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3 REACTOR

3.1 DESIGN BASES

The reactor is designed to meet the performance cbjective

s specified in 3.1.1
without exceeding the limits of design and operation specifi

ed in 3.1.2.

3.1.1 PERFORMANCE ORJECTIVES

{
The reactor is designed to operate initially at 2,Ls52 M?tﬂ*) with sufficient
design margins to accommodate transient operation and instrument error with-
out damage to the core and without exceeding the pressure at the relief valve
settings in the reactor ccolant system. The ultimate operating power level
of the reactor core is expected to be 2,552 MWt. This section of the report
describes only reactor operation at the initial power level.

The fuel rod cladding is designed to maintain its integrity for the antici-
rated core life. The effects of gae release, fuel dimensicnal changes, &nd
corrosion- or irradiation-induced changes in the mechanical properties of
cladding are considereé in the design of fuel assemblies.

Reactivity is controlled by control rod essemblies (CRA), burnable poison
rod assemblies (BPRA), and soluble boron in the coolant. Sufficient CRA
worth is available to shut the reactor down (k. ee £ 0.9%) in the hot condi-
tion at any time during the life cycle with the most rezctive CRA stuck in
the fully withérawn position. Eguipment is provided tc add soluble boron to
the reactor coclant to insure a similar shutdown capability whern the reactor
coolant is cooled to ambient temperatures.

The reactivity worth of CRA, and the rate at which reactivity can be added,
is limited to insure that credible reactivity accidents cannot cause & tran-

sient capable of damaeging the reactor coolant system or causing significant
fuel failure.

3.1.2 LIMITS

L7 P | Nuclear Limits

The core has been designed to the following nuclear limits:

a. Fuel has been decigned for a maximum burnup of 55,000 MwWa/MTU.

e

is capable of compensating for reactivity clianges resulting fro=z
nuclear coefficients, either positive or negative.

b. The power Doppler coefficient is negative, anéd the control system

c. Control systems will be available to handle core xenon instabili-
ties should they oceur during operation, without jeopardizing the
safety conditions of the reactor coolant systec.

00 .
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d. Tne core will have sufficient excess reactivity to ¢
sign power level and lifetime without exceeding th
ity or shutdown margin.

i
o

e. Controlled reactivity insertion rates have been limited to 9.2 x
10=-5 (Az/k)/Sec for & single regulating CRA group witndrawal, and
7 x 10~% (ak/x)/sec for scluble boron removal.

£. Reactor contrcl and maneuvering procedures will not produce peak-
to-average power distributions greater than ihose listed in Table
3-1. The low worth of CRA groups inserted during power cperation
limits power peaks to acceptable values.

F:1.2:2 Reactivity Control Limits
The control system and the operational procedures will provide zdequate con~
trol of the core reactivity and power distribution. The following contirol

limite will be met:

a. Sufficient control will be available to produce an &
down margin.
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b. The shutdown margin will be maintained with the CRA of highest
worth stuck out of the core.

¢. CRA withdrawal limits the reactivity insertion to 9.2 x 10
(ak/k)/sec on a single regulating group. Boyon Cilution 2
limited tc a reactivity insertion of T x 10’6 (ak/k)/sec.

3.1.2.3 Thermal and Hydraulic Limits

The reactor core is designeé to meet the following limiting thermal and hy-
draulic conaitions:

a. No central melting in the fuel at the design overpover (114 percent).

b. 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 nu-
cleste boiling (DNB) during continuous operation at the design over-
pover.

¢c. Essentizlly 100 percent confidence that at least 92.9€ percent of
the fuel rods in +the core are in no jeocpardy of experiencirg s I
during continuous operation at rated powver.

d. The generation of net steam in the hottest core channels is permis-
sible, but steam voids will be low enough tc prevent flow instabil-

ities.
The design overpower is the highest credible reactor operating power permittec
by the safety system. Normal overpower to trip is significantly lecs tharn

+he design cverpover. Core rated pover is 2,82 e,
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3.1.2.% Mechanical Limits

3.1.2.4. Reactor Internals

The reactor internal components are designed to withstand the stresses re-
sulting from start-up; steady state operation with two, three, or four re-
ector coolant pumps running; and shutdown conditions. Nc damage to the
reactor internals will occur as a result of loss of pumping power.

