Loading 0.00370
Subdensity 0.00324 0.95 0.00341*

Sublength 0.16181 144 0.00112
Subfuel area 0.000092 0.1029 0.00089

6 Local Enrichment 0.00323 2.24 0.00144,

\%e 7 Average Enrichment 0.00323 2.24 0.00144

CV Coef ficient of Variation c/x
a Standard Deviation of Variable
x Mean Value of Variable

.

(Enrichment values are for worst case normal assay batch,

maximum variation occurs for minimum enrichment.)

e. Core Flow Distribution Hot Channel Factors

The physical arrangement of the reactor vessel internals and
nozzles results in a nonuniform distribution of coolant flow
to the various fuel assemblies. Reactor internal structures
above and below the active core are designed to minimize
unfavorable flow distribution. A 1/6 scale model test of the
reactor and internals is being performed to demonstrate the
adequacy of the internal arrangements. The final variations
in flow will be determined when the tests are completed.
Interim factors for flow distribution ef fects have been cal-
culated from test data on reactor vessel models for previous
pressurized water reactor designs.

/
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A flow distribution factor is determined for each fuel assembly
location in the core. The factor is expressed as the ratio of
fuel assembly flow to average fuel assembly flow. The finite
values of the ratio may be greater or less than 1.0 depending
upon the position of the assembly being evaluated. The flow
in the central fuel assemblies is in general larger than
the flow in the auternost assemblies due to the inherent flow
characteristics of the reactor vessel.

The flow distribution factor is related to a particular fuel
assembly location and the quantity of heat being produced in
the assembly. A flow-to-power comparison is made for all of
the fuel assemblies. The worst condition in the hottest fuel
assembly is determined by applying model test isothermal
flow distribution data and heat input effects at power as
outlined in 3.2.3.2.41. Two assumptions for flow distribution
have been cade in the thermal analysis of the core as follows:

(1) For the maximum design condition and for the analysis
of the hottest channel, all fuel assemblies receive
tinimum flow for the worst condition, regardless of

,

assembly power or location.

(2) For the most probable design conditions predicted flow
factors have been assigned for each fuel assembly con-
sistent with location and power. The flow factor
assumed for the maximum design condition is conservative.
Application of vessel flow test data and individual

assembly flow factors in the detailed core design will
result in improved statistical statements for the
taxinun design condition.

f. Maximut Reactor Design Overpower

Core performance is assessed at the maximum design overpower.
The selection of the design overpower is based on an analysis
of the reactor protective system as described in Section 7.
The reactor trip point is 107.5 percent rated power, and the
taximum overpower, which is 114 percent, will not be exceeded
under any conditions.

g. Maximum Design Conditions Analysis Summary

1The Statistical Core Design Technique described in 3.2.3.2.2 |

was used to analyze the reactor at the taximum design condi-
tions described previously. The total number of fuel rods in

.

the core that have a possibility of reaching DNE is shown in |

Figure 3.2-13 for 100 to 115 percent overpower. Point A on
Line 1 is the taximum design point for 114 percent power with
the design FLh nuclear of 1.85. Line 2 was calculated using the
maximum calculated value for Fah nuclear of 1.79 to show the

O
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\m.) margin between maximum calculated and design conditions. It

is anticipated that detailed core nuclear analyses will permit
a lowering of the maximum design value for Fah.

The number of fuel rods that may possibly reach a DSB at the
maximum design condition with an F h of 1.85 and at 114
percent overpower, represented by point A on Figure 3.2-13
forms the basis for this statistical statement:>

There is a 99 percent confidence that at least 99.5
percent of the fuel rods in the core are in no
jeopardy of experiencing a departure from nucleate
boiling (DNB) during continuous operation at the
design overpower of 114 percent.

Statistical results for the maximum design condition calcula-
tion shown by Figure 3.2-13 may be summarized as follows in
Table 3.2-13.

TABLE 3.2-13
DNB RESULTS - MAXIMUM DESIGN CONDITION

(99 percent Confidence Level)

(''h Power Possible Population
(_,/ Point % of 2,452 bhit Fah DNB's Protected, %

A 114 1.85 184 99.50
B 114 1.79 100 99.73
C 100 1.85 17 99.95
D 100 1.79 10 99.98
E 118 1.79 184 99.50

h. Most Probable Design Condition Analysis Summary

The previous maximum design calculation indicates the total
number of rods that are in jeopardy when it is conservatively
assumed that every rod in the core has the mechanical and
heat transfer characteristics of a hot channel as described
in 3.2.3.2.2. For example, all channels are analyzed with FA
(flow area factor) less than 1.0, F0 (heat input factor)
greater than 1.0, and with minimum fuel assembly flow. It

is physically impossible for all channels to have hot channel
i

characteristics. A more realistic indication of the number |
of fuel rods in jeopardy may be obtained by the application of
the statistical heat transfer data to average rod power and
mechanical conditions. I

h f?' oms
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An analysis for the most probable conditions has been made
based on the average conditions described in 3.2.3.2.2. The
results of this analysis are shown in Figure 3.2-14 The
analysis may be summarized as follows in Table 3.2-14.

TABLE 3.2-14
DNS RESULTS - MOST PROBABLE CONDITION

Power Possible Population
Point % of 2,452 Mwt Fah DNB's Protected, %

F 100 1.79 2 99.994
G 114 1.79 32 99.913
H 118 1.79 70 99.815

The analysis was made from Point F at 100 percent power to
Point H at 118 percent power to show the sensitivity of the
analysis with power. The worst condition expected is
indicated by Point G at 114 percent power where it is shown
that there is a small possibility that 32 fuel rods may
be subj ect to a departure from nucleate boiling (DNB). This
result forms the basis for the following statistical state-
ment for the most probable design conditions:

There is at least a 99 percent confidence that at least
99.9 percent of the rods in the core are in no
jeopardy of experiencing a DNB, even with continuous
operation at the design overpower of 114 percent,

i. Distribution of the Fraction of Fuel Rods Protected

The distribution of the fraction (P) of fuel rods that have
been shown statistically to be in no jeopardy of a DNB has
been calculated for the maximum design and most probable
design conditions. The computer programs used provide an
output of (N) number of rods and (P) fraction of rods that
will not experience a DNB grouped for ranges of (P). The
results for the most probable design condition are shown in
Figure 3.2-15.

The population protected, (P), and the population in
jeopardy, (1-P), are both plotted. The integral of (1-P) and
the number of fuel rods gives the number of rods that are in
jeopardy for given conditions as shown in Figures 3.2-13 anu
3.2-14. The number of rods is obtained from the product of
the percentage times the total number of rods being
considered (36,816). The two distributions shown in Figure

07.46 -~ n
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'- / 3.2-15 are for the most probable condition analysis of Points
F and G on Figure 3.2-14. The lower line of Figure 3.2-15 shows
P and (1-P) at the 100 percent power condition represented

,

by Point F of Figure 3.2-14. The upper curve shows P and (1-P)'

at the 114 percent power condition represented by Point G of
Figure 3.2-14. The integral of N and (1-P) of the upper curve
forms the basis for the statistical statement at the most
probable design condition described in paragraph h above.

J. Hot Channel Performance Summary

The hottest unit cell with all surfaces heated has been
examined for hot channel factors,. DNB ratios, and quality for
a range of reactor powers. The cell has been examined for the
maximum value of Fah nuclear of 1.85. The hot channel was
assumed to be located in a fuel assembly with 95 percent of the
average fuel assembly flow. The heat generated in the fuel
is 97.3 percent of the total nuclear heat. The remaining 2.7
percent is assumed to be generated in the coolant as it
proceeds up the channel within the core and is reflected as-

an increase in AT of the coolant.

Error bands of 65 psi operating pressure and i 2 F are
reflected in the total core and hot channel thermal margin
calculations in the direction producing the lowest DNB ratios

,

i or highest qualities..)
The DNB ratio' versus power is shown 'in Figure 3.2-16. The DNB
ratio in the hot channel at the maximum overpower of 114
percent is 1.38 which corresponds to a 99 percent confidence
that at least 94.5 percent of the fuel channels of this type
are in no jeopardy of experiencing a DNB. The engineering
hot channel factors corresponding to the above confidence-
population relationship are described in 3.2.3.2.2 and listed
below:

Fq = 1.008
'

j Fn = 1.013q

F = 0.992

The hot channel exit quality for various powers is shown in
Figure 3.2-17. The combined results may be summarized as
follows:

Reactor Power, % DNB Rstio (BAW-168) Exit Ouality, %

100 1.60 0
107.5 (trip setting) 1.47 2.6

' [ '} . 114 (cmximum power) 1.38 5.4 |

(,,/ 149 1.00 23.0

0247
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3.2.3.1.2 Fuel and Cladding Thermal Conditions

a. Fuel

A digital computer code is used to calculate the fuel

temperature. The program uses uniform volumetric heat genera-
tion across the fuel diameter, and external coolant conditions

and heat transfer coefficients determined for thermal-hydraulic
channel solutions. The fuel thermal conductivity is varied
in a radial direction as a function of the' temperature
variation. Values for fuel conductivity were used as shown
in Figure 3.2-18, a plot of fuel conductivity versus tempera-
ture. The heat transfer from the fuel to the clad is
calculated with a fuel and clad expansion model proportional
to temperatures. The temperature drop is calculated usine
gas conductivity at the beginning-of-life conditions when the
gas conductivity is 0.1 Btu-ft/hr-F-ft2 The gas conduction
model is used in the calculation until the fuel thermal
expansion relative to the clad closes the gap to a dimension
equivalent to a contact coefficient. The contact coefficient
is dependent upon pressure and gas conductivity.

A plot of fuel center temperature versus linear heat rate
in kw/ft is shown in Figure 3.2-19 for beginnine-of-life
conditions. The linear heat rate at the maximum overpower of
114 percent is 19.9 kw/ft. The corresponding center fuel
temperature shown in Table 1.2-1 is 4,400 F. The center and
average temperatures at 100 percent power are 4,160 and 1,385
F as shown in Table 3.2-1.

The peaking factors used in the calculation are

FAH = 1. 85

F = 1.70
z

F ,, = 1.03
q

F (nue, and mech.) = 3.24

A conservative value of 1.03 was assumed for the heat flux
peaking factor, F n. The assigned value corresponds to aq
99 percent confidence ated 99.99 percent nopulation-protected
relationship as described in the statistical technique.

b. Clad

The assumptions in the preceding paragraph were applied in the
calculation of the clad surface temperature at tha maximum
overpower. Boiling conditions prevail at the hot spot, and

OMB
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20) the Jens and Lottes relationship for the coolant-to-clad AT

s_,

for boiling was used to determine the clad temperature. The
resulting maximun calculated clad surface temperature is 654 F
at a system operating pressure of 2,185 psig.

;

3.2.3.2 Thermal and Hydraulic Evaluation

3.2.3.2.1 Introduction

Summary results for the characteristics of the reactor design are presented
in 3.2.3.1. The Statistical Core Design Technique employed in the design
represents a refinement in the methods for evaluating pressurized water

i reactors. Corresponding single hot channel DNB data were presented to
relate the new method with previous criteria. A comprehensive description
of the new technique is included in this section to permit a rapid
evaluation of the methods used.

The BAW-168 correlation is a B&W design equation. An extensive review of
data available in the field was undertaken to derive the correlation and
to determine the confidence, population, and DNB relationships included
in this section. A comparison of the BAW-168 correlation with other
correlations in use is also included.

A detailed evaluation and sensitivity analysis of the design has been
made by examining the hottest channel in the reactor for DNB ratio,i s

quality, and fuel temperatures. BAW-168 DNB ratios have been comparedg
with W-3 DNB ratios to facilitate a comparison of the design with PWR
reactor core designs previously reviewed.

;

3.2.3.2.2 Statistical Core Design Technique

The core thermal design is based on a Statistical Core Design Technique
developed by B&W. The technique offers many substantial improvements
over older methods, particularly in design approach, reliability of the
result, and mathematical treatment of the calculation. The method
reflects the performance of the entire core in the resultant power rating
and provides insight into the reliability of the calculation. This
section discusses the technique in order to provide an understanding of
its engineering merit.

The statistical core design technique considers all parameters that
affect the safe and reliable operation of the reactor core. By considering
each fuel rod the method rates the reactor on the basis of the perfor-
mance of the entire core. The result then will provide a good measure
of the core safety and reliability since the method provides a statistical
statement for the total core. This statement also reflects the conserva-
tism or design margin in the calculation.

~'T
.(V .0249 ;. p g -

,

3.2-39

.. - . - - , -- , - - - . - - ..



_ - - _ _ _ _ _ _ _ _ _ _ _ _

Reactor Design

A reactor safe operating power has always been determined by the aoility
of the coolant to remove heat from the fuel material. The criterion that
best measures this ability is the DNB, which involves the individual
parameters of heat flux, coolant temperature rise, and flow area, and
their intereffects. The DNB criterion is commonly applied through the
use of the departure from nucleate boiling ratio (DNER). This is the
minimum ratio of the DNB heat flux (as computed by the DNB correlation)
to the surface heat flux. The ratio is a measure of the margin between
the operating power and the power at which a DNS might be expected to
occur in that channel. The DNBR varies over the channel 16ngth, and it
is the minimum value of the ratio in the channel of interest that is
used.

The calculation of DSB heat flux involves the coolant enthalpy risc and
coolant flow rate. The coolant enthalpy rise is a function of both the
heat input and the flow rate. It is possible to separate these two
effects; the statistical hot channel factors required are a heat input
factor, F , and a flow area factor, F . In addition, a statistical heatg
flux fact 9r, Fq", is required; the heat flux factor statistically
describes the variation in surface heat flux. The DNBR is most limiting

when the burnout heat flux is based on minimum flow area (small F ) and3
maximum heat input (large F ), and when the surface heat flux is largeO
(large Fq") . The DNB correlation is provided in a best-fit form, i.e.,
a form that best fits all of the data on which the correlation is based.
To afford protection against DNB, the DNB heat flux computed by the
best-fit correlation is divided by a DNB f actor (B.F.) greater than 1.0
to yield the design DSB surface heat flux. The basic relationship

DNB
IDNBR = x f(F , F ) x

A q 9,, surface xFnB.F. q

involves as parameters statistical hot channel and DNB factors. The DNB
factor (P.F.) above is usually assigned a value of unity when reporting
DNB ratio; so that the margin at a given condition is shown directly by
a DNBR greater than 1.0, i.e., 1.38 in the hot channel.

To find the DNB correlation, selected correlations are compared with
DNB data obtained in the B&W burnout loop and with published data. The
comparison is facilitated by preparing histograms of the ratio of the
experimentally determined DNB heat flux (O ) t the calculated value of

Ethe burnout heat flux (O ). A typical histogram is shown in FigureC
3.2-20.

A histogram is obtained for each DNB correlation considered. The histo-
grams indicate the ability of the correlations to describe the data.
They indicate, qualitatively, the dispersion of the data about the mean
value - the smaller the dispersion, the better the correlation. Since
thermal and hydraulic data generally are well represented with a Gaussian
(normal) distribution (Figure 3.2-20), mathematical parameters that quan-
titatively rate the correlation can be easily obtained for the histogram.
These same mathematical parameters are the basis for the statistical

burnout f actor (B.F. ) .

O
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-- In analyzing a reactor core, the statistical information required to
describe the hot channel subfactors may be obtained from data on the
as-built core, from data on similar cores that have been constructed,
or from the specified tolerances for the proposed core. Regardless of

the source of data, the subfactors can be shown graphically (Figures
3.2-21 and 3.2-22).

All the plots have the same characteristic shape whether they are for sub-
factors, hot channel factors, or burnout factor. The factor increases
with either increasing population or confidence. The value used for
the statistical hot channel and burnout factor is a function of the
percentage of confidence desired in the result, and the portion of all
possibilities desired, as well as the amount of data used in determin-
ing the statistical factor. A frequently used assumption in statistical
analyses is that the data available represent an infinite sample of that
data. The implications of this assumption should be noted. For

instance, if limited data are available, such an assumption leads to a
somewhat optimistic result. The assumption also implies that more
information exists for a glven sample than is indicated by the data; it
implies 100 percent confidence in tlfe end result. The B&W calculational
procedure does not make this assumption, but rather uses the specified
sample size to yield a result that is much more meaningful and statisti-
cally rigorous. The influence of the amount of data for instance can be
illustrated easily as follows: Consider the heat flux factor which has
the form

( )
u

q 1 + Key ,,E" =

a

where
F ,, is the statistical hot channel factor for heat
O flux

K is a statistical multiplying factor

Fq is the standard deviation of the heat flux factor,# a

including the ef fects of all the subfactors

If 3F = 0.05 for 300 data points, then a K factor of 2.608 is required
topro9,,ct99percentofthepopulation. The value of the hot channele

factor then is

F ,, = 1 + (2.608 x 0.050) = 1.1304

and will provide 99 percent confidence for the calculation. If, instead

of using the 300 data points: it is assumed that the data represent an
infinite sample, then the K factor for 99 percent of the population is
2.326. The value of the hot channel factor in this case is

F ,, = 1 + (2.326 x 0.050) = 1.1163
q

4
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which implies 100 percent confidence in the calculation. The values of

the K factor used above are taken from SCR-607.21 The same basic
techniques can be used to handle any situation involving variable confi-
dence, population, and number of points.

Having established statistical hot channel factors and statistical DNS
factors, we can proceed with the calculation in the classical manner.
The statistical factors are used to determine the minimum fraction of
rods protected, or that are in no jeopardy of experiencing a DNB at each

,

nuclear power peaking factor. Since this fraction is known, the maxi-
mun fraction in jeopardy is also known. It should be recognized that
every rod in the core has an associative DNB ratio that is substantially
greater than 1.0, even at the design overpower, and that theoretically
no rod can have a statistical population factor of 100 percent, no matter
how large its DNB ratio.

Since both the fraction of rods in jeopardy at any particular nuclear
power peaking factor and the number of rods operating at that peaking
factor are known, the total number of rods in jeopardy in the whole core
can be obtained by simple summation. The calculation is made as a
function of power, and the plot of rods in 'eopardy versus reactor over-
power is obtained (Figure 3.2-23). The summation of the fraction of reds
in jeopardy at each peaking factor summed over all peaking factors can
be made in a statistically rigorous manner only if the confidence for
all populations is identical. If an infinite sample is not assumed, the
confidence varies with population. To form this summation then, a con-
servative assumption is required. B&W's total core model assumes that
the confidence for all rods is equal to that for r.he least-protected rod,
i.e., the minimum possible confidence factor is associated with the
entire calculation.

The result of the foregoing technique, based on the maximum design condi-
tions (114 percent power), is this statistical statement:

There is at least a 99 percent confidence that at least 99.5
percent of the rods in the core are in no jeopardy of experiencing
a DNB, even with continuous operation at the design overpower.