Reactor internals will be fabricated from SA-240 (Type 304) material and will
be designed within the allowable stress levels permitted by the ASME Code,
Section III, for normal reactor operation and transients. Structural integ-
rity of all core support assembly circumferential welds will be assured by

compliance with ASME Code, Sections III and IX, radicgrarhic inspection ac-
ceptance standards, and welding qualifications.

The core support structure will be designed as a Clase I structure, ac defires
in Arpendix S5A of this report, to resist the ¢ffects of seismic disturbences.
The basic design guide for the seismic analvcig will be AEC publication TID-

7024, "Muclear Reactors and Earthguakes."

Latersl deflection and torsional rotation of the lower end of the core sup-

port assembly will be limited to prevent excessive movements resulting from

seismic disturbance and thus prevent interference with control rod assem-

blies (CRA). Core dropr in the event of failure of “the 1c i

be limited so that the CRA do not disengage from the fuel s
tubes.

o
< 43

n o »

The structural internals will be designed to maintain their functional integ-

ity in the event of a major loss-of-coolant accident as described in 3.2.L.1.
The dynamic loading resulting from the pressure cscillations because of a
loss~-of -coolant accident will not prevent CRA insertion.

Internals vent valves are provided to relieve pressure ge"erated by steaming
in the ccre, following a postulated reactor coolant inlet pipe rupture, so
that the core will remain sufficiently cooled.

3.1.2.L.2 Fuel Assemblies

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

Tihe assemblies are designed to operate safely during steasdy state ani tran-
sient conditions under the combined effects of flow-induced vibraticn, c¢lad-
éing strain caused by reactor pressure, fission gas pressure, fuel growth,

and differential thermal expansion. The cold-worked Zircaloy-k cladding is
designed to be freestanding. Fuel rods are held in place by mechanicsl spacer
grids that are designed to maintain dimensicral c~antrol of the fuel rod
spacing throughout the design life without i- . .r. ag cladding integrity.
Cortact loads sre limited to minimize fret’




The spacer grids are also designed to permit differential thermal expansion

of the fuel rods without restraint that would cause dlst rtion of the rods.

The fuel tssembly upper end fitting and the contreol rc uide tube in the in-
ternals structure are both indexed to the grid plate abﬁve the fuel assemblies,
thus insuring continuous elignment of the guide channels for the CRA. The
control rod travel is designed so that the rods are always engaged in the
fuel assembly svide tubes, thus insuring that CRA can always be inserted.

The assembly structure is also designed to withstand handling loads, shipping
loads, and ezrthguake loads.

Stress and strain for all anticipated normal and abrnormal ‘r»rating conditions
will be limited as follows:

&. OStresses that are not relieved by sma ations of the material
will be prevented from leading to fai ot permitting these
stresses to exceed the yield strength of the material nor to exceed

of

'3 O

levels that would use in excess cf 75 percent the stress rur-
ture life of the material. An exa-nle ¢f this type of stress
the circumferentizl membrane stress in the clad due to intern
external pressure.
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b. Stresses that are relieved by small deformations of the material,
and the single occurrence of which will not make a significant con-
tribution to the possibility of a failure, will be permitted to ex-
ceed the yield stre'“‘h of the materizl. Where such stresses ex-
ceed the material yield strength, sirain limits will be set, besed
on low-cycle fatigue technigues, using no more than 90 percent cf
the material fatigue life. Evaluations of cyclic loadings will be
based on conservative estimates of the number of cycles to be ex-
verienced. An example of this type of stress is the thermal stress
resulting from the thermal gradient across the clad thickness.

¢. Combinations of these two types of stresses, in addition to the in-
dividual trestment outlined above, will be evaluated on the low-
cycle fatigue basis of Item b. Alsc, clad plastic 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 sbout 1 percent.

éd. Minimum clad collapse pressure margins will be reguired as follows:

£

(1) 10 percent margin over systenm
collapse,; &t end void.

esign pressure, on short-time

(2) End void must not collapse (must be either freestanding or
have adeyuate support) on 2 long-time basis.

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

(L) Clad must be freestanding at design prescure on &
. R

sh
ig gt <ic> ¥ hot spot average termperature through Lhe cis
v
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3.1.2.4.3 Control Rod Assembly (CRA)

The control rod clad is designed to the same cri

iterie &s the fuel c¢lad, as
applicable. Adequate clearance will be provided between the control rode and
the guide tubes, which position them within the fuel assenmbly, so that con-
trol rod overheating will be avoided and unacceptable mechanical interference
between the control rod and the guide tube will not cccur under any operzting

condition, including earthquake.

Overstressing of the CRA components during a trip will be prevented by mini-
mizing the shock loads by snubbing and by providing adeguate strength.

3.1.2.6.L Control Rod Drive

The control rod drives provide control rod assembly (CRA) insertion and with-
drawal rates consistent with the required reactivity changes for reactor ope
erational load changes. This rate is based on the worths of the varicus rod
groups, whiech have bEEﬂ established to limit power-pecking flux pztterns to
design values. The maxipum reactivity esddition rate is specified to limit the
magnitude of & pessible nuclear excursion resulting from a control system or
cperator malfunction. The normal insertion and withdérawal velocity has been

established as 30 in./min.

The control rod drives provide s "trip" of the CRA which resulte in rapid
shutdown of the reacter for conditions that cannct be randle~ by the reactor
control system. The trip is based on the results cf verious reacior emergency
analyses, including instrument and control delay times and tre zmount of re-
activity that must be inserted before deceleration of the CRA occurs. The
maximum travel time for a 2/3 insertion on a trip command of & CRA hes been
established as 1.4 sec.

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

All pressure-containing components are designed to meet the requirements of
the ASME Code, Section III, Kuclear Vessels, for Class A vessels.

Materiels selected for the control rod drive are capable of operatirg within
the specified reactor environment for the life of the mechanism without any
deletericus effecis. Adequate clearance will be provided between the sta-
ticnary and moving parts of the control rod drives £o that the CRA trir time
to full insertion will not be adversely affected by mechanical interference
under all operating conditions and seismic disturtznces.

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.

3.1.2.L.5 Methods of load Analysis To Be Erployed for Besctor
laternals &nd Core

Static or dynamic analyses will be used as approrrizte. In gerersl, dynamic
analysis will be used for earthguskes and the sudrooled zortion of ihe
5 '
OG-
4
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loss-of-coolant accident (LOCA). For the relativel y ste
the IOCA, a static analysis will be used.

wWhere it is indicated that substantial coupling, ie, inte

..... rrelationship, exists
between major components of the Nuclear Steam System (NSS) such as tei-een
the steam generator, the piping, and the vessel, the Gynamic analysis will
include the response cf the entire coupled system. However, where coupling
is found to be small, the component cr groups of components will be treated

independently of the overall system.

The dynamic analysis for LOCA will use predicted pressure-time histories as
input *© a lumped-mass model. For earthquakes, actusl earthquake records,
norma i to appropriate ground motion, will be used as input to the model.
The ¢ 4t from the analysis will be in the form of internal motions (dis-
placements, velocities, and accelerations), motions of individual fuel acsem-
blies, impact loads between adjacent fuel assemblie end impact lcads be-

Q
tween perirheral fuel assemblies and the core shr»ui.

In addition, seismic analysis will alsc be performed using & modal superposi-
tion and response spectra aprroach.