The maximum design conditions are represented by these assumptions:

a. The maximum design values of Fah (nuclear max / avg total
fuel rod heat input) are obtained by increasing the maximum
calculated value of Fah by a factor of 1.033 to provide
additional design margin.

b. The maximu= value of F (nuclear max / avg axial fuel rod heat
input) is determined fEr the limiting transient or steady
state condition.

c. Every coolant channel in the core is assumed to have less than
the nominal flow area represented by engineering hot channel i

area factors, F , less than 1.0.
A

O
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\s_/ d. Every enannel is assumed to receive the minimum flow
associated with core flow maldistribution.

e. Every fuel red in the core is assumed to have a heat input
greater than the maximum calculated value. This value is
represented by engineering hot channel heat input factors,

Eq and E . which are greater than 1.0.q

f. Every channel and associated fuel rod has a heat transfer
margin above the experimental best-fit limits reflected in
DSB ratios greater than 1.0 at maximum overpower conditions.

The statistical core design technique may also be used in a similar man-
ner to evaluate the entire core at the most probable mechanical and
nuclear conditions to give an indication of the most probable degree of
fuel element jeopardy. The result of the technique based on the most
probable design conditions leads to a statistical statement which is a
corollary to the maximum design statement:

There is a; least a 99 percent confidence that at least 99.9
percent of the rods in the core are in no jeopardy of experiencing
a DSB, even with continuous operation at the design overpower.

The most probable design conditions are assumed to be the same as the
maxitum design conditions with these exceptions:,-s

/ )\~ / a. Every coolant channel is assumed to have the nominal flow

area (FA = 1.0).

b. Every fuel rod is assumed to have (1) the maximum calculated
value of heat input, and (2) E and F ,. are assigned valuesq q
of 1.0.

c. The flow in each coolant channel is based on core flow anc
power distributions.

d. Every fuel rod is assumed to have a nominal value for Fih
nuclear.

The full meaning of the maximum and most probable design statements
requires additional comment. As to the 0.5 percent or 0.1 percent of
the rods not included in the statements, statistically, it can be said
that no more than 0.5 percent or 0.1 percent of the rods will be in
jeopardy, and that in general the number in jeopardy will be fewer than
0. 5 percent or,0.1 percent. The statements do not mean to specify a
given number of DSU's but only acknowledge the possibility that a given
number could occur for the conditions assumed.

In summary, the calculational procedure outlined here represents a sub-
stantially improved design technique in two ways:

/7
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a. It reflects the performance and safety of the entire core in
the resultant power rating by considering the effect of each
rod on the power rating.

b. It provides information on the reliability of the calculation
and, therefore, the core through the statistical statement.

3.2.3.2.3 Correlation of Heat Transfer Data

The BAW-168 report (Reference 18) serves as a reference for the "best-fit"
forn of the design relationship used by B&W. This heat transfer corre-
lation has been found to be the most satisfactory in the representation
of both uniform and nonuniform heat flux test data. The BAW-168 correla-
tion is used by comparing the integrated average heat flux along a fuel
rod to a DNB heat flux limit predicted by the correlation. For uniform
heat flux the integrated average heat flux is equal to the local heat
flux. The comparison is carried out over the entire channel length.
The point at uhich the ratio of the DNB heat flux to the integrated
average heat flux is a minimum is selected as the DNB point, and that
value of the ratio at that point is the DNB ratio (DNBR) for that channel.

This particular discussion deals with the comparison of DNB data to
three particular correlations. The correlations selected were the B&W
correlation in the case of BAW-168, (Reference 18) a correlation with
which the industry is familiar in the case of WAPD-188,22 and a correla-
tion recently proposed for use in the design of pressurized water
reactors in the case of W-3.23

The data considered for the purpose of these comparisons were taken from
the following sources:

WAPD-188 (Reference 22)a.

24b. AEEW-R213

c. Columbia University Data 25,26,27

d. Argonne National Laboratory Data, A';L

29The Babcock & Wilcox Company Data, B&We.

f. The Babcock & Wilcox Company Euratom Data 30

The comparison of data to the BAW-168 correlation is presented as histo-
grams of the ratio of the experimental DNB heat flux (C ) to the calculated

Eheat flux (O ). The data from each source were grouped by pressureC
and analyzed as a group; batches were then prepared including common
pressure groups from all sources. Altogether there are 41 different data
groups and batches considered. Histograms for only the BAW-168 correlation
are presented to minimize the graphical material. The information required
for the generation of histograms of the other two correlations was also
prepared.

- ,
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IThe comparison of the various correlations to each other is facilitated
:through the use of tabulations of pertinent statistical parameters. The |

standard deviation and mean value were obtained from the computed valuesi

of (C / C) for each group or batch. A comparison of standard deviationsE
,

is somewhat indicative of the ability of the correlation to represent
the data.

!
!However, differences in mean values from group to group and correlation

to correlation tend to complicate this type comparison. A relatively
simple method may be used to compare the correlations for various data;
this method uses the coefficient of variation (Reference 31) which is the
ratio of the standard deviation (a) to the mean X. The coefficient of
variation may be thought of as the standard deviation given in percent;
it essentially normalizes the various standard deviations to a common
mean value of 1.0. |

|

; ~ Table 3.2-15 is a tabulation of the data source, heat flux type, and cor- !1

responding histogram numbers. The histograms are shown on Figures i
3.2-24 through 3.2-39.-

|

The histograms graphically demonstrate the distribution of (C /9 ) forE Ceach data group. The Gaussian type distribution of (CE/0 ) about theC
mean for the group is apparent in the large data groups. Some data
groups are too small to provide meaningful histograms, but they are pre-
sented in order to complete this survey.%

! The data were used as presented in the source for the calculation of
(C /9 )I n Points were discarded for any reason. A good correlationE C
should be capable of representing DNB data for a full range of all perti-
nent parameters. The result of the comparison on this basis is demonstrated
in Table 3.2-15. The data source, pressure, histogram figure number,
heat-flux type, and number of data points in the group are tabulated.
For each of the three correlations the following data are indicated:

a/i The coefficient of variation based on all available data in
the group.

nR The number of data points rejected using Chauvenet's crite-
rion32 This criterion is statistical in nature and is
applied to the values of (C I'C). Data points that fallEoutside certain limits with respect to the main body of data
are rejected.

'

s

a now
i VV4V/
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tub;.L 3.2-13

dEAI TIJC:SFER TEST DATA

liis t og rar Figure
Source Heat Flux Type Nur.ber ; umber

WJ.PD-186 Uniform 1-9 3.2-24

3.2-25
3.2-26

AEEN-R-213 Uniform 10-14 3.2-26
3.2-27
3.2-28

Columbia Uniform 15-19 3.2-28
3.2-29
3.2-30

ANL Uniform 20 3.2-30
B&W Uniform 21 3.2-31

L&h-Euratom Uniform 22-24 3.2-31
3.2-32

Combined Data (500-720 psia) Uniform 25 3.2-32

Combined Data (1,000 psia) Uniform 26 3.2-33

Combined Data (1,500 psia) Uniform 27 3.2-34

Combined Data (2,000 psia) Uniform 28 3.2-35
Combined Data (1.750-2,750

psia) Uniform 29 3.2-36

L&W-Euratom Chopped Cosine Nonuniform 30-32 3.2-37

B&W-Euratom and B&W Inlet Peak :;onuniform 33-35 3.2-37
3.2-38

Euratom and L&W Outlet Peak Sonuniform 36-38 3.2-38
3.2-39Combined Nonuniform (1,000

psia) Nonuniform 39 3.2-39
Cembined Nonuniform (1,500

psia) Nonuniform 40 3.2-39
Cctbined Nonuniform (2,000

psia) :;onunifor= 41 3.2-39

O-

.q.
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fl Reactor Design
( )
'# (a/f)' The coefficient of variation based on the original data

sample less those points rejected by Chauvenet's criterion,
i.e., based on n-n v lues of (C I0 }'R E C

It is unfortunate that Chauvenet's criterion must be applied to the
values of (0 / C) rather than to the original data, since application to
(9 Io ) lead to the rejection of points for either of two reasons:E C

a. Bad data points.

b. Inability of the correlation to represent a particular data
point.

It is not desirable to reject points for the second reason, and yet one
might expect to encounter some bad data. The logical choice then is to
present data both ways, i.e., with and without Chauvenet's criterion
applied. Of the 41 groups and batches analyzed the following is observed
from Table 3.2-13:

Groups and Batche_s of Data Groups and Batches _of Data
With Smallest e/X Without With Smallest a/X With

Correlation Chauvenet's Criterion Chauvenet's Criterion
,m BAW-168 38 36
( j WAPD-188 2 3'# W-3 1 2

Chauvenet's criterion rejected the following number of points for each
correlation:

Uniform Nonuniform Total

BAW-168 (Groups Only) 32 1 33
EAW-168 (Batches only) 39 0 39
WAPD-188 (Groups Only) 34 2 36
WAPD-188 (Batches Only) 33 0 33
W-3 (Groups Only) 59 12 71
w-3 (Batches Only) 50 9 59

*

Several notable peculiarities exist in the tabulation of Table 3.2-16.
The Columbia ddta '00 psia group contained only five data points; four
were rejected by Chauvenet's criterion, leaving one point. A s tandard
deviation cannot be computed for one point; therefore all three values
of (a/ 5)' are shown as not available (N.A.). Neither the BAW-168 nor
the WAPD-188 predicted any negative DNB heat fluxes; the W-3 predicted
93 negative values for uniform data. The fact that only 59 were

;o rejected for this correlation indicates that the remaining 34 uniform
i ,is
"

0757
3.2-47
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Reactor Design

points which were negative (93-59 - 34) were close enouch to the body
of the data to be considered statistically significant. Table 3.2-16
may be consolidated somewhat as below by tabulating the number of groups
and batches of data having coefficients of variation within a speciffed
interval for each correlation.

_

(o / x )'
Interval BAW-168 BAW-168'* WAPD-188 WAPD-188'* W-3 W-3'*

,

Negative 0 0 0 0 2 0
0-0.1 6 6 0 0 0 1
0.1-0.2 24 24 13 13 1 5
0.2-0.3 S 8 7 8 3 1
0.3-0.4 1 0 3 4 1 2
0.4-0.5 1 0 5 7 5 6
0.5-0.6 0 0 6 5 3 4
0.6-0.7 0 0 3 2 1 1
0.7-0.8 0 0 2 1 7 8
0.8-0.9 1 0 0 0 1 5
0.9-1.0 0 0 0 0 1 0
Greater

than 1.0 0 0 2 0 16 7

Total 41 40 41 40 41 40

* Chauvenet's criterion applied.

As is seen from the tabulation the column for BAW-168 with Chauvenet's
criterion applied indicates a grouping of 0.1 to 0.2, and a maximum
value of 0.28780 is noted from Table 3.2-16. For WAPD-188 the spread is
greater with a maximum value of 0.74018. For W-3 the spread is still
greater, and a maximum value of 1.7483 is noted. The negative values
of DSB heat flux predicted by the W-3 correlation are in part responsible
for the large spread in (e/2)'.

The ability of the BAU-168 correlation to fit both uniform and nonuni-
form heat flux data over a wide range of pertinent variables leads us to
believe that is is the best DNB correlation available.

3.2.3.2.4 Evaluation of the Thermal and Hydraulic Design

a. Hot Channel Coolant Quality and Void Fraction

An evaluation of the hot channel coolant conditiens provides
additional confidence in the thermal design. Sufficient
coolant flow has been provided to ensure low quality and void

'J U ' ' '-
3.2-48 '
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Histogram lica t Flux
Source Pressure No. Type

WAPD-188 500 1 Uniform 1
WAPD-188 600 2 Uniform |
WAPD-188 1000 3 Uniform
WAPD-188 1500 4 Uniform
WAPD-188 1750 5 Uniform
WAPD-188 2000 6 Uniform
WAPD-188 2250 7 Uniform
WAPD-188 2500 8 Uniform |
WAPD-188 2750 9 Uniform

AEEW R213 560 10 Uniform
AEEW-R213 720 11 Uniform
AEEW R213 1000 12 Uniform
AEEW-R213 1200 13 Uniform
ACEW-R213 1500 14 Uniform

Columbia 500 15 Uniform
Columbia 720 16 Uniform

| Columbia 1000 17 Uniform
Columbia 1200 18 Uniform
Columbia 1500 19 Uniform

! ANL 2000 20 Uniform

B&W 2000 21 Uniform
|

Euratom 1000 22 Uniform
Euratom 1500 23 Uniform
Euratom 2000 24 Uniform

i combined 500-720 25 UniformI
Combined 1000 26 Uniform
Combined 1500 27 Uniform
Combined 2000 28 Uniform
Combined 1750-2750 29 Uniform

f Euratom 1000 30 Chopped Cosi
Euratom 1500 31 Chopped Cosi-
Euratom 2000 32 Chopped Cosil

B&W & Euratom 1000 33 Inlet Peak
B&W & Euratom 1500 34 Inlet Peak
B&W 6 Euratom 2000 35 Inlet Peak )
B&W & Euratom 1000 36 Outlet Peak

i B&W & Euratom 1500 37 Outlet Peak
B&W & Euratom 2000 38 Outlet Peak

Combined 3000 39 Non-Uniform
, combined 1500 40 Non-Uniform
( Combined 2000 41 Non-Uniform

0261
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TABLE 3.2-16
COMPARISON OF llEAT TRANSFER TEST DATA Reactor Design j

BAW-168 WAPD-188 W-3 'I

Number of -.
'

Data Points CD-. M' @
_.

,

n ng R "R
57 0.22792 0 -- 0.74018 0 -- 1.6785 2 1.7483

146 0.24525 1 0.23373 0.60506 5 0.54011 0.89407 3 0.81663 }164 0.27351 1 0.26755 0.53793 4 0.50000 0.75947 0 -- 1

46 0.13390 3 0.10537 0.30489 0 -- 0.44994 0 --

30 0.076698 0 -- 0.18176 0 -- 0.34816 0 --

371 0.13529 4 0.12480 0.23113 6 0.20482 5.1493 7 0.79051 !
9 0.081572 0 -- 0.15613 0 -- 0.17494 0 --

{9 0.081763 0 -- 0.16477 0 -- 0.23851 1 0.19424
9 0.057343 0 -- 0.11820 0 -- 0.24127 0 --

148 0.26674 3 0.23709 0.61784 0 -- 2.9296 1 1.4097
33 0.18958 0 -- 0.50684 2 0.43312 2.3964 3 1.3510

322 0.20439 3 0.19366 0.50541 0 -- 6.3726 3 1.4589
18 0.15915 0 -- 0.42712 0 -- 0.58600 0 --

104 0.12956 2 0.079859 0.28924 1 0.27054 0.28314 15 0.090829

5 0.13704 4 N.A. 0.12752 4 N.A. 0.91541 4 N.A.
29 0.16308 0 -- 0.51437 0 -- 0.58437 0 --

281 0.80468 6 0.18678 12.009 6 0.43991 0.45519 0 --

15 0.12211 0 -- 0.29242 0 -- 0.46815 0 --

80 0.21043 3 0.12241 0.69765 3 0.24029 1.5097 3 0.11183

232 0.10271 2 0.092803 0.19348 2 0.17973 3.6745 14 0.52340 I

21 0.058701 0 -- 0.13647 1 0.11792 -24.400 3 1.1838

18 0.13104 0 -- 0.47611 0 -- 0.77404 0 --

18 0.094606 0 -- 0.30104 0 -- 0.47690 0 --

14 0.12106 0 -- 0.19650 0 -- 1.6369 0 --

418 0.31215 5 0.28780 0.72108 10 0.65124 2.7046 2 1.4052
185 0.47694 9 0.24909 17.834 8 0.56791 4.1325 3 0.88632
144 0.19631 4 0.14211 0.57512 3 0.31718 1.2237 3 0.31754
638 0.14976 4 0.14251 0.24186 8 0.21986 5.2840 21 0.81792 4

! 695 0.18236 17 0.14913 0.24463 4 0.23227 5.1401 21 0.81288
I

Be 14 0.17017 0 -- 0.48187 0 -- 0.72772 0 -- I
he 13 0.2122 0 -- 0.24251 0 -- 0.66671 0 -- |
Be 13 0.13652 0 -- 0.19268 0 -- -5.7922 3 0.16023 I

16 0.19273 0 -- 0.42785 0 -- 0.70580 0 --

*

12 0.13427 1 0.10703 0.18121 0 -- 0.72369 0 --

32 0.13755 0 -- 0.17637 0 -- 4.4474 5 0.81144
1

12 0.23023 0 -- 0.55501 2 0.14656 0.74323 0 -- |
16 0.16799 0 -- 0.30113 0 -- 0.45609 0 --

36 0.13481 0 -- 0.16799 0 -- 1.0478 4 0.10233

42 0.20445 0 -- 0.49656 0 -- 0.71082 0 --

41 0.17435 0 -- 0.25368 0 -- 0.58846 0 --

81 0.17846 0 -- 0.17621 0 -- 9.6963 9 0.46885

nom :
7 Vi / V
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/~'}-_ 'g j The results are as follows:

Flow, % Pressure, psig Core Void Fraction. %

100 2,185 0.007
100 2,120 0.033

95 2,185 0.041
95 2,120 0.127

,

The most conservative condition of 95 percent flow at 2,120
psig results in no more than 0.13 percent void volume in thea

core. Conservative maximum design values for Fah nuclear
; described by Line A of Figure 3.2-12 were used to make the

calculation.

33
Thevoidprog4 ram uses a combination of Bowring's model
with Zuber's correlation between void fraction and quality.
The Bowring model considers three different regions of
forced convection boiling. They are:

'
(1) Highly Subcooled Boiling

In this region the bubbles adhere to the wall while
fs moving upward through the channel. This region is
( )g terminated when the subcooling decreases to a point

where the bubbles break through the laminar sublayer,

'

and depart from the surface. The highly subcooled
7 region starts when the surface temperature of the fuel
"

reaches the surface temperature predicted by the Jens
and Lottes equation. The highly subcooled region
ends when

(1)
"sat - bulk "

V

i where
,

0 = local heat flux, Stu/hr-ft'

9 = 1.863 x 105 (14 + 0.0068p)

V = velocity of coolant, ft/sec
&

p = pressure, psia -

Thevoidfractionintg3is region is computed in the
same manner as Maurer, except that the end of the
region is determined by Equation (1) rather than by a

.

G(''N
4

0263 6 >
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Reactor Design

vapor layer thickness. The nonequilibrium quality at
the end of the region is computed from the void fraction
as follows:

x*= 1 (2)
1 + -1

where

xg=nonequilibriumqualityat end
of Region 1

d = v id fraction at T -Ta
sat bulk "

3Pf = liquid component density, lb/ft

3Pg = vapor component density, lb/ft

(2) Slightly Subcooled Boiling

In this region the bubbles depart from the wall and are
transported along the channel (condensation of the
bubbles is neglected). This region transcends to
point where the thermodynamic quality is zero. In
general, this is the region of major concern in the
design of pressurized water reactors.

The nonequilibrium quality in this region is computed
from the following formula:

*
P

x*=xy+ (0-O gg) dzmb
8 (1 E)v

zd

where
x* nonequilibrium quality in=

Region 2

h latent heat of vaporization,=

f3 Btu /lb

fraction of the heat flux above1 =

1+c the single phase heat flux that
actually goes to producing voids

Ogp = single phase heat flux,
Btu /hr-ft

07.64
3.2-52
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6 = mass flow rate, lb/hr

P = heated perimeter, ft
h

z = channel distance, ft

The void fraction in this region is computed from

x*
a= (4)

- -

38.3 A P - agg (P - P )~ 1/4g 8 c f EC x* + P /Pg (1 - x*) +n g
- - 2m p

f

where

g=accelegationduetogravity,
i ft/sec

ge = constant in Newton's Second
Law =

32.17 lb m ft

lb f secZ,

!

C = Zuber's distribution parameter

2Ag = flow area, ft

e = surface tension

Equation (4) results from rearranging equations found
in Reference 34 and assuming bubbly turbulent flow in )
determining the relative velocity between the vapor and

.

,

] the fluid. Zuber has shown that Equation (4) results in !
; a better prediction of the void fraction than earlier

models based on empirical slip ratios, i

1

(3) Bulk Boiling
i

In this region the_ bulk temperature is equal to the
saturation temperature, and all the energy transferred-

to the fluid results in net vapor generation. Bulk
boiling begins when the thermodynamic (heat balance)
quality, x, is greater than the nonequilibrium quality,

; x*. 'The void fraction in this region is computed
~

,

using Equation (4) with the thermodynamic quality, x,.

I. replacing x*.

c. Coolant Channel Hydraulic Stability

A flow regime map was constructed to evaluate channel'

-hydraulic stability. The transition from bubbly to annular
. fm| )

: a
'

. ro
v V L. # /

07.66
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36flow at high mass velocities was determined using Baker's
correlation, and the transition from bubbly to slag flow
which occurs at low mass velocities was determined with
Rose's37 correlation. The transition from gug flow to
annular flow was determined by Haberstroh's correlation.

39Bergles found that these correlations, which were
developed from adiabatic data, are adequate for locating flow
regime transitions with heat addition, and that they ade-
quately predict the effects of pressure. Figcre 3.2-42
shows the flow regime map on which has been plotted a point
representing operating conditions in the hot channel at 114
percent overpower. To aid in assessing the conservatism of
the design, an additional point is plotted at 130 percent
overpower. Inspection shows that both points lie well
within the bubbly flow regime. Since the bubbly flow
regime is hydraulically stable, no flow instabilities should
occur. This flow regime map was prepared for the hot unit
cell at the maximum design condition characteristics outlined
in 3.2.3.1.1.

The confidence in the design is based on both experimental
results obtained in multiple rod bundle burnout tests and
analytical evaluations. Three additional flow regime maps
were constructed for nominal and postulated worst case
conditions to show the sensitivity of the analysis with
respect to mass flow rate, channel dimensions and mixing
intensity in unit, corner, and wall-type cells. The results
are shown in Figures 3.2-43, 3.2-44, and 3.2-45. The mass
velocity and quality in each type of channel for the two
cases are plotted on the figures. The conditions assuried
for the nominal and postulated worst case are given in
3.2.3.2.4 j.

Data from the burnout tests performed by B&W on a 9-rod
bundle simulating the core geometry are also plotted on the
maps. The open data points on the maps represent the exit
conditions in the various type channels just previous to
the burnout condition for a representative sample of the
data points obtained at the design operating pressure of
2,200 psia. In all of the bundle tests the pressure drop,
flow rate, and rod temperature traces were steady and did not
exhibit any of the characteristics associated with flow
instability.

Inspection of these maps shows that the nominal conditions
are far removed from unstable flow regimes. The evaluation
also shows that under the worst canditions that have been
postulated the reactor will be operating in the hydro-
dynamically stable, bubbly flow regime.

Q'|$b
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) d. Hot Channel DNB Comparisons

DNS ratios for the hottest channel have been determined for
the BAW-168 and W-3 correlacions. The results are shown
in Figure 3.2-46. DNB ratios for both correlations are
shown for the 1.50 axial max / avg symmetrical cosine flux
shape from 100 to 150 percent power. The BAW-168 DNB ratio
at the maximum design power of 114 percent is 1.38; the cor-
responding W-3 value is 1.72. This compares with the sug-
gested W-3 design value of 1.3. It is interesting to note
that the calculated DNB ratio reaches a value of 1.0 at
about 150 percent power with the BAW-168 equation which
adequately describes DNB at the high quality condition of
20 percent. The W-3 calculation is accurate to about 130
percent power, but 'vecause of quality limitations it cannot
be used to examine the channel at the 150 percent power
condition.

The sensitivity of DNB ratio with Fah and Fz nuclear was
examined from 100 to 114 percent power. The detailed results
are labeled in Figure 3.2-46. A cosine flux shape with an
Fz of 1.80 and an Fah of 1.85 results in a N-3 DNB ratio of
1.45 and a BAW-168 ratio of 1.33. The W-3 value is well
above suggested design values, and the BAW-168 value of 1.33
corresponds tc a hot channel confidence of 99 percent that

f-~s about 93 percent of the population is in no jeopardy as
( l shown in the Population-DNB ratio plot in 3.2.3.2.2,
\'- Statistical Core Design Technique.

The influence of a change in Fah was determined by analyzing
the hot channel for an Fah of 2.035. This value is 14
percent above the maximum calculated value of 1.79 and 10
percent above the naximum design value of 1.85. The
resulting BAW-168 DNB ratio is 1.22 and the W-3 value is
1.26. Both of these values are well above the correlation
best-fit values of 1.0 for the severe conditions assumed.

e. Reactor Flow Effects

Another significant variable to be considered in the evalua-
tion of the design is the total system flow. Conservative
values for system and reactor pressure drop have been
determined to ensure that the required system flow is
obtained in the as-built plant. The experimental programs
previously outlined in Section 1 will confirm the pressure
drop and related pump head requirements. It is anticipated
that the as-built reactor flow will exceed the design value
and will lead to increased power capability.

1
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An evaluation of reactor core flow and power capability uas
made by determining the maximum steady state power rating
versus flow. The analysis was made by evaluatine the hot
channel at the overpower conditions while maintaining (a) a
DNB ratio of 1.38 (SAW-168), and (b) the statistical core
design criteria. The results of the analysis are shown in
Figure 3.2-47. The power shown is the 100 percent rating,
and the limiting condition is 114 percent of the rated power.
An exanination of the slope of the curve indica,tes stable
characteristics, and a 1 percent change in flow changes the
power capability by only about 1/2 percent.

f. Reactor Inlet Temperature Effects

The influence of reactor inlet temperature on power capability
at a given flow was eva'luated in a similar manner. A varia-
tion of 1 F in reactor. inlet temperature will result in a
power capability change of slightly less than 1/2 percent.

g. Fuel Temperature

A fuel temperature and gas pressure computer code was
developed to calculate fuel temperatures, expansion, densi-
fication, equiaxed and columnar grain growth, center niping
of fuel pellets, fission gas release, and fission gas
pressure. Program and data comparisons were made on the
basis of the fraction of the fuel diameter within these
structural regions:

(1) Outer limit of equiaxed grain growth - 2,700 F.

(2) Outer limit of columnar grain growth - 3,200 F.

(3) Outer limit of molten fuel (UO ) - 5,000 F.
2

Data were used to compare calculated and experimental
fractions of the rod in grain growth and central melting.

The radial expansion of the fuel pellet is computed from
the mean fuel temperature and the average coefficient of
linear expansion for the fuel over the temperature range
considered. This model combined eith the model for calculat-
ing the heat transfer coefficient was compared with the
model developed by Notley et al*" of AECL. The difference in
fuel grewth for the two calculation models was less than
the experimental scatter of data.

The fuel may be divided into as many as 30 radial and 70
axial increments for the analysis. An iterative solution
for the temperature distribution is obtained, and the thermal

0?eS
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conductivity of the fuel is input as a function of tempera-
! ture. The relative thermal expansion of the fuel and
+ cladding-is taken into account when determining the

temperature drop across the gap between the fuel and
! cladding surfaces. The temperature drop across the gap is
; a function of width, mean temperature, at.d gas conductivity.

The conductivity of the gas in the gap is. determined as a
function of burnup and subsequent release of fission product

; gases. In the event of fuel clad contact, centact coefficients
are determined on the basis of methods suggested by Ross
and Stoute45 The contact coefficient is determined as a
function of the mean conductivity of the interface materials,'
the contact pressure, the mean surface roughness, the
material hardness, and the conductivity of the gas in the

; gap.
I

The analytical model computes the amount of central void,

, expected whenever the temperature approaches the threshold
'

temperature for fuel migration, and readjusts the density
according to the new geometry.

The program uses a polynominal fit relationship for fuel
thermal conductivity. Three relationships were used to
evaluate the effects of conductivity. A comparison of

O thesecogguctivityrelationshipswiththereferencedesign
CVNA-142 is shown in Figure 3.2-48. The values suggested
in GEAP-462447 and CVNA-24648 are very similar up to 3,000
F, and the former values are more conservative above 3,000 F.
McGrath48 concludes that the CVNA-246 values are lower
limits for the high temperature conditions. Fuel center

< temperatures for all three of the conductivity relationships
at the peaking factors given in 3.2.3.1.2 have been calculated
to evaluate the margin to central melting at the maximum
overpower and to show the sensitivity of the calculation
with respect to thermal conductivity. Since the power
peaks will be burned off with irradiation, the peaking
factors used are conservative at end-of-life. ;

|

Results '

The results of the analysis with the methods described above
are shown in Figures 3.2-49 and 3.2-50 for beginning and end-
of-life conditions. The beginning and end-of-life gas |

2conductivity values are 0.1 and 0.01 Btu /hr-ft -F respectively.
The calculated end-of-life center fuel temperatares ares

higher than the beginning-of-life values because of the
reduction in the conductivity of the gas in the gap. The !
effect is apparent even though a contact condition prevails.

' The calculation does not include the effects of fuel swelling
1

4
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due to irradiation. The calculated contact pressures are
conservatively lower than those expected at end-of-life
conditions in the hottest fuel rods, and the fuel tempera-
tures shown in the above figures are conservatively higher.

The B&W model gives very good results when compared to the
results of others in the field as is shown in Figure 3.2-50.
In the linear heat range of most interest, i.e., approxi-
nately 20 kw/ft, there is only about 300 F difference

between the maximum and minimum values calculated. Also
the small differences between the B&W curve and the other
curves indicate the relative insensitivity of the results
to the shape of the conductivity at the elevated tempera-
tures.

The most conservative assumptions, using GEAP-4624 data with
relatively little increase in thermal conductivity above
3,000 F, result in central fuel melting at about 22 kw/ft,
which is 2 kw/ft higher than the maximum design value of
19.9 kw/ft at 114 percent power. Further evaluation of the
two figures shows that central fuel melting is predicted to
occur between 22 and 26 kw/ft depending on the time-in-life
and conductivity assumptions.

The transient analyses at accident and normal conditions have
been made using the GEAP-4624 fuel thermal conductivity
curve to reflect a conservative value for the maximum
average temperature and stored energy in the fuel. Use of
this curve results in a higher temperature and therefore a
lower Doppler coefficient, since it decreases with tempera-
ture. Thus the resultant Doppler effect is also conserva-
tive.

h. Fission Gas Release

The
GEAP-4596.*9fissiop gas release is based on results gported inAdditional data from GEAP-4314 , AECL-60351,
and CF-60-12-1452 have been compared with the suggested
release rate curve. The release rate curve"9 is representa-

i

tive of the upper limit of release data in the temperature !

region of most importance. A design release rate of 43
)percent and an internal gas pressure of 3,300 psi are used l

to determine the fuel clad internal design conditions
reported in 3.2.4.2, Fuel Assemblies.

1

1The design values for fission gas release from the fuel and
for the maximum clad internal pressure were determined by
analyzing various operating conditions and assigning suitable
margins for possible increases in local or average burnup
in the fuel. Adequate margins are provided without utilizing

O
CZ20 '-
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1 the initial porosity voids present in the UO, fu el . A
detailed analysis of the design assumptions for fission gas
release, and the relationship of burnup, fuel growth, and
initial diametral clearance between the fuel and clad, are<

summarized in the following paragraphs. An evaluation of [the effect of having the fuel pellet internal voids available
as gas holders is also included.

,

(1) Design Assumptions,

(a) Fission Gas Release Rates

| The fission gas release rate is calculated as a
, function of fuel temperature at the design over-
| power of 114 percent. The procedures for

calculating fuel temperatures are discussed in
3.2.3.2.4 g. The fission gas release curve and
the supporting data are shown in Figure 3.2-51.
Most of the data is on or below the design release.

rate curve. A release rate of 51 percent is used
,

; for the portion of the fuel above 3,500 F. The
fuel temperatures were calculated using the

'

GEAP-4624 fuel thermal conductivity curve to
obtain conservatively high values for fuel tempera-
tures.

( (b) Axial Power and Eurnup Assumptions

The temperature conditions in the fuel are

determined for the most severe axial power peaking
expected to occur. Two axial power shapes have

i been evaluated to determine the maximum release
L rates. These are 1.50 and 1.70 max / avg shapes as

shown in Figure 3.2-11 and repeated as part of
Figure 3.2-52 of this analysis. The quantity of

; gas released is found by applying the temperature-i related release rates to the quantities of fission
gas produced along the length of the hot fuel rod.,

.

The quantity of fission gas produced in a given
j axial location is obtained from reactor core axial

region burnup studies. Three curves shosing the
axial distribution of burnup as a local to average
ratio along the fuel rod are shown in Figure
3.2-52. Values of 100, ?b. and 930 days of,

operation are shown.

! The 930-day, or end-of-life condition, is the
| condition with the maximum fission gas inventory.

:
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the initial porosity voids present in the UO fuel. A9
; detailed analysis of the design assumptions for fission gas
i release, and the relationship of burnup, fuel growth, and

initial diametral clearance between the fuel and clad, are
summarized in the following paragraphs. An evaluation of,

the effect of having the fuel pellet internal voids available
t

as gas holders is also included.

(1) Design Assumptions-

i

(a) Fission Gas Release Rates4

The fission gas release rate is calculated as a
a function of fuel temperature at the design over-

power of 114 percent. The procedures for
; calculating fuel temperatures are discussed in

3.2.3.2.4 g. The fission gas release curve and;

2

the supporting data are shown in Figure 3.2-51.
Most of the data is on or below the design release
rate curve. A release rate of 51 percent is used
for the portion of the fuel above 3,500 F. The
fuel temperatures were calculated using the
GEAP-4624 fuel thermal conductivity curve to
obtain conservatively high values for fuel tempera-
tures.

() (b) Axial Power and Burnup Assumptions

: The temperature conditions in the fuel are
determined for the most severe axial power peaking
expected to occur. Two axial power shapes have

<

been evaluated to determine the maximum release
rates. These are 1.50 and 1.70 max / avg shapes as
shown in Figure 3.2-11 and repeated as part of

i Figure 3.2-52 of this analysis. The quantity of
gas released is found by applying the temperature-
related release rates to the quantities of fission
gas produced along the length of the hot fuel rod.,

I

The quantity of fission gas produced in a given
; axial location is obtained from reactor core axial

region burnup studies. Three curves showing the
axial distribution of burnup as a local to average
ratio along the fuel rod are shown in Figure
3.2-52. Values of 100, 300, and 930 days of,

operation are shown.

The 930-day, or end-of-life condition, is the
condition with the maximum fission gas inventory.

I
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i
j (d) Fuel Grouth Assumptions

The fuel growth was calculated as a function of
burnup as indicated in 3.2.4.2.1. Fuel nellet
dimensions in the thermal temperature and gas
release models were increased to the end-of-life
conditions as determined above.

(e) Gas Conductivity and Contact Heat Transfer
Assumptions

The quantity of fission gas released is a function
of fuel temperature. The temperatures are influenced
by three factors: (a) the conductivity of the
fission gas in the gap between the fuel and clad,
(b) the diametral clearance between fuel and clad,
and (c) the heat transfer conditions when the
fuel expands enough to contact the clad.

A gas conductivity of 0.01 Bru/hr-ft -F based on
; 43 percent release of fission gas at the end-of-

life condition was used in the analysis. Diametral
clearances of 0.0025 to 0.0075 in, reflecting
minimum and maximum clearances after fuel growth
were analyzed. The contact heat transfer
coefficients were calculated as suggested in

|Reference 48. '

i |

(2) Summary of Results

The fission gas release rates were determined in the
|

first evaluation. Rates *.cere found for various cold
diametral clearances and axial cower peaking and
burnup shapes. The results are shown in Figure 3.2-53.
The lowest curve is the expected condition for a 1.70
axial power shape with a 930-day axial burnuo distribu-
tion as shown in Figure 3.2-52. The increase in release
rate with diametral clearance results from the fact
that the fuel temperature must be raised to higher

1 values before contact with the fuel clad is made. The
release rate at the minimum clearance of 0.0025 in.
is 19 percent. This is the condition that produces
the maximum clad stress due to fuel growth with irradia-
tion. The assembly of maximum size pellets with minimum,

internal diameter cladding will produce this condition
after fuel growth. In the event a few hot pellets have
the maximum diameter and the remainder have the
minimum diameter, then the average cold gap would be
0.0035 in. producing a slightly larger releise rate.

0273 .,
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The release rate of 33 percent for the maximum diametral
clearance will not occur with the maximum stress condi-
tion due to fuel growth, since the fuel can grow into
the clearance.

Two additional cases were examined to check the sensi-
tivity of the calculations to axial power and burnup
shapes. The results are shown by the upper two curves
in Figure 3.2-53. The top curve is a plot of the
release rates when it is assumed that both the axial
power and burnup inventory of fission gas are distributed
with a 1.70 max / avg ratio as shown on Figure 3.2-52.
Similar results are shown for the 1.50 max / avg ratio.
These curves show the release rates expected are not
strongly influenced by the various power and burnup
shapes.

The second evaluation shows the resulting internal
pressures due to the release of fission product gases.
Plots of pressures for the expected 930-day axial
burnup distribution and a 1.70 max / avg axial power
shape are shown in Figure 3.2-54. The lower curve
is a plot of internal gas pressure with open pores
(five percent of the fuel volume is available to hold
the released gas). The upper data band is for a
closed pore condition with all released gas contained
outside the fuel pellets in spaces between the expanded
dished ends of the pellets, the radial gaps (if any),
and the void spaces at the ends of the fuel rods. The

band of data shown reflects the effect of fuel densifi-
cation and grain growth described in 3.2.3.2.4. The
upper limit is for an ideal thermal model without
grain growth or densification; the lower limits are for

the design model. The calculation of the maximum pres-
sure is also relatively insensitive to the axial burnup
distribution as shown by the dashed line in Figure
3.2-54 for a 1.50 maximum to average axial power and
burnup shape. (This corresponds to a local burnup
peak of 57,000 Mwd /Mtu.)

The allowable design internal pressure of 3,300 psi is
well above the maximum values of internal pressures
cahulated for open or closed pellet pores, and the
maximum internal pressure should only occur with the
maximum diametral clearance condition. A modest increase
in average fuel burnup can be tolerated within the
prescribed internal pressure design limits.