For the simultaneous occurrence of LOCA and the maximum ea
time-history excitations will be input to the system simult
tive starting times will be changed until maximum structur
cating maximum stresses, are obtained. OQOutput will be ¢

=

Using tre output from the lumped-mass model and additicral information such
as pressure-time historiee on separate internals and core components (includ-
ing control rods), stresses and deflections will be calculated. Trese stres-
ses and deflections will be compared to the allowable lirits for the various
loading combinations as established in Appendix S5A to insure that thev are

less than these allowables.

3.2 REACTOR DESIGN

3.2.1 GENERAL SUMMARY

The important core design, thermal, and hycéraulic characteristics are tabu-
lated in Tzble 3-1.

00 72
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Table 3-1

Core Design, Thermal, and Hydraulic Dete

G0

Reactor
Type Pressurized Water
Rated Hert Cutput, 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
Kumber of Fuel Rods per Fuel Assembly 208
Number of Control Rods per Control Rod Assembly 16
Number of In-Core Instrumentation Positions per
Fuel Assembly 1
Fuel Rod OQutside Diameter, in. 0.430
Clad Thickness, in. 0.0265
Puel Rod Pitch, in. 0.5
Puel Assembly Pitch Spacing, in. 8.587
Unit Cell Metal /Water Ratio (Volume Basis) 0.82
Clad Material Zircaloy-4 (Cold-worked)
Fuel
Material Uop
Form Dished-End, Cylindrical Pellets
Diameter, in. 0.370
Active length, in. 1kL
Density, % of Theoretical 93.5
KEeast Transfer and Fluid F.ow a2t Rated Power
Total Heat Transfer Surface in Core, ft2 “0,73%
Average Hezt Flux, Btu/hr-ft2 ) 163,725
Maximum Heat Flux, Btu/hr-ft 510, 300
Average Power Density in Core, kW/1 79.60
Average Thermal Cutput, kW/ft of Fuel Rod S.L
Maximum Thermal Output, kW/ft of Fuel Rod 16.83
Maximum Clad Surface Temperature, F €54
Average Core Fuel Temperature, F 1,345
Maximum Fuel Central Temperature at Hot Spot, F 4,150
Total Reactor Cuolant Flow, lb/hr o 131.32 x 106
Core Flow Area (Effective for Heat Transfer), ft L9.19
Core Coolant Average Velocity, fps 152
Coolant Outlet Temperature at Hot Chenrel, F 6.2.6
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Fower Distribution

Maximum/Average Power Ratio, Radial x Local
(Fan Nuclear)

1.78
Maximum/Average Power Ratio, Axizal \: Nuclear) 1.70
Overall Power Ratio (Fg lNuclear) 3.03
Power Generated in Fuel and Cladding, % 97.3
Hot Channel Factors
Power Peaking Factor (FQ) 1.011
Flow Area Reduction Factor (F,)
Interior Bundle Cells % 0.98
Peripheral Bunile Cells 0.97
local Heat Flux Factor (Fa") 1.034
Hot Spot Maximum/Average Heat Flux Ratic
(Fq nuc anéd mech) 3.12
INB Deta
Design Overpower Ratio 1.1&
DNB Ratio at Design Overpower (W-3) 1.72
DNE Ratic at Rated Power (W-3) 2.21

3.2.2 NUCLEAR DESIGN AND EVALUATION
The basic design of the core satisfies the following reguiremente: .

a. Sufficient excess reactivity ie provided to achieve the design
power level cver the specified fuel cycle.

[

operation and shutdown at ell times during core 1li

b. Sufficient reactivity control is provided tc permi

Lon: I 2
m
.
)b
"
.

3.2:2.1 Fuclear Characteristics of the Design

3.2.2.1.1 Excess Reactivity

The nuclear design characteristics are given in Table 3-2. The excess rezc-

tivities sssociated with varicus core conditions are tsbulated in Table 3-3.