Oen J U.VV
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It has been indicated in Reference 44 and in AECL-1598
that the UO fuel is plastic enough to flow under low3

stresses when the temperature is above 1,800 F. That
fraction of the fuel below this temperature may retain
a large portion of the original porosity and act as a
fission gas holder. The hottest axial locations
producing the highest clad stresses will have little if
any fuel below 1,800 F. However, the ends of the fuel
rods will have some fuel below this temperature. The
approximate fraction of the fuel below 1,800 F at over-
power for a 1.70 axial power shape is as follows for
various cold diametral clearances.

Clearance, Percent of Fuel
in. Below 1.800 F, %

0.0025 40
0.005 20
0.0075 5

The retention of fuel porosity in the low temperature
and low burnup regions will result in modest reductions

7' in internal gas pressure.
p

'"

i. Hot Channel Factors Evaluation

(1) Rod Pitch and Bowing

A flow area reduction factor is determined for the
as-built fuel assembly by taking channel flow area
measurements and statistically determining an equiva-
lent hot channel flew area reduction factor. A fuel
assembly has been measured with the results shown in
Table 3.2-12. In the analytical solution for a channel
flow, each channel flow area is reduced over its entire
length by the F fact r shown in Figure 3.2-21 for 99A
percent confidence. With a 99 percent confidence and
94.5 percent population relationshio described in
3.2.3.1.1 for the hot channel, the area reduction factor
is 0.992. The approximate limit of this factor is
obtained by examining the value in Figure 3.2-21 as
the population protected apnroaches 100 percent. F,

99.99percentofthepopulationnrotectedis0.9k3.at

The hot channel value is shown in Table 3.2-1.
i

Special attention is given to the influence of water
gap variation between fuel assemblies when determining

g
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rod powers. Nuclear analyses have been made for the
nominal and maximum spacing between adjacent fuel
assemblies. The nominal and maximum hot assembly fuel
rod powers are shown in Figures 3.2-55 and 3.2-56
respectively. The hot channel nuclear power factor
(Fah nuclear) of 1.85 shown in 3.2.3.1.1 is based on
Figure 3.2-56 for the maximum water gap between fuel
assemblies. The factor of 1.85 is a product of the hot
assembly factor of 1.69 times the 1.096 hot rad factor.
This power factor is assigned to the hottest fuel rod
which is analyzed for burnout under unit cell, wall
cell, and corner cell flow conditions.

(2) Fuel Pellet Diameter, Density, and Enrichment Factors

Variations in the pellet size, density, and enrichment
are reflected in coefficients of variation numbers 2
through 7 of Table 3.2-12. These variations have been
obtained from the measured or specified tolerances and
combined statistically as described in 3.2.3.2.2 to
give a power factor on the hot rod. For the hot
channel confidence and population conditions, this
factor, F is 1.008 and is applied as a power increase
overthehu,lllengthofthehot fuel rod. The local
heat flux factor, F ,,, for 99 oercent confidence andg
94.5 percent population is 1.013. These hot channel
values are shown in Table 3.2-11. The corresponding
values of Fg and Fne' with 99.99 percent population
protected are 1.017 and 1.03 respectively. A conserva-
tive value of F , of 1.03 for 99 percent confidence andq
99.99 percent population is used for finding the
maximum fuel linear heat rates as shown in 3.2.3.1.2.

These factors are used in the direct solution for
channel enthalpies and are not expressed as factors on
enthalpy rise as is often done. The coefficients of
variation will be under continuous review during the
final design and development of the fuel assembly.

(3) Flow Distribution Effects

Inlet Plenum Effects

The final inlet plenum effects will be determined from
the 1/6 scale model flow test now in progress. The
initial runs indicate satisfactory flow distribution.
Although the final nuclear analysis and flow test data
may show that the hot bundle positions receive average
or better flow, it has been assumed that the flow in

ift"b :Uc'7J
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~/ the hot bundle position is five percent less than
'

average bundle flow under isothermal conditions
corresponding to the model flow test conditions. An
additional reduction of flow due to hot assembly power,

' is described below.
'

Redistribution in Adjacent Channels of
; Dissimilar Coolant Conditions

The hot fuel assembly flow is less than the flow through '

j an average assembly at the same core pressure drop
| because of the increased pressure drop associated 91th
l- a higher enthalpy and quality condition. This effect

is allowed for by making a direct calculation for the,

hot assembly flow. The combined effects of upper and,

lower plenum flow conditions and heat input to the hot,

I assemblies will result in a hot assembly flow of about
85 to 95 percent of the average assembly flow depending
on the final plenum effects and assembly power peaks.
The worst combination of effects has been assumed in the

. initial design, and the hot assembly flow has been
! calculated to be about 85 percent of the average

assembly flow at 114 percent overpower. Actual hot
assembly flows are calculated rather than applying an
equivalent hot channel enthalpy rise factor.

'

Physical Mixing of Coolant Between Channels

The flow distribution within the hot assembly is
calculated with a mixing code that allows an inter-
change of heat between channels. Mixing coefficients
have been determined from multirod mixing tests. The
fuel assembly, consisting of a 15 x 15 array of fuel
rods, is divided into unit, wall, and corner cells as
shown by the heavy lines in Figure 3.2-55. The mixed
enthalpy for every cell is determined simultaneously
so that the ratio of cell to average assembly enthalpy
rise (Enthalpy Rise Factor) and the corresponding local
enthalpy are obtained for each cell. Typical enthalpy
rise factors are shown in Figures 3.2-55 and 3.2-56 for

i
cells surrounding the hottest fuel rod located in the

corner of the assembly. The assumptions used to
describe the channels for the peaking and enthalpy
rise factors shown are given in Wall and Corner Channels,

Evaluation, 3.2.3.2.4 j, which follows.

1
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9j. Evaluation of the DNB Ratios in the Unit. Wall. and Corner Cells

DNB Results

The DNB ratios in the hot unit cell at the maximum design
condition described in 3.2.3.1 are shown in Figure 3.2-46.
The relationships shown are based on the application of
single channel heat transfer data in the BAW-168 (Reference
18) and W-3 (References 23 and 68) correlations. An additional
sensitivity analysis of the assembly has been made utilizing
9-rod assembly heat transfer DNB test data that is more
representative of the actual wall and corner cells geometry
effects than single channel data.

The sensitivity of the assembly design with respect to varia-
tions of mass flow rate (G), channel spacing, mixing
intensity, and local peaking on the DNB ratios in the fuel
assembly channels has been evaluated by analyzing the nominal
conditions and a postulated worst case condition. The summary
results are shown below in Table 3.2-18.

TABLE 3.2-18
DNB RATIOS IN THE FUEL ASSE.'IBLY CHANNELS

Nominal Case

2Cell Type G, lb/hr-ft x 10-6 DNBR

Corner 1.59 2.20
Wall 1.90 2.11
Unit 2.52 2.01

Postulated Worst Case

-6Cell Type G, lb/hr-ft x 10 DNBR

Corner 1.32 1.70
Wall 1.64 1.65
Unit 2.29 1.73

The DNBR's above are ratios of the limiting heat flux to the
local flux along the length of the channels. The limiting
heat fluxes have been determined from the 9-rod assembly
DNB test data.

O.'E.* [ b9
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' ._) The DNB ratios in all channels are high enough to ensure a
confidence-population relationship equal to or better than
that outlined in 3.2.3.1.1 for the hot unit cell channel.
The postulated worst case conditions are more severe than
the required maximum design conditions.

The results of the assembly tests and this evaluation show
that the performance of the wall and corner cells is more
sensitive to local enthalpy than to the local mass velocities.
Although the mass flow rates in the corner and wall cells
are lower than in the unit cell, the total flow in these

cells is relatively higher than the mass flow rates imply
because of the increased space between the outer rods and
the perforated can. This results in more favorable power-
to-flow ratios than the mass flow rates indicate.

The DNB ratios were obtained by comparing the local heat
fluxes and coolant conditions with heat transfer data points
from 9-rod fuel assembly heat transfer tests for uniform
heat flux with an appropriate correction for a nonuniform
axial power shape. Typical results are shown in Figures
3.2-57 and 3.2-58 for the nominal and worst case conditions
in the corner cell. The line defined by a best fit of the
data is shown on each figure as a solid line. A design
limit line, shown as dotted, has been determined by lowering

/''' the best-fit line te account for the effects of nonuniform
( ,/ flux shapes. The magnitude of the reduction was determined

by comparison with the results of the Euratom nonuniform test
data (Reference 19) and the results of more recent nonuniform
tests conducted by B&W.

The limiting best-fit lines were derived from a 9-rod fuel
assembly test section 72 in. long with rod diameter, pitch
spacing, and spacer grids of the type to be used in the
reference design. A total of 513 data points between 1,000 |
psi and 2,450 psi has been obtained. One hundred and sixty-
two of these points were used for the limiting lines in the
PWR pressure and mass flow ranges. The ranges of test
variables for the 162 data points used were:

Pressure - 1,800 to 2,450 psi
6 '

Mass Flow Rate - 1.0 to 3.5 x 10 lb/hr-ft~
Quality - -5 to *20 percent

All of the cell conditions of interest in this analysis
fall within this range of parameters.

|
!
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Fuel Rod Power Peaks and Cell Coolant Conditions

The nominal case local-to-average rod powers and the local-
to-average exit enthalpy rise ratios are shown in Figure
3.2-55 for the hot corner, hot wall, and hot unit cells in
the hot fuel assembly. Values shown are for nominal water
gaps between the hot fuel assembly and adjacent fuel
assemblies with nominal rod-to-wall spacing, with nominal
flow to the hot fuel assembly, and with a nominal intensity
of tarbulence, a*, equal to 0.03.

Additional tests are being run to determine the maximum
values of intensity of turbulence associated with the fuel
assembly. The expected value is greater than 0.03 since
this value is obtained in smooth tubes, and the spacers
and can panel perforations should induce more turbulence.

The postulated worst case local-to-average rod powers and
exit enthalpy rise ratios in the hot fuel assembly are
shown in Figure 3.2-56. The factors were determined for
chis case with twice the nominal water gaps between the hot
fuel assembly and adjacent fuel assemblies with minimum
rod-to-wall spacing, with minimum flow to the hot fuel
assembly, and with a minimum assumed intensity of turbu-
lence, a, equal to 0.01.

In neither the nominal nor the postulated worst case analysis
has any credit been taken for the coolant which is flowing
in the water gaps between the fuel assemblies and which
serves to reduce enthalples in the peripheral cells of the
hot fuel assembly by mixing with the coolant in those cells
through the can panel perforations. In both cases, however,
the ef f ective roughness of the can panel perforations and
its effect on reducing the flow in the peripheral cells of
the fuel assembly has been accounted for. The magnitude of
the effective roughness was obtained from the results of a
series of flow tests performed on a mockup of the outer two
rows of fuel rods and the can panels of two adjacent fuel
assemblies. The rod-to-wall spacing in the peripheral

* The intensity of turbulence, a, is defined as
-

V V' '/V
t

ahere V' is the transverse component of the fluctuating turbulent
velocity, and V is the coolant velocity in the axial direction. This
method of computing mixing is described by Sandberg, R. O., and Bishop,A. A. , CVTR Thermal-Hydraulic Design for 65 SN Gross Fission Power,
CVSA-227.
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'~' cells of the fuel assembly has been increased to compensate

for the effects of the can panel in reducing the flow in the
peripheral cells. The nominal distance from the center of
the outside rods to the can panel is 0.324 in. The correspond-
ing postulated worst case dimension was assumed to be
0.310 in.

Fuel Assembly Power and Flow Conditions

The nominal and postulated worst cases were run at 114
percent reactor power with the nominal and worst Fah factors
shown in 3.2.3.1.1 c. The 1.50 modified cosine axial power
shape of Figure 3.2-11 was used to describe the worst axial
condition.

The hot assembly flow under nominal conditions without a
flow maldistribution effect is 93 percent of the average
assembly flow, and the reduction in flow is due entirely to
heat input effects. The hot assembly flow under the worst
postulated conditions is 85 percent of the average assembly
flow and considers the worst combined effects of heat input
and flow maldistribution.

Summary

[ ) Analysis of all B&W bundle data to date indicates that the
\- ' B&W method will correlate data with less deviation than

previous methods. Indications are that this is also true when
considering nonuniform axial power distributions. Additional
bundle tests will be conducted with nonuniform axial power
distribution to confirm that the use of a power shape
correction factor based on single channel and annular
specimens is conservative.

Completion of the test programs outlined in this report and
evaluation of the experimental data will provide final design
correlations and flow relationships that will give complete
confidence in the conservatism of the design and the B&W
analytical procedures.

It should be noted that the postulated worst case is worse
than the hot channel permitted by our specifications. Even
with this postulated worst case, the design is still
conservative, and there is very little difference in the
performance of the various channels. This indicates that
the outside cell geometries have been compensated correctly
to account for wall effects.

/m.
; ) |

m

0281 _n nW - '

~~~

3.2-69

1

1



Reactor Design

4 MECW.NICAL DESIG3 LAYO W

3.2.4.1 Internal Lavout

Reactor internal components include the plenum assembly and the core
support assembly (consisting of the core support shield, vent valves, core,

~
barrel, lower grid, flow distributor, incore instrument guide tubes, ther-
mal shield, and surveillance holder tubes). Figure 3.2-59 shows the reac-
tor vessel, reactor vessel internals arrangement, and the reactor coolant
flow path. Figure 3.2-60 shows a cross section through the reac to r vessel,
and Figure 3.2-61 shows the core flooding arrangement.

Reactor internal components do not include fuel assemblies, control rod
assemblies (CRA's), surveillance specimen assemblies, or incore instrumen-
tation. Fuel assemblies are described in 3.2.4.2, control rod assemblies
and drives in 3.2.4.3, surveillance specimen assemblies in 4.4.3, and
incore instrumentation in 7.3.3.

The reactor internals are designed to support the core, maintain fuel
assembly alignment, limit fuel assembly movement, and maintain CRA guide
tube alignment between fuel assemblies and control rod drives. They
also direct the flow of reactor coolant, provide gamma and neutron
shielding, provide guides for incore instrumentation between the reactor

vessel lower head and the fuel assemblies, support the surveillance speci-
men assemblies in the annulus between the thermal shield and the reactor
vessel wall, and support the internals vent valves. These vent valves are

2 provided to relieve pressure generated by steaming in the core following a
reactor coolant inlet pipe rupture so that the core will remain sufficiently
covered with coolant. All reactor internal components can be removed from
the reactor vessel to allow inspection of the reactor internals and the
reactor vessel internal surface.

A shop fitup and checkout of all internal components in an as-built
reactor vessel mockup will ensure proper alignment of mating parts
before shipment. Dummy fuel assemblies and control rod assemblies will
be used to check fuel assembly clearances and CRA free movement.

In anticipation of lateral deflection of the lower end of the core support
assembly as a result of horizontal seismic loadings, integral weld-
attached, deflection-limiting spacer blocks have been placed on the
reactor vessel inside wall. In addition, these blocks limit the rotation
of the lower end of the core support assembly which could conceivably
result from flow-induced torsional loadings. The blocks allow free
vertical movement of the lower end of the internals for thermal expansion
throughout all ranges of reactor operating conditions, but in the unlikely
event of a flange, circumferential weld, or bolted joint failure the
blocks will limit the possible core drop to 1/2 in. or less. The final
elevation plane of these blocks will be established near the same
elevation as the vessel support skirt attachment to minimize dynamic
loading effects on the vessel shell or bottom head. Preliminary calcula-
tions indicate the inpact loading on the stop blocks for a 1/4 in. core

^mmn ,
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p
:k_,) drop would be approximately 5 g's total. Block location and geometrys

will be evaluated and determined to transfer this loading through the
vessel support skirt to the reactor building concrete. A significant

~

reduction in-impact loading can be achieved throuch proper stop block
design and detailed analysis. A 1/2 in. core drop will not allow the
lower end of the CRA neutron absorber rods to disengage from their
respective fuel assembly guide tubes if the CRA's are in the full-out
position, since approximately 6-1/2 in. of rod length would remain in
the fuel assembly guide tubes. A core drop of 1/2 in, will not result
in a significant reactivity change. The core cannot rotate and bind
the drive lines because rotation of the core support assembly is prevented
by the stop blocks.

The failure of the core support shield and core barrel upper flanges, or
related flanges and other circumferential joints, is not considered
credible on the basis of the conservative design criteria and large
safety. factors employed in the internals design. The final internals
design will be capable of withstanding various combinations of forces and
loadings resulting from the static weight of internals (225,000 lb total
not including the plenum assembly which weighs 100,000 lb), core with con-
trol rod ~ drive line (303,000 lb total), dynamic load from trip (10 g's gives
207,000 lb), seismic (0.10 g vertical gives 53,000 lb), coolant flow hydrau- 2
lic loading (230,000 lb), and other related loadings. The algebraic sum of
this simplified loading case is 559,000 lb. This results in a tensile
stress of about 585 psi in the core support shield shell, which is approxi-
mately 3 percent of the material yield strength. Final internals component

Os weights, seismic analysis, dynamic loadings from flow-induced vibration,
'

detailed stress analysis with~ consideration for thermal stress during all
transients, and resolution of fabrication details such as shell rolling
tolerances and weld joint preparation details will increase the stress levels
listed above. As a final design criterion, the core support components will
meet the stress requirements of the ASME Code, Section III, during normal
operation and transients. The structural integrity of all core support cir-
cumferential weld joints in the internals shells will be insured by compli-
ance with the radiographic inspection requirements in the code above. The
seismic analysis will include detailed calculations to determine the maximum
structural response of the reactcr vessel and internals. This analysis will
be performed as described in 3.1.2.4.1.

In the event of a major' loss-of-coolant accident, such as a 36 in.
diameter reactor coolant pipe break near the reactor vessel outlet, the
fuel assembly and vessel internals would be subjected to dynamic loadings
resulting from an oscillating (approximately sinusoidal) dif ferential

~

pressure across the core.- A preliminary analysis of this postulated
accident indicates that the fuel assemblies would move upward less than
3/8 in. Some deflection of_the internals structures would occur, but
internals component failure will not occur. The occurrence of a loss-of-
coolant accident and resulting loadings will be evaluated during the
detailed design period for the fuel assemblies and related. internals
structural components.

.('')
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The deflections and movements described above would not prevent CRA
insertion because the control rods are guided throughout their travel, and

9
the guide-to-fuel-assembly alignment cannot change regardless of the related

-

component deflections. CRA trip could conceivably be delayed momentarily
as a result of the oscillating pressure differential. However, the CRA
travel time to full insertion would remain relatively unaf fected as trans-
ient pressure oscillations are dampened out in approximately 0.5 sec. On
this basis, the CRA travel time to 2/3 insertion on a trip command will be
approximately 1.55 sec instead of the specified 1.40 sec. Also, this possi-
ble initial minor delay in trip initiation would not contribute to the
severity of the loss-of-coolant accident because at the initiation of CRA
trip, the core would be subcritical from voids.

Material for the reactor internals bolting will be subjected to rigid
quality control requirements to insure structural integrity. The bolts
will be dye-penetrant inspected for surface flaw indications after all
fabrication operations have been completed. Torque values will be
specified for the final assembly to develop full-bolting capability.
All fasteners will be lock-welded to ensure assembly integrity.

3.2.4.1.1 Plenum Assembly

The plenum assembly is located directly above the reactor core and is
removed as a single component before refueling. It consists of a plenum
cover, upper grid, CRA guide tube assemblies, and a flanged plenum cylinder
with openings for reactor coolant outlet flow. The plenum cover is a series
of parallel flat plates intersecting to form square lattices with a perfo-
rated top plate and flange, and is attached to the plenum cylinder to p
flange. Three lif ting lugs are provided for the plenum assembly handling.
The CRA guide tubes are welded to the plenum cover top plate and bolted to
the upper grid. CRA guide assemblies provide CRA guidance and protect the
CRA from the effects of coolant cross-flow, and provide structural attach-
ment of the grid assembly to the plenum cover.

Each CRA guide assembly consists of an outer tube housing, a mounting flange,
12 perforated slotted tubes and four sets of tube segments which are properly,

oriented and attached to a series of castings to provide continuous guidance-

for the CRA full stroke travel. Design clearances in the guide tube will
accommodate some degree of misalignment between the CRA guide tubes and the j

fuel assemblies. Final design clearances will be established by tolerance j
studies and by the results of the Control Rod Drive Line Facility (CRDL)
prototype tests. Preliminary test results are described in 3.2.4.3.5.

The upper grid asscebly consists of parallel flat bars intersecting to fo rm |
square lattices. The bars are attached to a flange which is bolted to the |

plenum cylinder lower flange. The upper grid assembly locates the lower
end of the individual CRA guide tube assembly relative to the upper end of
the corresponding fuel assembly.

Locating keyways in the plenum assembly cover flange engage the reactor
vessel top flange locating keys to align the plenum assembly with the reac-
tor vessel, reactor closure head control rod drive penetrations, and the

()'2.bShk'
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a

\ _, core support assembly. The bottom of the plenum assembly is guided by the |,

inside surface of the lower flange of the core support shield. 1"

3.2.4.1.2 Core Support Assembly

The core support assembly consists of the core support shield, core barrel,
lower grid assembly, flow distributor, thermal shield, incore instrument 2

guide tubes, surveillance specimen holder tubes, and internals vent valves.

Static loads from the asse= bled components and fuel assemblies, and
dynamic loads from CRA trip, hydraulic flow, thermal expansion, seismic
disturbances, and loss-of-coolant accident considerations, are all

carried by the core support assembly.

The core support assembly components are described as follows:

a. Core Support Shield

The core support shield is a large flanged cylinder which
mates with the reactor vessel opening. The top flange rests
on a circumferential ledge in the reactor vessel top closure
flange. The core support shield lower flange is bolted to
the core barrel. The cylinder wall has two nozzle openings
for reactor coolant outlet flow. The inside surface of the

,-- lower flange guides and aligns the plenum assembly relative to, s

( j the core support sh ie ld .
x_-

The core support shield outlet nozzles are sealed to the reactor
vessel outlet nozzles by the differential thermal expansion
between the stainless steel core support shield and the carbon
steel reactor vessel. The nozzle seal surfaces are finished and
fitted to a predetermined cold gap providing clearance during
core support assembly installation removal. At reac tor operat-
ing temperature the mating metal surfaces are in contact to
make a seal without exceeding allowable stresses in either the
reactor vessel or internals. Internals vent valves are
installed in the core support shield cylinder wall to relieve 2
the pressure generated by steaning in the core following a pos-
tulated cold leg (reactor coolant inlet) pipe rupture
(see 3.2.4.1),

b. Core Barrel

The core barrel supports the fuel assemblies, lower grid , flow
distributor, and incore instrument guide tubes. The core
barrel consists of a flanged cylinder, a series of internal
horizontal spacers bolted to the cylinder, and a series o f
vertical plates bolted to the inner surfaces of the horizontal
spacers to form an inner wall enclosing the fuel asse=blies.
Construction of the core barrel will be similar to that of the
reactor internals component developed by B&W for the Indian,- s

}
Point Station Unit No. 1.I
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Coolant flow is downward along the outside of the core barrel
cylinder and upward through the fuel assemblies contained in
the core barrel. A small portion of the coolant flows upward
through the space between the core barrel outer cylinder and
the inner plate wall.

Coolant pressure in this space is maintained slightly lower
than the core coolant pressure to avoid tension loads on the
bolts attaching the plates to the horizontal spacers. The
vertical plate inner wall will be carefully fitted together
to reduce reactor coolant leakage to an acceptable rate.

The upper flange of the core barrel cylinder is b31ted to the
mating lower flange of the core support shield assembly, and
the lower flange is bolted to the mating flange of the lower
grid assembly. All bolts will be inspected and installed as
described in 3.2.4.1, and will be lock-welded after final
assembly. Lif ting lugs attached to the core barrel are pro-
vided for core barrel and core support assembly handling.

c. Lower Grid Assembly

The lower grid assembly provides alignment and support for the
fuel assemblies, supports the thermal shield and flow distribu-
tor, and aligns the incore instrument guide tubes with the fuel
assembly instrument tubes. The lower grid consists of two flat
plate and bar lattice structures separated by short tubular
columns surrounded by a flanged cylinder. The top flange is

2 bolted to the lower flange of the core barrel. A perforated
flat plate located midway between the two lattice structures
aids in distributing coolant flow.

d. Flow Distributor

The flow distributor is a perforated, dished head with an
external flange which is bolted to the bottom flange of the lower
grid. The flow distributor supports the incore instrument guide
tubes and distributes the reactor ccelant entering the bottom
of the core.

|
e. Thermal Shield

A cylindrical, stainless steel, thermal shield is installed in
i

the annulus between the core barrel cylinder and the reactor l

vessel inner wall. The thermal shiel'd reduces the neutron and I

gamma internal heat generation in the reactor vessel wall and
thereby reduces the resulting thermal stresses.

The thermal shield is supported on, positioned by, and attached
to the lower grid top flange. The thermal shield upper end is
positioned by spacers between the thermal shield and the core
barrel outer cylinder to minimize the possibility of thermal

d d
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(A)N _f shield vibration. The thermal shield attachment is designeds

to avoid shear loads on fasteners. All fasteners are lock-
welded after final assembly,

f. Surveillance Specimen Holder Tubes

Surveillance specimen holder tubes are installed on the core
support assembly outer wall to contain the surveillance speci-
men assemblies. The tubes extend from the top flange of the
core support shield to the lower end of the thermal shield.
The tubes will be rigidly attached to prevent flow-induced
vibration. Slip joints at the intermediate supports and top
end of the assemblies accommodate axial motion caused by differ-
ential thermal expansion.

g. Incore Instrument Guide Tube Assembly

The incore instrument guide tube assemblies guide the incore
instrument assemblies between the instrument penetrations in
the reactor vessel bottom head and the instrument tubes in the
fuel assemblies. Minor horizontal misalignment clearance
between the reactor vessel instrument penetrations and the
instrument guide tubes assembled with the flow distributor is

9
provided. A perforated shroud tube, concentric with the instru- ~

ment guide tube, adds rigidity to the assembly and reduces the
f""g effect of coolant flow forces. Fifty-tu) incore instrument
(' 'j guide tubes are provided. The incore instrument guide tubes

are designed so they will not be affected by the core drop
described in 3.2.4.1.

h. Internals Vent Valves

Internals vent valves are installed in the core support shield
to prevent a pressure unbalance which might interfere with core
cooling following a loss-of-coolant accident. In its natural
state and under all normal operating conditions, the vent valve

will be closed. In the event of a loss-of-coolant accident in
the cold leg of the reactor loor, the valve will open to permit
steam generated in the core to flow directly to the leak and
will prevent the core from becoming more than 1/2-uncovered
af ter emergency core coolant has been supplied to the reactor
vessel. The preliminary design of the internals vent valve is
shown in Figure 3A.4-1.

Each valve assembly consists of a hinged disc, valve body with
sealing surfaces, split-retaining ring, and fasteners. Each
valve assembly is installed into a machined mounting ring,
integrally welded in the core support shield wall. The mount-
ing ring contains the necessary features to retain and seal the
perimeter of the valve assembly. Also, the mounting ring
includes an alignment device to maintain the correct orientation

of the valve assembly for hinged-disc operation. Each valve
[ s,j assembly will b remotely handled as a unit for removal or
%/
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installation. Valve component parts, including the disc, will
be of captured-design to minimize the possibility of part loss
to the coolant system, and all fasteners will include a positive
locking device. The hinged-disc will include an integral arm
hook, eye, or other device for remote inspection of disc function.

The preliminary arrangement consists of 14-in. diam vent valve
assemblies installed in the cylindrical wall of the internals
core support shield (refer to Figure 3.2-59) . The valve centers
are coplanar and are 42 in. above the plane of the reactor vessel
coolant nozzle centers. In cross section, the valves are spaced
around the circumference of the core support shield wall.

The hinge assembly consists of a shaft, two valve body journal
receptacles, two valve disc journal receptacles, and four flanged
shaft journals (bushings). Loose clearances will be used between
the shaf t and journal inside diameters, and between the journal

2 outside diameters and their receptacles.

This feature provides eight loose rotational clearances to mini-
mize any possibility of impairment of disc-free motion in service.
In the event that one rotational clearance should bind in service,
seven loose rotational clearances would remain to allow unhampered
disc-free motion. In the worst case, at least four clearances
must bind or seize solid to adversely affect valve disc-free
motion.

In addition, the valve disc will contain a self-alignment feature
so that the external differential pressure will adjust the disc
seal face to the valve body seal face. This f eature minimizes
the possibility of increased leakage and pressure-induced deflec-
tion loadings on the hinge parts in service.

The external side of the disc will be contoured to absorb the
impact load of the disc on the reactor vessel inside wall without
transmitting excessive impact loads to the hinge parts as a result
of a loss-of-coolant accident.

2| (Deleted)
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3.2.4.2 Fuel Assemblies\)
3.2.4.2.1 Description

a. General Description

The fuel for the reactor is sintered pellets of low enrichment
uranium dioxide clad in Zircaloy-4 tubing. The clad, fuel

; pellets, end supports, holddown spring, and end caps form a fuel
rod. Two hundred and eight fuel rods are mechanically joined
in a 15 x 15 array to form a fuel assembly (Figure 3.2-62).

! The center position in the assembly is reserved for instrumen-
tation. The remaining 16 positions in the array are provided
with guide tubes for use as control rod locations. The complete
core has 177 fuel assemblies. All assemblies are identical in
mechanical construction, i.e., all are designed to accept the
control rod assemblies (CRA). However, only 69 have CRA's,

a to control the reactivity of the core under operating condi-
tions. In the 108 fuel assemblies containing no CRA during a
given core cycle, the guide tubes are partially filled at the

_

top by an orifice rod assembly (Figure 3.2-63) in order to
minimize bypass coolant flow. These orifice rod assemblies
also tend to equalize coolant flow between fuel assemblies with
CRA's and those with orifice rod assemblies.

Fuel assembly components, materials, and dimensions are listed
below.

-
,

Item Material Dimensions, in.
!

Fuel UO,3 Sintered 0.362 diam.
Pellets j

1

Fuel Clad Zircaloy-4 0.420 OD x 0.368 ID x,

152-7/8 long
! Fuel Rod Pitch 0.558

Fuel Assembly Pitch 8.587

Active Fuel Length 144

Overall Length 165 |

Control Rod Guide Zircaloy-4 0.530 OD x 0.015 wall
Tube

|

|
Incore Instrument Zircaloy-4 0.530 OD x 0.064 wall |2 |, Guide Extension

G
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Item Material Dimensions, in.

Spacer Grid Stainless Steel, Spaced at 21-7/16 in.
Tp-304

Can Panel Stainless Steel, 0.031 thick
Tp-304

End Fitting Stainless Steel,
Tp-304

b. Fuel

The fuel is in the form of sintered and ground pellets of
uranium dioxide. The pellets are dished on each end face to

minimize the difference in axial thermal expansion between the
fuel and cladding. The density of the fuel is 95 percent of
theoretical.

Average design burnup of the fuel is 28,200 Mad /Mtu. Peak
burnup is 53,000 Mad /Mtu. At the peak burnup, the fuel growth

53is calculated to be 9-1/2 volume percent This growth is
accommodated by pellet porosity, by the radial clearance
provided between the pellets and the cladding, and by a small
amount of plastic strain in the cladding.

Each fuel colurn is located, at the bottom, by a thin-wall
stainless steel pedestal and is held in place during handling
by a spring at the top. The spring allows axial differential
thermal expansion between fuel and cladding, and axial fuel
growth. The bottom pedestal is also collapsable, thus
providing a secondary buffer to prevent excess cladding axial
strain.

Fission gas release from the fuel is accommodated by voids
within the fuel, by the radial gap between the pellets and
cladding, and by void space at the top and bottom ends of the
fuel rod.

c. Fuel Assembly Structure

(1) General

The fuel assembly shown in Figure 3.2-63 is the canned
type. Eight spacer grids and four perforated can panels
form the basic structure. The panels are welded together
at the corners for the entire length. The spacer grids
are welded to the panels, and the lower and upper end
fittings are welded to the panels to complete the --

structure. The upper end fitting is not attached until
the fuel rods, guide tubes, and instrumentatien tube
have been installed. At each spacer grid assembly each

0290
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(''%_,) fuel rod 1s supported on four sides by integral leaf-g

type springs. These springs are designed to provide
a radial load on the fuel rod sufficient to restrain it
so that flow-induced vibrational amplitudes are minimal.
However, to avoid undesirable bowing of the fuel rods, the
spring loads are designed small enough to permit the
relative axial motion required to accommodate the
differential thermal expansion between the Zircaloy fuel
rod and the stainless steel structure.

(2) Spacer Grid

These grids are composed of ferrules made of square tubing.
The ferrule has a portion of each side formed into spring
sections which have hydrodynamically shaped " dimples"
that contact the fuel rods. The ferrules are joined