The core will operate for 460 full-power days for the first cycle and will

have a 310 full-power day equilibrium cycle. De51gn limits will be held with
>

respect to reactivity control ané , wer distribution. In-core instruments-
tion will be used to indicate power peakirng levels. Single 1l as
activity infcormation is also included in Table 3-3.
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N\ Table 3-2

Nuclear Design Data

Fiel Assembly Volume Fractions

Fuel 0.303
Moderator 0.580
Zircaloy 0.102
Stainless Steel 0.003
Void 0.012
1.000
Total UO2 (BOL, First Core), Metric Tons oL.3
Core Dimensions, in.
Equivalent Diameter 128.9
Active Height : 14L.,0
Urit Cell HoO to U Atomic Ratio (Fuel Assembly)
Celd 2.8%
‘) Hot 2.0k
Full-Power Lifetime, Days
First Cycle LEY
Each Succeeding Cycle 310
Fuel Irradiation, MWd/MTU
First Cycle Average 13,540
Succeeding Cycle Average 9,125
Feed Prrichments, w/o U-235
First Cycle 2.30/2.30/2.64 (by Zone)
Control Deta
4 Control Rod Material Ag-In-Cd
1 NMumber of Full-length Control Rod Assemblies Lg
1 Number of Xenon (Par’-length) Control Rod Assemblies 8
' Total Full-Length Controcl Rod Worth (2k/k), % 8.0
Control Rod Cladding Material Type 305 SS
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Table 3-3

Excess Reactlisity Conditicns

Effective Multiplication, keff(a)

Czld, Zero Zower, No Burnable Poison 1.271
Hot, Zero Power, No Burnable Poison 1.218
Eot, Rated Powe:, No Burnable Poison .200
Hot, Rated Power, With Burnable Poison (P
Ect, Equilibrium Xenon, Rated Power, With

Burnable Poison 1.084

cingle Fuel Assem bl"( v)

eh A Q.TT
cora'e) 0.87

(a)..
(b)..

Based on Highest Probable Enrichment of 3.5 Weight Percent
(e)

First Cycle at Beginning of Life (BOL)

4 Center-to-Center Assembly Pitch of 21 Inches Is Required for This
kefr in Cold, Nonborated Water With No Xenon or Samarium

The cinimum critical mass, with and without xenon and samarium poisoning,
mey be specified as a single assembly or as nmultiple assemblies in various
geonmetric arrays. The unit fuel assembly has been investigated for come
parative purposes. A single cold, clean assembly containing a maximum prob-
eble enrichment of 3.5 weight percent is suberitical. Two assemblies side-
by-side are supercritical except when both equilibrium xenon and samarium
ere present. Three assemblies side-by-side are supercritical with both
egquilibrium xenon and samarium present.

3:2.2.1.2 Reactivity Control Distribution
Control of excess reactivity is shown in Table 3-L.
Table 3-4

First Cvcle Reactivity Control Distribution

% Ak/k
1. Controlled by Soluble Boron
2. Moderator Tezperature Deficit (70 te 520 F) 3.k
t. Eguilibrium XYenon and Samarium 3.5
e Fuel Burnup and Fission Product Buildup y

006" 77
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Contrelled by Burneble Poison Rod Assemblies (BPRA)
Fuel Burnup and Fission Product Buildup 6.0
Contrclled by Inserted Control Rod Assemblies
Transient Xenocn (Normally Inserted) 0.8
Controlled by Movable Control Rod Assemblies (CRA)
2. Doprler Deficit (0 to 100% Rated Power) 1.2
b. Moderator Temperature Deficit (0 to 15% Power at

End of Life, 520 to 579 F) 0.8
¢. Dilution antrcl 0.2
d. Shutdown Margin 1.0

Totzl Movable Control Worth Reguired 3.4

Available Control Rod Assembly Worths
a. Total CRA Worth 8.0
t. Stuck Rod Worth (Rod of Highest Reactivity Value) (-) 2.5
¢. Minioum Available CRA Worth 5.5
éd. Minimum Movable CRA Worth Availadble 4.5

Explanation of Items Above

olution is used to control the following relatively slow-moving
h g

a. The moderator deficit in going from ambient to cperating tecmperatures.
Tne value shown is for the maxirum change which woul’ occur toward
the end of the cycle.

b. Ezuilibrium xenon and samarium.

c. The excess reactivity required for fuel burnup end fission product
tuildup throughout cycle life.