together by brazing to form the spacer grids. The grids,
which provide the desired pitch spacing between fuel
rods, are TIG-welded at intervals to the perforated |2
stainless steel can panels.

(3) Lower End Fitting

The lower end fitting is constructed from Type 304 stain-
less steel members which when joined together form a box
structure. Four deep cross members serve as the position-,,_s

; ing surfaces for the fuel assembly when it is inserted
\- into the lower core support structure. The assembly

includes a grid structure which provides a support base
for fuel rods while maintaining a maximum inlet flow
area for the coolant.

(4) Upper End Fitting>

The upper end fitting is similar to the lower end fitting.
It positions the upper end of the fuel assembly and
provides coupling between the fuel assembly and the
handling equipment. A hollow post, welded in the center
of the assembly, is designed to provide a means of
uncoupling the CRA-to-drive connection and to retain the
orifice rod assembly. In order to identify a fuel
assembly under water, a serial number is milled into a
flat, chrome-plated surface which is welded to the box
frame.

(5) Control Rod Guide Tubes

"The Zircaloy guide tubes serve to guide the control rods
within the fuel assembly during operation. The tubes are
restrained axially by the upper and lower end fittings
-in the fuel assembly and radially by the spacer grids

- in the same manner as the fuel rods,

b
\s_/
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3.2.4.2.2 Evaluation

a. Fuel Rod Assembly

(1) General

The basis for the design of the fuel rod is discussed
in 3.1.2.4. Materials testing and actual operation in
react:.r service wit- Zircaloy cladding has demonstrated
that Zircaloy-4 material has ample corrosion resistance
and sufficient mechanical properties to maintain the
integrity and serviceability required for design burnup.

(2) Clad Stress

Stress analysis for cladding is based on several conserva-
tive assumptions that make the actual margins of safety
greater than calculated. For example, it is assumed that
the clad with the thinnest wall and the greatest ovality
permitted by the specification is operating in the region
of the core where performance requirements are most
severe. Fission gas release rates, fuel growth, and
changes in mechanical properties with irradiation are
based on a conservative evaluation of currently available
data. Thus, it is unlikely that significant failure of
the cladding will result during operation.

The actual clad stresses are considerably below the
yield strength. Circumferential stresses due to external
pressure, calculated using those combinations of clad
dimensions, ovality, and eccentricity that produce the
highest stresses, are shown in Table 3.2-19. The maxi-
num stress of 33,000 psi compression, at the design
pressure of 2,500 psi, is the sum of 22,000 psi compres-
sive membrane stress plus 11,000 psi compressive bending
stress due to ovality at the clad OD in the expansion
void, and at the beginning-of-life. The maximum stress
in the heat-producing zone is 32,000 psi at design pres-
sure, 27,000 psi at operating pressure. At this stress,
the material may creep sufficiently to allow an increase
in ovality until further creep is restrained by support
from the fuel. Contact loads on the order of 20 lb/in.
of length are sufficient to counteract the bending stress.
Creep collapse tests have indicated a long time collapse
resistance in excess of the requirement to prevent collapse
in the end void. As the fuel rod internal pressure builds
up with time, these stresses are reduced.

Late in life, the fuel rod internal pressure exceeds the
system pressure, up to a maximum difference of 1,110
psi. The resultant circumferential pressure stress of
9,000 psi is about 1/4 of the yield strength and therefore
is not a potential source of short time burst. The
possibility of stress-rupture burst has been investigated
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using finite-difference methods to estimate the long time
effects of the increasing pressure on the clad. The
predicted pressure-time relationship produces stresses
that are less than 1/3 of the stress levels that would
produce stress rupture at the end-of-life. Outpile stress-
rupture data were used, but the greater than 3:1 margin on
stress is more than enough to account for decreased rtress-
rupture strength due to irradiation. Clad circumferential
stresses are listed in Table 3.2-19.

The free gas content of the fuel rod is calculated by
considering (1) initial helium fill gas, (2) initial water
vapor and atmospheric gases adsorbed on the fuel, and
(3) fission product gases. The water vapor present
initially is expected to dissociate over the life of the
fuel and enter into hydriding and oxidizing reactions.
The gas remaining at the end-of-life, when the maximum
internal pressures exist, consists of the atmospheric
gases and helium present initially plus the released
fission gases.

The fission gas production is evaluated for a range of
neutron fluxes and the fissionable material present over
the life of the fuel.54 A design value for gas production
has been determined as 0.29 atoms of gas per fission.

TABLE 3.2-19
CLAD CIRCUMFERENTIAL STRESSES

Ultimate
Calc. Yield Tensile

Stress, Stress, Stress,
Operating Condition psi psi psi

1. BOL* - Operating at Design Pressure

Total Stress (membrane + bending)
Due to 2,500 psig System Design
Pressure Minus 100 psig Fuel Rod
Internal Pressure

Average Clad Temperature -
Approximately.625 F (expansion
void) -33,000 46,000

* Cladding is being ordered with 45,000 psi minimum yield strength and
10 percent minimum elongation, both at 650 F. Minimum room temperature
strengths will be'approximately 75,000 psi yield strength (0.2 percent
offset) and 85,000 psi ultimate tensile strength.
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Table 3.2-19 continued

Ultimate
Calc. Yield Tensile
Stress, Stress, Stress,

Operating Condition psi psi psi

2. EOL - Maximum Overpower

System Pressure - 2,185 psig

Fuel Rod Internal Pressure -
3,300 psig

Average Temperature Through
Clad Thickness at Hot Spot -
Approximately 725 F

Pressure Stress only** 9,000
Including 4,000 psi Thermal
Stress 13,000 36,000 38,000

3. EOL - Shutdown

Immediately After Shutdown

System Pressure - 2,200 psig

Fuel Rod Internal Pressure -
1,750 psig

Average Clad Temperature -
Appraximately 575 F -4,000 45,000 48,000

3 Hours Later

(50 F/hr Pressurizer Cool-
down Rate)

Fuel Rod Internal Pressure -
1,050 psig

System Pressure - 680 psig

Average Clad Temperature -
Approximately 425 F 3,300 52,000 55,000

** Cladding stresses due to fuel swelling are discussed further on
another page of 3.2.4.2.2.
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The total production of fission gas in the hottest fuel
rod assembly is based on the hot rod average burnup of
38,000 MWD /MTU. The corresponding maximum design burnup |3
at the hot fuel rod midpoint is 55,000 MWD /MTU.

The fission gas release is based on temperature versus
release fraction experimental data. (See Reference 49.)
Fuel temperatures are calculated for small radial and
axial increments. The total fission gas release is
calculated by integrating the incremental releases.

The maximum release and gas pressure buildups are
determined by evaluating the following factors for the
most conservative conditions:

(a) Gas conductivity at the end-of-life with fission
gas present.

(b) Influence of the pellet-to-clad radial gap and
contact heat transfer coefficient on fuel tempera-
ture and release rate.

(c) Unrestrained radial and axial thermal growth of
the fuel pellets relative to the clad.

[ (d) Hot rod local peaking factors
yj

(e) Radial distribution of fission gas production in
the fuel pellets.

(f) Fuel temperatures at reactor design overpower.

The fuel temperatures used to determine fission gas
release and internal gas pressure have been calculated
at the reactor overpower condition. Fuel temperatures,
total free gas volume, fission gas reldase, and internal
gas pressure have been evaluated for a range of initial
diametral clearances. This evaluation shows that the
highest internal pressure results when the maximum
diametral gap is assumed because of the resalting high
average fuel temperature. The release rate increases
rapidly with an increase in fuel temperature, and
unrestrained axial growth reduces the relatively cold
gas end plenum volumes. A conservative ideal thermal
expansion model is used to calculate fuel temperatures
as a function of initial cold diametral clearance.
Considerably lower resistance to heat transfer between
the fuel and clad is anticipated at the end-of-life due
to fuel fracture, swelling, and densification. The
resulting maximum fission gas release rate is 43 percent.

(g
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(3) Collapse Mar 2 ins

Short time collapse tests have demonstrated a clad
collapsing pressure in excess of 4,000 psi at expansion
void maximum temperature. Collapse pressure margin is
approximately 1.7. Extrapolation to hot spot average
clad temperature (=725 F) indicates a collapse pressure
of 3,500 psi and a margin of 1.4, which also greatly
exceeds requirement. Outpile creep collapse tests have
demonstrated that the clad meets the long time (creep
collapse) requirement.

(4) Fuel Swelling

Fuel rod average and hot spot operating conditions and
design parameters at 100 percent power, pertinent to
fuel swelling considerations, are listed below.

Average Maximum

Heat Flux, Btu /ft -hr 167,620 543,000
Linear Heat Race, kw/ft 5.4 17.5
Fuel Temperature, F 1,385 4,160
Burnup (Mwd /Mtu) at Equilibrium 28,200 55,000

Nominal Values

Pellet OD, in. 0.362
Pellet Density, 7. o f

Theoretical 95
Pellet-Clad Diametral Gap at

Assy., in. 0.004 - 0.008
Clad Material Cold-Worked Zr-4
Clad Thickness, in. 0.026

The capability of Zircaloy-clad UO, fuel in solid rod
;form to perform satisfactorily in PWR service has been '

amply demonstrated through operation of the CVTR and
|Shippingport cores, and through results of their supple- I

mentary development programs, up to approximately 40,000
Mwd /Mtu.

As outlined below, e::isting experimental information
supports the various individual design parameters and
operating conditions up to and perhaps beyond the

!
maximum burnup of 55,000 Mwd /Meu, but not in a single
experiment. However, the LRD irradiation test program,

G, |e. c ang., --
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currently in progress, does combine the items of concern
in a single experiment, and the results are expected to be
available to contribute to final design confirmation.

(5) Aoplication of Experimental Data to Desien Adecuacy of the
Clad-Fuel Initial Gao to Accommodate Clad-Fuel Differential
Thermal Expansion

Experimental Work

Six rabbit capsules, each containing three Zr-2 clad
rods of 5 in. fuel length, were irradiated in the Westing-
house Test Reactor 45 at power levels un to 24 kw/ft. The
94 percent theoretical density (T.D.) UO pellets (0.430 OD)9
had initial clad-fuel diametral gaps of 5, 12, and 25
mils. No dimensional changes were observed. Central
melting occurred at 24 kw/ft only in the rods that
had the 25 mil initial gap.

Two additional capsules were tested 55 The specimens
were similar to those described above except for length
and initial gap. Initial gaps of 2, 6, and 12 mils
were used in each capsule. In the A-2 capsule, three
38-in.-long rods were irradiated to 3,450 Mwd /Mtu at

("wg 19 kw/ft maximum. In the A-4 capsule, four 6.-in.-long
( j rods were irradiated to 6,250 Mwd /Mtu at 22.2 kw/ft

maximum. No central melting occurred in any rod, but
diameter increases up to 3 mils in the A-2 capsule and
up to 1.5 mils in the A-4 capsule were found in the rods
with the 2 mil initial gap.

Application

In addition to demonstrating the adequacy of Zircaloy-
clad UO2 pellet rods to operate successfully at the power
levels of interest (and without central melting), these
experiments demonstrate that the design initial clad
fuel gap of 4 to 8 mils is adequate to prevent unacceptable
clad diameter increase due to differential thermal
expansion between the clad and the fuel. A maximum
local diametral increase of less than 0.001 in. is-
indicated for fuel rods having the minimum initial gap,
operating at the maximum overpower condition.

tU 0297
- m _, ,

VU M,3.2-85
Amendment 2

-_ _ , _ _ _ _ ,_ _ ,. , __- - _ _ _ _ - . _ .



Reactor Design

(6) Adecuacy of the Available Voids to Accommodate Differential
Expansion of Clad and Fuel, Includine the Effects of Fuel
Swelling

Experimental Work

Zircaloy-clad, CO, pellet-type rods have performed
successfully in tne Shippingport reactor up to approxi-
mately 40,000 Mwd /Mtu.

Bettis Atomic Power Laboratory (Reference 53) has
irradiated plate-type UO, fuel (96-98 percent T.D.) up
to 127,000 Mwd /Meu and at fuel center temperatures
between 1,300 and 3,800 F. This work indicates fuel
swelling rates of 0.16% AV/1020 f/cc until fuel internal
voids are filled, then 0.7% aV/1020 f/cc after internal

voids are filled. This point of " breakaway" appears
to be independent of temperature over the range studied
and dependent on clad restraint and the void volume

available for collection of fission products. The
additional clad restraint and greater fuel plasticity
(from higher fuel temperatures) of rod-type elements
tend to reduce these swelling effects by providing
greater resistance to radial swelling and lower resistance
to longitudinal swelling than was present in the plate-
type test specimens.

This is confirmed in part by the work of Frost, Bradbury,
and Griffiths of Harwell56 in which 1/4 in. diameter CO,
pellets clad in 0.020 in, stainless steel with a 2 til ~

,

|
diametral gap were irradiated to 53,300 Mwd /Meu at a fuel
center temperature of 3,180 F without significant dimen-
sional change.

57In other testing 0.150 in. OD, 82-96 percent T.D. oxide
|

pellets (20 percent Pu, 80 percent U) clad with 0.016 in.
stainless steel with 6-8 mil diametral 2aps have been
irradiated to 77,000 Mwd /Mtu at fuel temperatures high
enough to approach central melting without apparent
detrimental results. Comparable results were obtained
on rods swaged to 75 percent T.D. and irradiated to
100,000 Mwd /Mtu.

|

|
Application '

Based on the BAPL experimental data, swelling of the fuel
rods is estimated as outlined below.

Fuel is assumed to swell uniformly in all directions.
Clad-pellet differential thermal exnansion is calculated

nn7a a
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to be about 0.004 in. at the maximum linear heat rate,
so that all of the minimum initial gap of 0.004 in. is
filled up by thermal expansion. If the initial gap
exceeds the minimum, the additional gap volume is
assumed available to accommodate swelling. This additional
void volume may initially tend to be filled by pellet
thermal expansion because of the low contact pressure
and resultant low contact coefficient, but as the fuel
swells, the contact pressure must increase if the clad is
to be stretched. Where fuel cracking tends to fill the
radial gap, it is assumed that the crack voids are
available to absorb swelling.

at0.16%AV/10{0
The external e fect of fuel swelling is assumed to occur

f/cc until the 5 percent initial void
20in the 95 percent T.D. pellets is filled at about 9 x 10

f/cc. From that time on, swelling is assumed to take
20place at 0.7% AV/10 f/cc until the maximum burnup of

13.6 x 1020 f/cc (55,000 Mwd /Mtu) is reached. Total
fuel volume increase is 4-1/2 percent, which results in
a 1-1/2 percent diameter increase in a rod with the
0.004 in. minimum initial gap. Clad stress is estimated
at 22,000 psi, so that the elastic strain is about 0.2
percent. Net plastic strain is 1.3 percent. Similar
calculations indicate that fuel rods with maximum burnup,

~

) and the nominal clad-fuel gap (0.006 in, at assembly).

d will have clad plastic strains of about 0.6 percent at
the end-of-life. Based on outpile data, stress rupture
should not be a problem at these strains.

58Qualitative information from LSBR suggests that
swelling rates for this design may exceed those indicated
by the BAPL data because of the higher fuel temperatures.

56 and the General ElectricHowever, the A.E.R.E. tests
57 do not support more than a small increase intests

post " breakaway" swelling rates at temperatures of
interest.

Fuel Swelling Studies - LRD Irradiation Program

Dimensional stability of UO under inpile conditions
2simulating large reactor environments is under investiga-

tion. This study is currently being carried out under
USAEC Contract AT(30-1)-3269, "Large Closed-Cycle Water
Reactor Research and Development Program".

Parameters contributing to swelling are burnup, heat
rating, fuel density and grain size, and clad restraint.
These are systematically being studied by irradiating a

.
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series of capsules containing fuel rods. These experi-
ments were assigned by the AEC to ETR/MTR. Test variables
are shown in Table 3.2-20.

TABLE 3.2-20
LRD FUEL SWELLING IRRADIATION PROGRAM

Initial Goal
Capsule * Enrichment, Heat Rating, Fuel Density, Burnup,
WAPD-49 % kw/ft** % T.D. Mwd /Mtu

AA 18.64 12 94 and 96.2 35,000

AB 18.64 12 94 and 96.2 25,000

AC 18.64 12 94 and 96.2 25,000

AD 18.64 12 90, 94, and 96.2 21,250

AE 15.96 and 17.02 18 90, 94, and 96.2 50,000

AG 19.96 18 90, 94, and 96.2 50,000

AI 18.64 18 90 and 94 26,250

AJ 13.4 18 90 and 94 30,000

AL 18.64 24 90 and 96.2 50,000

AM 18.64 24 90 and 94 50,000

AN 18.64 24 94 and 96.2 37,500

A0 18.64 24 94 and 96.2 35,000

AP 17.02 24 94 and 96.2 25,000

* Four rods / capsule.

** Fuel center temperatures vary from 1,570 to 4,110 F.

Effect of Zircaloy Creep

The effect of Zircaloy creep on the arount of fuel rod
growth due to fuel swelling has been investigated. Clad
creep has the effect of producing a nearly constant total

q n 31 i
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pressure on the clad ID by permitting the clad diameter
to increase as the " " ' #* ** "'

out-of-pile data,D0 1 percent creep will result in 10,000
hr (corresponding approximately to the end-of-life
diametral swelling rate) from a stress of about 22,000
psi at the =720 F average temperature through the clad
at the hot spot. At the start of this high swelling
period (roughly the last 1/3 of the core life), the reactor
coolant system pressure would more or less be balanced
by the rod internal pressure, so the total pressure to
produce the clad stress of 22,000 psi would have to come
from the fuel. Contact pressure would be 2,400 psi.
At the end-of-life, the rod internal pressure exceeds
the system pressure by about 1,100 psi, so the clad-fuel
contact pressure would drop to 1,300 psi. Assuming
that irradiation produces a 3:1 increase in creep rates,
the clad stress for 1 percent strain in 10,000 hr would
drop to about 15,000 psi. Contact pressures would be
1,800 psi at the beginning of the high swelling period,
700 psi at the end-of-life. Since the contact pressure
was assumed to be 825 psi in calculating the contact
coefficient used to determine the fuel pellet thermal
expansion, there is only a short period at the very end-
of-life (assuming the 3:1 increase in creep rates due to
irradiation) when the pellet is slightly hotter than
calculated. The effect of this would be a slight increase

( in pellet thermal expansion and therefore in clad strain.
Considering the improbability that irradiation will
actually increase creep rates by 3:1, no change is
anticipated.

b. Overall Assembly

(1) Assurance of Control Rod Assembly Free Motion _

The 0.058 in. diametral clearance between the control
rod guide tube and the cot.;rol rod is provided to cool
the control rod and to ensure adequate freedom to
insert the control rod. As indicated below, studies have
shown that fuel rods will not bow sufficiently to touch
the guide tube. Thus, the guide tube will not undergo
deformation caused by fuel rod bowing effects. Initial
lack of straightness of fuel rod and guide tube, plus
other adverse tolerance conditions, conceivably could
reduce the 0.083 in, nominal gap between fuel rod and
guide tube to a minimum of about 0.045 in., including
amplification of bowing due to axial friction loads
from the spacer grid. The maximum expected flux gradient
of 1.176 across a fuel rod will produce a temperature

O()
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difference of 12 F, which will result in a thermal bow
of less than 0.002 in. Under these conditions, for the
fuel rod to touch the guide tube, the thermal gradient
across the fuel rod diameter would have to be on the
order of 300 F.

The effect of a DNB occurring on the side of a fuel rod
adjacent to a guide tube would result in a large tempera-
ture difference. In this case, however, investigation
has shown that the clad temperature would be so high
that insufficient strength would be available to generate
a force of sufficient magnitude to cause a significant
deflection of the guide tube. In addition, the guide
tube would experience an opposing gradient that wculd
resist fuel rod bowing, and its internal cooling would
maintain temperatures much lower than those in the fuel
rod cladding, thus retaining the guide tube strength.

(2) Vibration

61The semiempirical expression developed by Burgreen was
used to calculate the flow-induced vibratory amplitudes
for the fuel assembly and fuel rod. The calculated
amplitude is 0.010 in. for the fuel assembly and less
than 0.005 in. for the fuel rod. The fuel rod vibratory
amplitude correlates with the measured amplitude obtained
from a test on a 3 x 3 fuel rod assembly. In order to
substantiate what is believed to be a conservatively
calculated amplitude for the fuel assembly, a direct
measurement will be obtained for a full-size prototype
fuel assembly during testing of the assembly in the
Control Rod Drive Line Facility (CRDL) at the B&W
Research Center, Alliance, Ohio.

(3) Demonstration

In addition to the specific items discussed above, the
overall mechanical performance of the fuel assembly
and its individual components is being demonstrated in an
extensive experimental program in the CRDL.

3.2.4.3 Control Rod Drive System

3.2.4.3.1 Control Rod Drive System Design Criteria

The control rod drive system shall be designed to meet the following per-
formance criteria:

9 n :L; ;
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a. Single Failure

No single failure'shall inhibit the protective action of the
control rod drive system. The effect of a single failure shall
be limited to one control rod drive.

b. Uncontrolled Withdrawal

No single failure or chain of failures shall cause uncontrolled
withdrawal of any control rod assembly (CRA).

c. Equipment Removal

The disconnection of plug-in type connectors, modules, and
subassemblies from the protective circuits shall be annunciated,

or shall cause a reactor trip.,

' d. Control Rod Assembly (CRA) Trip

The trip command shall have priority over all other commands.
Trip action shall be positive and nonreversible. Trip
circuitry shall provide the final protective action and shall
be direct-acting, incur minimum delay, and shall not require
external power. Circuit-interrupting devices shall not

% prevent reactor trip. Fuses, where used, shall be provided

.''') with blown indicators. Circuit breaker position information
shall also be indicated.

e. CRA Insertion

Insert command shall have priority over withdraw command.
The control rod drive will be capable of overcoming a
" stuck-rod" condition equivalent to a 400 lb weight.

f. Withdrawal

The control rod drive system allows only two out of four
regulating CRA groups to withdraw at any time subject to the
conditions described in 7.2.2.1.2.

,

g. Position Indication

Continuous position indication, as well as an upper and
lower position limit indication shall be provided for each,;

control rod drive. The accuracy of the position indicators
shall be consistent with the tolerance set by reactor safety,

analysis.

p
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h. System Monitoring

The control rod drive control system shall include provisions
for monitoring conditions that are important to safety and
reliability. These include rod position deviation and power
supply voltage.

1. Drive Speed

The control rod drive control system shall provide for single
uniform speed of the mechanism. The drive controls, or
mechanism and motor combination, shall have an inherent speed-

2| limiting feature. The speed of the mechanism shall be 30
in./ min plus or minus 10 percent of the predetermined value
for both insertion and withdrawal. The withdrawal speed shall
be limited so as not to exceed 25 percent overspeed in the
event of speed control fault.

j. Mechanical Stops

Each control rod drive shall be provided with positive
mechanical stops at both ends of the stroke or travel. The
stops shall be capable of receiving the full operating force
of the mechanisms without failure.

O
3.2.4.3.2 control Rod Drive

The control rod drives provide for controlled withdrawal or insertion of

the control rod assemblies (CRA) out of or into the reactor core to
establish and hold the power level required. The drives are also
capable of rapid insertion or trip for emergency reactor conditions.
The control rod drives are buffer seal, rack-and-piaion type drives
under development by Diamond Power Specialty Corporation. The control
rod drive data are listed in Table 3.2-21.

A control rod drive consists of a rack housing, snubber bottoming spring
assembly, rack, rack pinion, coupling assembly, drive shaft housing,
miter gear set, drive shaft assembly, buffer seal assembly, magnetic
clutch, gear reducer, drive motor, position indication transmitters, and
limit switch system. The spool piece serves to join the drive assembly
to the reactor closure head nozzle as shown in Figure 3.2-64.

The drive motor supplies torque through tne magnetic clutch to the drive
shaft-gear system to provide vertical positioning of the rack.

nnn.- -s
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TABLE 3.2-21
CONTROL ROD DRIVE DESIGN DATA

Item Data

Number of Drives 69

Type Buffer Seal, Rack
and Pinion

Location Top-Mounted

! Direction of Trip Down

Velocity of Normal Withdrawal and

i
Insertion, in./ min 30 |2

Maximum Travel Time for 2/3 Trip
Insertion, sec 1.4

Length of Stroke, in. 139

Design Pressure, psig 2,500

/ )( Design Temperature, F. 650_,

The control rod drive is shown on Figures 3.2-64 and 3.2-65. Subassemblies
of the control rod drive are described as follows:

a. Rack Housing

The rack housing contains the hydraulic snubber, the bottoming
spring assembly, the rack, rack pinion assembly, and a rack
guide bushing. The lower guide tube is attached to the lower
end of the rack housing, and the cap and drive line vent
assembly is mounted on the upper end of the rack housing.

The hydraulic snubber decelerates the moving elements of the
drive at the end of travel by controlled orificing of reactor
coolant water. The bottoming spring assembly absorbs the
bottoming impact in a stack of spring washers. The rack is
guided by an upper shoe attached to the upper end of the
rack, a rack guide bushing located at the pinion, and a lower
guide tube bushing located at the lower end of the lower guide
tube. The rack pinion is carried by two ball bearings.

The valve on the cap and drive'line vent assembly is used to
bleed air or gases from the rack housing during reactor startup.

.
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The removal of this assembly provides the access for CRA
coupling and uncoupling, and for securing the racks in the
retracted position when the reactor closure head or individual
drives are to be removed.

b. Drive Shaft Housing

The drive shaft housing consists of the miter gear set, the
drive shaf ts, and their supporting ball bearings. The drive
shaft assembly is made up of two shafts with an intermediate
bearing to increase their critical speed.

The drive shaft housing is attached to the rack housing by
four through bolts.

All pressure-integrity. bolted joints are sealed with a pair of
2

concentric gaskets with a testing tap between them.

c. Buffer Seal

A pressure breakdown-type seal is employed to seal the drive
shaft penetration in the reactor coolant pressure container.
Seal system water is injected between the eighth and ninth
stages of a nine stage seal to provide a controlled leakage of
approximately 5 gal /hr into the reactor coolant system and
20 gal /hr to the makeup tank. The seal water is cooled below
120 F, and specially filtered before injection into the seal.
A conventional rotary seal is employed to prevent seal water
from entering the drive package,

d. Drive Package

The drive package is a synchronous type containing a self-
locking worm gear reducer, a magnetic clutch, position indica-
tion transmitters, and a limit switch system. In conjunction 1

with the magnetic clutch is a unidirectional mechanical clutch

which will allow the motor to drive the rod down to the full-in
position should a " stuck-rod" condition develop in the course
of a trip action. The motor has inherent braking so no
separate brake is required. The self-locking worm gear
reducer prevents torque feedback to the motor.

The unidirectional feature of the magnetic clutch assembly,
which is located between the drive motor and the buffer seal,
will function as follows:

(1) With the clutch de-energized, the clutch will allow the
control rods to fall into the reactor by gravity. However,
the unidirectional feature will allov the motor to drive
through the clutch only in the direction of inserting the '

ono- -
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control rods, thus allowing backup drive-in of control4

rods following a trip.

(2) With the clutch de-energized, the control rods will be
held in position in the core even with a net upward
force on the control rod because the drive shaft will ,

drive through the clutch to the motor gear assembly which
cannot be driven from the reverse direction.

(3) With the clutch energized, the motor can drive the control
rods in both directions, outward or inward,

e. Position Transmitters and Limit Switches

'

The position transmitters and limit switches are located between
the buffer seal and the gear motor in the power package and

! supply redundant position signals and limit switch contacts.

There are three separate devices included in the position and
limit switch transmitter assembly. A potentiometer generates
an analog position signal, a linear variable differential
transformer (LVDT) generates both an analog position signal
and limit contacts, and the limit switch mechanism provides
limit contacts. Refer to Figure 3.2-66.

O The potentiometer is geared direccly to the drive shaft and\ f
'"'

gives a continuous de signal proportional to the CRA position.

] The LVDT transmitter has a core that is moved by means of a
ball screw mechanism geared to the drive shaft. A demodulator'

located within the control cabinet contains the necessary
electronic circuitry to generate the analog de signal. This
demodulator also has relays with adjustable set points for
position contacts. The limit switch assembly consists of
switches operated by linear cams that are moved by a ball

,

screw. This is also geared directly to the drive shaft.
i

By using these three transmitters, it is possible to get both
redundant position and redundant limit signals.

f. Housing Design Criteria

The control rod drive assembly housings are designed to the
same design criteria as is the reactor pressure vessel.
Accordingly, the drive shaf t and rack housings comply with
Section III of the ASFE Boiler and Pressure Vessel Code under
classification as Class A vessels. The operating transient
cycles, which are considered for the stress analysis of the
reactor pressure vessel, are also considered in the housing
designs.;

("~\.
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Quality standards relative to material selection, fabrication,
and inspection are specified to ensure safety function of the
housings essential to accident prevention. Materials conform
to ASTM or ASME, Section II, Material Specifications. All
welding shall be performed by personnel cualified under ASME
Code, Section IX, Welding Qualifications. These design and
fabrication procedures establish quality assurance of the
assemblies to contain the reactor coolant safely at operating
temperature and pressure.

For vibratory and seismic loadings, the assemblies are
restrained with a series of contcared plates that are bolted
to the main support structure. These plates are contoured to
restrain the upper flange outside diameters of the drive
shaft and rack housings as shown in Section CC, Figure 3.2-65.
The main support structure is bolted to the reactor closure
head. These plates will provide lateral support only. Vertical
motion of the housings resulting from thermal expansion will
not be restricted.

In the highly unlikely event that a pressure barrier component
or the control rod drive assembly did fail catastrophically,
i.e., a complete rupture, the following results would ensue:

(1) Control Red Drive Noz::le

For the f this component, the assembly would bea

ejected up :a as a missile until it was stopped by the
reactor building missile shield. This upward motion
would have no adverse effect on adjacent assemblies.

(2) Rack Housing

The failure of this component anywhere above the lower
flange would result in a missile-type ejection into the
missile shielding of the reactor building. There would
be no adverse effect on adjacent mechanisms.

3.2.4.3.3 Control Rod Drive Control System (Control Package)

The control system for the centrol rod drive is designed to energize
and position the control rod drive, indicate the control rod assembly
(CRA) position in the core, and indicate malfunctions in the system.
As shown on Figure 3.2-67, the control system consists of

Power supplies and monitors
Clock (CRA speed standard)
Control rod drive grouping panel
Individual CRA control logic
Position indicator system
Travel limit system Ob

-
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Automatic sequence logic
Trip system
Position deviation monitors

The control rod drive control system provides the reactor operators with
the flexibility of CRA grouping, manual or automatic group operation,
automatic CRA group sequencing, and information of CRA position in the
Core.

A total of 8 CRA groups is available through f acilities of a control |2
rod drive grouping panel which enables up to 12 CRA's to be assigned to
each group. Individual position indicators are provided for all 69
CRA's and are visible to the operator. The operating control panel
includes four group position indicators. Associated with each of these
four indicators is a switch which selects CRA position data from a single
CRA in each group. Three of the indicators are assigned to groups A,
B, and C, and the ther is assigned to groups D through L. In addition,
individual CRA sei.etion is achieved through these switches for single
CRA trim by manual switch action. CRA groups are programmed so that
the power peaking values listed in Table 3.2-1 are never exceeded.

Automatic sequencing (group overlap) of groups 5 through 8 is provided and 12
is available for automatic or manual operator CRA motion requirements.
It allows a limited overlap of operation of any two groups in a fixed

ew sequence, but no more than two. Inputs from CRA position and travelf

( ) limits feed this system.
v

Automatic and manual control is provided. In " automatic", the selected
control rod drive group receives an automatic command signal from the
Integrated Control System. In " manual", provision is made for operation |2
of any individual CRA or group of CRA's. Manual r automatic operation of
four CRA groups in a preset sequence is provided as described above.
Grouping is determined at the control rod drive grouping panel prior to
reactor operation.

The drive gate is part of the individual CRA control logic circuitry which
performs the function of selection and gating. It receives inputs from
the clock, the IN and OUT control busses, motion " enable", and travel
limits. The drive gate sends pulses to the translator upon receiving
(a) clock pulses, (b) " enable" input, and (c) an IN or OUT control
signal. End travel limits and the driver monitor provide inputs to
stop CRA motion.

Output signals of the drive gate feed into the translator. This unit
produces the proper signals for the drive motor. Direction is determined
by the IN and OUT commands, and speed is determined by the fixed clock
frequency.

] 03cs
__ mn

dU)d)
Amendment 2 3.2-97



Reactor Design

O
The position indication and travel limit systems consist of three different
types of transmitters and produce two independent analog position signals
and two independent limit signals. One of the devices, the LVDT,
produces both position and limit signals. Either source of signals can
be used for the position and for the limit signals.

Position output jacks are provided for a precision meter and for
computer monitoring. Calibration of the potentiometer and the LVDT is
accomplished by initial adjustments prior to installing the power package
and also by making adjustments within the control cabinet. The limit
switches are adjusted prior to installation of the drive package.

A fault detection circuit monitors signals to provide extra protection
against unwanted withdrawal and insertion motion. See Figure 3.2-67.

The rod drive control system has two speed-limiting features. First, the
motor speed is limited by the frequency of the input power set by a clock
or pulse generator. Second, this limit is followed by a speed-saturating
circuit which has the inherent property of not responding to a frequency
greater than 125 percent of rated frequency. These features will prevent
an over-frequency and overspeed of the drive.

In addition to speed limitation, the rod groups have independent " enable"
signals and gates such that no more than two groups can be enabled
simultaneously for withdrawal motion in accordance with the description
in 7.2.2.1. These two features, frequency limit and group " enable"
limits, hold the maximum withdrawal rate well below that analyzed in
14.1.2.3.

3| Trip is initiated by de-energizing either of two series circuit breakers
in each of two power sources (Figure 3.2-68). Each loss-of-voltage trip
coil is fed by a separate two-out-of-four relay circuit powered by four
inputs from the reactor protection system. Failure of any two inputs causes
trip. The manual trip pushbutton opens all trip circuit breakers. Test
pushbuttons are provided to test each circuit breaker action.

3.2.4.3.4 Control Rod Drive System Evaluation

a. Design Criteria

The system will be designed, tested, and analyzed for
compliance with the design criteria. A preliminary safety
analysis of the control rod Jrive motor control subsystem
was conducted to determine failures of logic functions. It
was concluded that no single failure in any CRA control would
prevent CRA insertion, nor cause inadvertent CRA withdrawal
of another CRA or CRA grcup.

30 5g
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! b. Materials Selection
'

Materials are selected to be compatible with, and operate in,
the reactor coolant. Certified mill test reports containing
chemical analysis and test data of all materials exposed to
the reactor system fluid shall be provided and maintained for
the control rod drives. Certificates of compliance for other
materials and components shall also be provided.

; c. Relation to Design Temperature ,

All parts of the control rod drive exposed to reactor coolant
,

i are designed to operate at 650 F, although it is expected tha t
all parts will operate considerably cooler. Some tests have

; been completed, and additional tests are planced, to closely
determine the operating temperature gradients throughout thei

drive mechanism during all phases of operation. These tests
will also provide an indication of the amount of convection
that takes place within the water space of the mechanism.
It is expected that the more significant temperature changes.

uill be caused by displacement of reactor coolant in and out
of the mechanism water space as the drive line is raised and
lowered.

; d. Design Life

The expected life of the control rod drive control system is
as follows:

(1) Structural portions, such as flanges and pressure
housings, have an expected life of 40 years.

(2) Moving parts, such as rack, pinions, and other gears,
have an expected life of 20 years.

;

(3) Electronic control circuitry has an expected life of
20 years.

3.2.4.3.5 Control Rod Assembly (CRA)

Each control rod assembly is made up of 16 control rods which are coupled
to a single Type 304 stainless steel spider (Figure 3.2-69). Each control
rod consists of an absorber section of silver-indium-cadmium poison clad
with cold-worked Type 304 stainless steel tubing and Type 304 stainless
steel upper and lower end pieces. The end pieces are welded to the clad
to form a water and pressure-tight container for the absorber. The control
rods are loosely coupled to the spider to permit maximum conformity with
the channels provided by the guide tubes. The CRA is inserted through
the upper end fitting of the fuel assembly, each control rod being guided

DJ
" ^ " "3.2 09 -

Amendment 2 dU M J -'

,

_

, , , . - _ - . _. _ , _ , _ _ _ ___ - _ . _ . . . . , _ , , . . _ . _ , - - _ . _ _



Reactor Design

by an incore guide tube. Guide tubes are also provided in the upper
plenum assembly above the core so that full length guidance of the
control rods is provided throughout the stroke. With the reactor
assembled, the CRA cannot be withdrawn far enough to cause disengagement
of the control rods from the incore guide tubes. Pertinent desian data
are shown in Table 3.2-22.

TABLE 3.2-22
CONTROL ROD ASSEMBLY DESIGN DATA

Item Data

Number of Rod Assemblies 69

Number of Control Rods per Assembly 16
Outside Diameter of Control Rod, in. 0.440
Cladding Thickness, in. 0.018
Cladding Material Type 304 SS, cold-worked
Absorber Material 80% Ag, 15 *.' In , 5% Cd
Length of Absorber Section, in. 134
Stroke of Control Rod, in. 139

This type of CRA has been developed under the USAEC Large Reactor
Development Program and offers the following significant advantages:

a. More uniform distribution of absorber throughout the core
volume,

b. Shorter reactor vessel and shorter internals owing to elimina-
tion of control rod followers.

c. Lower reactor building requirements owing to reduction of
reactor coolant inventory.

d. Better core power distribution for a given CRA worth.

62
A CRA prototype similar to the B&W design has been extensively tested at

reactor temperature, pressure, and flow conditions under the LRD program.

The silver-indium-cadmium absorber material is enclosed in stainless steel
tubes to provide structural strength to the control rod assemblies.
These reds are designed to withstand all operatina loads including those
resulting from hydraulic forces, thermal gradients, and reactor trip
deceleration. The cladding of the poison section also prevents corrosion
and eliminates possible silver contamination of the reactor coolant.

The ability of the absorber clad to resist collapse due to the system
pressure has been demonstrated by an extensive collapse test orogram on |

2^V - |
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I
cold-worked stainless steel rods. The actual collapse margins are higher
than the requirements.

,

;

Internal pressure and poison swelling are not expected to cause stressing4

or stretching of the clad because the Ag-In-Cd alloy poison does not yield
1

a gaseous product under irradiation.1
;

i

Because of their great length and unavoidable lack of straightness, some

; slight mechanical interference between control rods and guide tubes must
.be expected. However, the parts involved, especially the control rods, i

are so flexible that only very small friction drags will result.
Similarly, thermal distortions of the control rods are expected to be;

small because of the low heat generation and adequate cooling. Conse-'

quently, it is not anticipated that the control rod assemblies will |'

encounter significant frictional resistance to their motion in the guide,

i tubes.
|

Lifetime tests are being performed on a prototype CRA in the CRDL Facility
described in 3.3.3.1 and in accordance with the program outlined in
3.3.3.4.1. Approximately 2,200 full-stroke cycles and 250 full-stroke

} trips have been computed with the reference design C:RA at reactor
operating conditions of pressure, temperature, flow, and water chemistry.J i

This is approximately equivalent to 20 years of operation on the CRA.=

Evidence of contact was noticed on the lead-in tip of the control rod
assembly, but no measurable amount of metal had been removed. Visual
inspection of the spider shows an insignificant amount of wear.

At the end of 410 full-stroke cycles and 50 full-stroke trips (the equiva-
lent of three years operation in one assembly), the incore guide tubes
in the fuel assembly were examined. Wear marks were noted at the
entrance of the guide tubes, and these marks extended into the guide
tubes approximately 5 in. Approximately 7 mils of metal had been removed
longitudinally from the guide tubes at the upper end. Since no change

,

in the time required for two-thirds insertion was noted over the duration
'

of the testing performed to date, it is concluded that wear of the guide
tubes and the CRA's will not be of concern. These tests will be continued
to completion.

The methods and frequency of CRA in-service inspection as well as the
criteria for replacement will be determined during the detailed design.

,

,

O nsa
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V
3.3 TESTS AND INSPECTIONS

3.3.1 NUCLEAR TESTS AND INSPECTION

3.3.1.1 Critical Experiments

63-M
; An experimental program to verify the relative reactivity worth of the

CRA has recently been completed. Detailed testing established the worth
of the CRA under various conditions similar to those for the reference
core. These parameters include control rod arrangement in a CRA, fuel
enrichments, fuel element geometry, CRA materials, and soluble boron
concentration in the moderator.

Gross ani local power peaking were also studied, and three-dimensional
power-peaking data were taken as a function of CRA insertion. Detailed
peaking data were also taken between fuel assemblies and around the water
holes left by withdrawn CRA's. The experimental data are being analyzed
and will become part of the experimental bench mark for the analytical
models used in the design.

3.3.1.2 Zero Power, Approach to Power, and Power Testing

p Boron worth and CRA worth (including stuck-CRA worth) will be determinedi

t by physics tests at the beginning of each core cycle. Recalibration of
boron worth and CRA worth is expected to be performed at least once
during each core cycle. Calculated values of boron worth and CRA worth
will be adjusted to the test values as necessary. The boron worth and

i CRA worth at a given time in core life will be based on CRA position
indication and calculated data as adjusted by experimental data.

The reactor caolant will be analyzed in the laboratory periodically to
determine the boron concentration, and the reactivity held in boron will
then be calculated from the concentration and the reactivity worth of
boron.

The method of maintaining the hot shutdown margin (hence stuck-CRA margin)