Iatior 4y Poarsr prrsacrt et iae sieh Yo, o
iaeion 1 OVTGT CONCeniralion i3



‘ 2. Burneble Foison

The 16 control rod holes ir 72 of the fuel asse
control rod assemblies wi’l be utilized es loc
rods. The T2 element locations are shown in Fi gur

-
-
~

3. Inserted Control .

Sufficient rod vorth remains inserted in the core during normel operation

to overcome the peak xencn transient following a power reduction of 50

! percent of rated power for 90 percent of the fuel cycle. This override

; capability fecilitates the return to normal operating conditiocns without
extended delays. The presence of these rods ir the core during cperation

i does not produce power peaks above the design velue, and the shutdown mar-

&in of the core is not adversely affected. Axisl power peak variastion,
resulting from partial or full insertion of xenon override rods, is de-
scribed fully in Figures 3-2 and 3-3. The lotss of movable reactivity

) control due to the insertion of this group produces no shutdown &iffi-
culties and is reflected in Table 3-5.

‘ L. Movable Contreol

3
a. Power level changes (Dcppler) and regulation.

i b. Between 0 and 15 percent of rated power, reactivity compensation by

) CRA may be required as a result of the linesr increase of reactor
p coclant temperature from 520 F to the normel cperating value

c. Additional reactivity is held by & group of rartially inserted CRA

(25 percent insertion maximum) to sllow periocdic rather then contin-
i uous soluble boron dilution. The CRA are inserted to the 25 rercent
' limit es the boron is iiluted. Automatic withdrawal of these CRA
during operation is allowed to a 5 percent insertion limit where the
dilution procedure is agein initiated and this group of CRA is
reinserted.

3 d. A shutdown margin of 1 percent &k/k below the hot critical conditior
is also considered as part of the reactivity comtrolled by CRA.

5. Fod Worth

£

e

. A totel of 3.2 percent Ak/k(a) is reguired in movable control. ralysis
- of the 49 full-length CRA under the reference fuel arrangement cts

ct m

»
»
-
:
o

.4'\

F
& totel CRA worth of at least 8.0 percent 4k/k. The stuck-04( g "orth
. was also evaluated at & value nc larger than 2.5 percent Ak/k\B/, is
¥ evaluation included selection of the highest worth CRA under the f:rst
1 CRA—?uS condition. The minimum available CRA worth of L.5 percent
| Ak/k'\2/ ig sufficient to meet movable control recuirenents. The eig



xencn control rods (XCRA) are worth from 0.2 to 0.k percent Ak/k. This value
is not included in the 8.0 percent Ak/k rod worth reported asbove

22143 Reactivity Shutdown Analysis

The ability to shut dowy the core under both hot and cold conditions is $i1-
lustrat«d in Table 3-5. In this tabulation both the first and eguilibrium

cycles are evaluated at the beginning of life (BOL) and the end of life (EOL)
for shutdown capability.

Table 3-5

Shutdown Reactivity Analysis

irst Cycle Eouilibrium
- ok 7 e SRRl
Reactivity Effects, % ak/k oL EOL BOL oL

1. Maximum Shutdown CRA EReguirement

; Doppler (100 to 0% Power) 1.2 1.5 1.2 1.5
: ‘ Moderator Deficit (15 to 0% Power) 0.0 0.8 0.0 0.8
'. Total 1.2 2.3 1.2 2.3
) 2. Maximum Available CRA Horth(a) -8.0 -8.0 -8.0 <8.0
Transient Xe Insertion Worth 0.8 0.0 0.8 0.0
Possible Dilution Insertion C.2 0.2 0.2 0.2