is related to operational characteristics (load patterns) and to the
power-peaking restrictions on CRA patterns at power. The CRA pattern
restrictions will ensure that sufficient reactivity is always fully with-

drawn to provide adequate shutdown with the stuck-CRA margin. Power
peaking as related to CRA patterns and shutdown margin will be monitored
by reactivity calculations, and interlocks will be provided to prevent
CRA patterns that produce excessive power peaking and/or reduction of
shutdown margin.

Operation under all power conditions will be monitored by incore instrumen-
tation, and the resulting data will be analyzed and compared with multi-

_

dimensional calculations in a continuing effort to provide sufficient

support for further power escalations.nv
emot 00MB
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Tests and Inspections

3.3.2 THERMAL AND HYDRAULIC TESTS AND INSPECTION

3.3.2.1 Reactor Vessel Flow Distribution and Pressure Drop Test

A 1/6-scale model of the reactor vessel and internals will be tested to
measure:

a. The flow distribution to each fuel assembly of the reactor
core and to develop, if necessary, devices required to produce
the desired flow distribution.

b. Fluid mixing between the vessel inlet nozzle and the core
inlet, and between the inlet and outlet of the core,

c. The overall pressure drop between the vessel inlet and outlot
nozzles, and the pressure drop between various points in tl?
reactor vessel flow circuit.

d. The internals vent valves will be evaluated for closing behavior
2 and for the effect on core flow with valves in an open position.

The reactor vessel, thermal shield, flow baffle, core barrel, and upper
plenum assembly are made of clear plastic to allow use of visual flow
study techniques. All parts of the model except the core are
geometrically similar to those in the prototype reactor. However, the

simulated core was designed to maintain dynamic similarity between the
model and prototype.

Each of the 177 simulated fuel assemblies contains a calibrated flow
nozzle at its inlet and outlet. The test loop is capable of supplying

cold water (80 F) to three inlet nozzles and hot water (180 F) to the
fourth. Temperature will be measured in the inlet and outlet nozzles of
the reactor model and at the inlet and outlet of each of the fuel
assemblies. Static pressure taps will be located at suitable points
along the flow path through the vessel. This instrumentation will provide
the data necessary to accomplish the objectives set forth for the tests.

3.3.2.2 Fuel Assembly Heat Transfer and Fluid Flow Tests

B6W is conducting a continuous research and development program for fuel
assembly heat transfer and fluid flow applicable to the design of the
reference reactor. Single-channel tubular and annular test sections and
multiple rod assemblies have been tested at the B&W Research Center.

The reactor thermal design is based upon burnout heat transfer experi-
ments with (a) n:ultiple rod, heated assemblies with uniform heat flux,
and (b) single rod, annular heaters with nonuniform axial heat flux,
at design conditions of pressure and mass velocity. These experiments
are being extended to test nonuniform multiple rod heater assemblies as
described in 1.5.4. The results of these tests will be applied to the final

thermal design of the reactor and the specification of operating limits.
.

00'13Y1pisuput
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Tests and Inspections
where

LT3 = inlet subcooling, F

P = pressure, psia

G = mass velocity, lb/hr-ft2

The geomettf of this section consisted of nine rods of 0.420 in, diameter
on a 0.558 in. square pitch. Analysis of the last data of this set is
in process.

3.3.2.2.3 Fuel Assembly Flow Distribution and Pressure Drop Tests

Flow visualization and pressure drop data have been obtained fro.n a 10-times-
full-scale (10X) model of a single rod in a square flow channel. These data
have been used to refine the spacer ferrule designs with respect to mixing
turbulence and pressure drop. Additional pressure drop testing has been
conducted using 4-pin (5X), 4-pin (1X), 1-pin (1X), and 9-pin (1X) model . .

Testing to determine the extent of interchannel mixing and flow distribution
also has been conducted. Flow distribution in a square 4-rod test assemblyhas been measured. A salt solution injection technique was used to deter-
mine the average flow rates in the simulated reactor assembly corner cells,
wall cells, and unit cells. Interchannel mixing data was obtained for the
same assembly. These data have been used to confirm the flow distribution
and mixing relationships employed in the core thermal and hydraulic design.
Flow tests on a mock-up of two adjacent fuel assemblies have been conducted
to determine the friction effects at the perforated wall boundary. Addi-

3 ti nal mixing, flow distribution, and pressure drop data will be obtained to
improve the core power capability.
will be tested to provide additional data:The following fuel assembly geometries

A 9-pin (3 x 3 array) mixing test assembly, of the same bundlea.

geometry as the DNB bundle described previously, has been con-
structed to determine flow pressure drop, flow distribution, anddegree of mixing present during the DNB investigations. Test-ing with this assembly is in progress,

b. A 16-rod assembly simulating the junction of four fuel assemblies
the corner is under construction. This assembly will beat

tested to determine the degree of mixing which occurs betweenfuel assemblies,

Several 64-rod assemblies simulating larger regions and variousc.

mechanical arrangements within a 15 x 15 fuel assembly and
between adjacent fuel assemblies will be flow tested. The
hydraulic facility for the tests is now under construction.

0035 g( & .
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Tests and Inspections
-

3.3.2.2.1 Single-Channel Heat Transfer Tests

A large quantity of uniform flux, single-channel, critical heat flux data
has been obtained. References to uniform flux data are given in BAW-168
and 3.2.3.2.3 of this report. The effect on the critical heat flux
caused by nonuniform axial power generation in a tubular test section at
2,000 psi pressure was investigated as early as 1961. (See Reference 29).
This program was extended to include pressures of 1 000, 1,500, and 2,000

6 lb/hr-ft2,6$ The effect on thepsi and mass velocities up to 2.5 x 10

critical heat flux caused by differences in the radial and axial power
distribution in an annular test section was recently investigated at
reactor design conditions.67 Data were obtained at pressures of 1,000,

,
1,500, 2,000, and 2,200 psi and at mass velocities up to 2.5 x 106 lb/hr-ft".

The tubular tests included the following axial heat flux shapes where P/E
is local to average power:

a. Uniform Heat Flux (P/P) = 1.000 constant

b. Sine Heat Flux (P/P) = 1.396 @ 50% L
max

c. Inlet Peak Heat Flux (P/P) = 1.930 @ 25% L
max

d. Outlet Peak Heat Flux (P/P) = 1.930 @ 75% L--

( max
r

__ Tests of two additional, nonuniform, 72-in. heated length, tubular tests
were undertaken to obtain data for peaking conditions more closely
related to the reference design. The additional flux shapes being tested
are

a. Inlet Peak Heat Flux (P/P) = 1.65 @ 28% L
max

b. Outlet Peak Heat Flux (P/P) = 1.65 @ 72% L
max

These tests, still in progress, will cover approximately the same range
of pressure, mass flow, and AT as the multiple rod fuel assembly tests.

3.3.2.2.2 Multiple Rod Fuel Assembly Heat Transfer Tests

Critical heat flux data are being obtained from 6-ft-long, 9-rod fuel
assemblies in a 3 x 3 square array. A total of 513 data points were
obtained covering the following conditions:

0 5 T $ 250
S

1,000 1 P 5 2,400

60.2 x 10 -5 G 5 3.5 x 10
_

00363,3_3
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Tests and Inspections

were individually tested at 680 F at slowly increasing pressure until
collapse occurred. Collapse pressures for the 0.020 in, wall thickness
specimens ranged from 1,800 to 2,200 psig, the 0.024 in. specimens ranged
from 2,800 to 3,200 psig, and the 0.028 in. specimens ranged from 4,500
to 4,900 psig. The material yield strength of these specimens ranged
from 65,000 to 72,000 psi at room temperature, and was 35,800 psi at
680 F.

Additional Zircaloy-4 short time collapse specimens were prepared with
a material yield stress of 78,000 psi at room temperature and 48,500
psi at 615 F. Fifteen specimens having an OD of 0.410 in, and an ID of
0.365 in. (0.0225 in nominal wall thickness) were tested at 615 F at
increasing pressure until collapse occurred. Collapse pressures ranged
from 4,470 to 4,960 psig.

Creep-collapse testing was performed on the 0.436 in. OD specimens.
Twelve specimens of 0.024 in, wall thickness and 30 specimens of 0.028
in, wall thickness were tested in a single autoclave at 680 F and 2,050
psig. During this test, two 0.024 in, wall thickness specimens collapsed
during the first 30 days and two collapsed between 30 and 60 days. None
of the 0.028 in. wall thickness specimens had collapsed after 60 days.
Creep-collapse testing was then performed on thirty 0.410 in. OD by
0.365 in. ID (0.0225 in. nominal wall) specimens for 60 days at 615 F and
2,140 psig. None of these specimens collapsed, and there were no signi-
ficant increases in ovality after 60 days.

|
Results of the 60-day, creep-collapse testing on the 0.410 in. OD speci-
mens showed no indication of incipient collapse. The 60-day period for
creep-collapse testing is used since it exceeds the point of primary
creep of the material, yet is sufficiently long to enter the stage nhen
fuel rod pressure begins to build up during reactor operation, i.e.,
past the point of maximum differential pressure that the clad would be
subjected to in the reactor.

In order to help optimize the final clad thickness, additional clad-

2| collapse testing is scheduled for 1969 using specimens fabricated to the
reference design fuel clad dimensions, material specifications, and operating
conditions.

3.3.3.3.2 Fuel Assembly Structural Components

The mechanical design of the prototype can panel assembly is the result
of an extensive can panel design and structural evaluation program. The
full-size, simulated loop, functional testing noted in 3.3.3.1 is
expected to verify can panel design criteria. Prototype static and
dynamic load testing is underway to verify can panel structural adequacy
for vibration, handling, operation, and seismic loads.

In the mechanical design of the spacer grids, particular attention is
given to the ferrule-to-fuel-rod contact points. Sufficient load must
be applied to position the fuel rods and to minimize fuel rod vibration,

.
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3.3.3 FUEL ASSEMBLY, CONTROL P' ) ASSEMBLY, AND CONTROL ROD DRIVE
MECHANICAL TESTS AND I~ o ATION

To demonstrate the mechanical adeq _ scy and safety of the fuel assembly,
control rod assembly (CRA), and control rod drive, a number of functional
tests have been performed 2 in progress, or are in the final stages
of preparation.

3.3.3.1 Prototype Testing

A full scale prototype fuel assembly, CRA, and control rod drive is
presently being tested in the Control Rod Drive Line (CRDL) Facility
located at the B&W Research Center, Alliance, Ohio. This full-size loop
is capable of simulating reactor environmental conditions of pressure,
temperature, and coolant flow. To verify the mechanical design, operating
compatibility, and characteristics of the entire control rod drive fuel
assembly system, the drive will be stroked and tripped in excess of
expected operating life requirements. A portion of the testing will be
performed with maximum misalignment conditions. Equipment is available
to record and verify data such as fuel assembly pressure drop, vibration
characteristics, hydraulic forces, etc., and to demonstrate control rod
drive operation and verify scram times. All prototype components will
be examined periodically for signs of material fretting, wear, and
vibration / fatigue to ensure that the mechanical design of tha equipment

''~

meets reactor operating requirements. Preliminary test rece.cs are given')
' in 3.2.4.3.5.<

(Deleted) |3

3.3.3.2 Model Testina

Many functional improvements have been incorporated in the design of the
prototype fuel assembly as a result of model tests run to date. For
example, the spacer grid to fuel rod contact area was fabricated to 10
times reactor size and tested in a loop simulating coolant flow Reynolds
numbers of interest. Thus, visually, the shape of the fuel rod support
areas was optimized with respect to minimizing the severity of flow
vortices. Also, a 9-rod (3 x 3) actual size model was fabricated (using
production fuel assembly materials) and tested at 640 F, 2,200 psi, and
13 fps coolant flow. Principal objectives of this test were to evaluate
fuel rod cladding to spacer grid contact wear, and/or fretting corrosion
resulting from flow-induced vibration. A wide range of contact loads
(including small clearances) was present in this specimen. No signifi-
cant wear or other flow-induced damage was observed af ter 210 days of loop
operation.

3.3.3.3 Component and/or Material Testina

3.3.3.3.1 Fuel Rod Cladding

Extensive short time collapse testing was performed on Zircaloy-4 tube
specimens as part of the B&W overall creep-collapse testing program.e

Initial test specimens were 0.436 in. OD with wall thicknesses of 0.020
in.,, 0.024 in., and 0.028 in. Ten 8-in.-long specimens of each thickness-
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Tests and Inspections

c. MisaliRnment Tests

100 full strokes and 100 full stroke trips with internals
tolerances altered to 1.5 times maximum allowable
misalignment.

d. Coupling Tests

Complete check of coupling operations after testing

The cycles above meet the total test requirements of 5,000 full strokes
and 500 trips. The assembly will be completely disassembled and
inspected at various B&W facilities after completion of environmental
tests.

3.3.3.4.2 Control Rod Drive Control System Developmental Tests

A control rod drive motor control unit has been built in breadboard
form. Following the testing of the breadboard version, prototype
circuits for plug-in modules will be designed and tested. Testing will
consist of bench testing, life testing, and determining the ef fects of
simulated failures. The simulated-failure testing will be designed to
verify the safety analysis.

The control rod drive control system will be tested in conjunction with
the control rod drive motor control to ensure proper operation.
Simulated failure testing will also be performed on the combined system
to ensure that protective requirements are being met.

The position indicator and limit switch subsystem has been built in
prototype form and life-tested mechan.'cally under expected environmental-

conditions. Further testing, both mechanical and electrical, will be
done under expected environmental conditions at the B&W Research Center.
Characteristics to be determined will include accuracy, repeatability,
linearity, short term stability, and long term stability.

3. 3. 3. 4. 3 Production Tests

The finished control rod drive will be proof-tested as a complete system,
i.e., mechanisms, motor control, and system control working as a system.
This proof testing will be above and beyond any developmental testing
performed in the product development stages.

1

Mechanism production tests will include:
'

a. Ambient Tests

Coupling tests

Operating speeds g
. EMF W
'

M'
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%)
yet allow axial thermal differential expansion, and not produce fretting

| wear in the fuel rod cladding. Static load and functional testing of the
'

prototype grids will demonstrate their adequacy to perform within the
design requirements.

3.3.3.4 Control Rod Drive Tests and Inspection

3.3.3.4.1 Control Rod Drive Developmental Tests

The prototype rack and pinion, buffer seal drive is under development at
the B&W Research Center, Alliance, Ohio.

Wear characteristics of critical components, such as sleeve bearings,*

pinion and rack teeth, snubber piston and sleeve, etc., during tests to
date indicate that material compatibility and structural design of these
components will be adequate for the life of the mechanism.

~

Sub sequent to completion of the development program, the complete prototype
control rod drive will be subjected to environmental testing under
simulated reactor conditions (except radiation) in the Control Rod Drive
Line (CRDL) Facility at Alliance. Environmental tests will include,
but not necessarily be limited to, the following:

a. Operational Tests3s

d Operating speeds

Temperature profiles

Trip times for full and partially withdrawn control rod
assemblies (CRA) for various flow-induced pressure drops
across the CRA

i

b. Life Tests
.

(With internals assembled to maximum misalignment
permitted by drawing dimensions and tolerances)

No. of Partial Stroke Span of Control Rod Stroke
Stroke Cycles Length, in. From " Full-In" Position, in.

i 1,550 83 From 36 To 139
5,400 50 71 121
8,500 23 114 139 y
8,500 13 126 139 -

No. of- Trip
Cycles

CJg500 139 From 0 To 139,
.,,

|' )
* 1*'

.

O
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f. Defective automatic control signal

g. Defective command line

h. Defective fuses

1. Defective single CRA control circuit or switch

j. Defective power supply

k. Defective motor translator

1. Defective motor cable

m. Defective position transmitter

The finished hardware will be visually inspected for quality of workmanship.
This inspection will include an examination of che enclosure, cable
entrances, dust-tightness, maintenance features, drawers and cable
retractors, fasteners, stiffeners, module mounts, wire harnesses, and

other similar details.

3.3.4 ISTERNALS TESTS AND INSPECTIONS

The internals upper and lower plenum hydraulic design will be evaluated
and guided by the results from the 1/6-scale model flow test which is
described in detail in 3.3.2.1. These test results will indicate areas
of gross flow maldistribution and allow verification of vessel flow-
pressure drop computations. In addition, the test results will provide
measured pressure pulses at specific locations to aid in assessing the
vibration response characteristics of the internals components.

The ef fects of internals misalignment will be evaluated on the basis of
the test results from the CRDL tests described in 3.3.3.4. These test
results, when correlated with the internals guide tube final design, will
ensure that the CRA will have the capability for a reactor trip or fast
insertion under all modes of reactor operation in the reactor coolant
environment. These tests will not include the effects of neutron flux
exposure.

After completion of shop fabrication, all internals components will be
shop-fitted and assembled to final design requirements. The assembled
internals components will be installed in a mockup of the as-built reactor
vessel for final shop fitting and alignment of the internals far the
mating fit with the reactor vessel. Du=my fuel and CRA's will be used
to check out and ensure that ample clearances exist between the fuel and
internals structures guide tubes to allow free movement of the CRA
throughout its full stroke length in various core locations. Fuel

0004j g
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Tests and Inspections

. Position indication*

f
,

Trip tests

!

b. Operational Tests
,

! Operating speeds

Position indication

Partial and full stroke cycles

Partial.and full stroke trip cycles

Control system production tests will be performed as described in the
following paragraphs.

The ff nished hardware will be systematically operated through all of its
operating modes, checked over the full range of all set points, and
checked for proper operation of all patch plugs. This will check

) completeness and proper functioning of wiring and components.
+
' The operating rodes to be checked will include such things as automatic

operation, manual group operation, trim or single CRA creration, position
indication of all CRA's, travel limit on all CRA's, trip circuit opera-

[T tions, IN command, OUT command, etc.

Q;

. The trip circuit or circuits will be tested by repeated operation. The
overall trip time will be measured.

The accuracy and repeatability of the position indication and limit.

switch systems will be tested.

Power supply tests will be performed to determine the upper and lower-
operating-voltage and to prove immunity to switching transients.

Fault conditions will be simulated to prove that no unsafe action results
from defective components, circuits, or wiring. Ability to detect unsafe
fault conditions at the operating console will be determined. Typical
of faults to be simulated are:

1

a. Defective limit switch or circuit

b. Improper CRA group patch

c. Defective patch plugs

d. Defective group sequencer
4

e. Defective clr,ck

~, .
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O Tests and Inspections

assembly mating fit will be checked at all core locations. The dummy
fuel and CRA's will be identical to the production components except that
they will be manufactured to the most adverse tolerance space envelope;
even though the assembly weights will be representative of the production
units, the dummy components will not contain fissionable or poison
materials.

Internals shop fabrication quality control tests, inspection, procedures,'

and methods will be similar to the pressure vessel tests described in
detail in 4.1.4.

With regard to the internals surveillance specimen holder tubes, the
material irradiation surveillance program is described in 4.4.3.

1

All internal c~omponents can be removed from the reactor vessel to allow
inspection of all vessel interior surfaces (see 4.4.1). Internals compo-

1 nents surfaces can be inspected when the internals are remo ed to the
_ canal storage location.-

The internals vent valves will be designed to relieve the pressure generated
by steaming in the core following the LOCA so that the core will remain suf-;

'

ficiently covered. The valves will be designed to withstand the forces
resulting from rupture of either a reactor coolant inlet or outlet pipe.
Testing of the valves will consist of the following:

'

O.
I a. A full-size valve assembly (seat, locking mechanism, and socket)

will be hydrostatically tested to the maximum pressure expected
to result during the blow!own.

b. Sufficient tests will be conducted at zero pressure to determine
the frictional loads in the hinge assembly, the inertia of the
valve cover, and the cover rebound resulting from impact of the
cover on the seat so that the valve response to cyclic blowdown
forces may be determined analytically. 2

c. The valve assembly will be pressurized to determine what pressure
differential is required to cause the valve to begin to open.
A determination of the pressure differential required to open
the valve to its maximum open position will be simulated by
mechanical means.

d. A valve assembly will be installed and removed remotely in a
test stand to judge the adequacy of handling equipment.

An analysis indicates that the vent valves will not open during operation
as a result of vibration caused by transmission of core ^ support shield
vibrations. However, to verify this analysis B&W will perform a vibration
test of a full scale prototype vent valve. The prototype valve will be
mounted in a test fixture which duplicates the method of valve mounting <

in the core support shield. The test fixture with valve installed will be
attached to a vibration test machine and excited sinusoidally through a

O range of' frequencies which will encompass those which may reasonably be
N .|

~
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