1 3. Minimum Available CRA Worth

4

] All CRA In (v) -7.0 =T7.8 7.0 7.8
One CRA Stuck-Out 4.5 -5.3 “4.5 5.3

L. Minirum Hot Shutdown Margin
All ChA In -5.8 -5.5 5.8 5.5
One CRA Stuck-Out 28 2.0 »3,3  +%.0

{
‘a)Tctal Worth »f L9 CRA

(b)CRA of Highest Reactivity Value

; Examinaticn of Table 3-5 for Minimum Hot Shutdown Margin (Item 4) shows that,

f with the highest worth CRA stuck out, the core can be maintained in a suberiti-
4 cal condition. Normal conditions indicate a minimum hot shutdown margin of
' 5.5 percent 4k/k at the end of life.

Under conditions where & cooldown to reactor building ambient tezpersture is
required, concentrated scluble btoron will be added to the reactor coclent t

J produce & shutdown margin of at least 1 percent Ak/k. Beginning-of-life icron
levels for seversl core conditions ere listed in Tatle 3-6 slong with borer
worth values,  The conditions shown with no CRA illustrats the highess ro-
suirezents.
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Table 3-6

Soluble Boron levels and Worth
(First Cycle)

BOL Boron Levels,
Core Conditions e

1. Cold, keff = 0.99

No CRA In 1,290

One Stuck CRA 960
2. Hot, Zerc Power, ke" = 0.99

No CRA In 1,250

One Stuck CRA ; 700
3. Hot, Ratel Power, keff = 1.00

No CRA In 1,030

L. Kot, Equilibrium Xe and Sm, Rated Fower, keff = 1.00

No CRA In 680
Core Condition Boron Worth, (% ax/k)/ppm
Hot 1/100
Cold 1/75
3.2.2.1.L Reactivity Coefficients

Reactivity coefficients form the basis for digital studies involving normal
end ebnor=sl reactor operating conditions. These coefficients have been in-
vestigated as part of the anaslysis of this core and are described below as to
function ani overall range of values.

g, Dorpler Coefficient

The Doppler coefficient reflects the change in reactivity as a
fun~tion of fuel temperature. A rise in fuel temperature results
in an increase iu the effective absorption cross section of the

fuel (the Doppler broadening of the resonance peaks) and a cor-
respording reduction in neutron production. The range for the
Dcroler coefficient under operating conditions is expected tc be

-1.1 x 10°2 to -1.7 x 10°2 (ak/x)/F.
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derator Void Coefficient

The moderator void coefficient relates the change .n neutron mult

LeaRiin e B

plication to the presence of voids in the mogerato The € “ectL

<

renge for the void coefficient is -k.0 x 107" to -‘; o x 107
(ax/k)/percent void.

(n

Moderator Pressure Coefficient

The moderator pressure coefficient relates the change in moderator
density, resulting from a reactor coolant pressure change, to the
corresponding effect on neutron production. This coefficient is
opposite in sign and considerably smaller when compared tc the rod-
erator temperature coefficient. A typical range of pre

ssy
ficiente over a life cycle would be +4 x 107/ to +3 x 107% (2x/k)/vei
y o Ve i". jS=p e

Moderator Temperature Coefficient

The moderator temperature coefficient relates a change in neutron
multiplication to the change in reactor coolant temperature. Re-
actors using soluble boron as a reactivity control have fewer neg-
etive moderator temperature coefficients than do cores controll:d
solely by movable or fixed CRA. The major temperature effect ou the
coolant is & change in density. An increasing coolant ternperature
&rocuces a decrease in water density and an equal percentzge re-
duction in boron concentration. The concentrztion change results
in a positive reactivity component by redu ci45 the absorption in the
coolant. The magnitude of this component is proportionzl to the
total reactivity held by socluble boron. .

The moderator temperature coefficient has been calculated for three
conditions of the hot, clean (no xenon) core with 1030 ppm boron in
the moderator.

Zero Power e =0
- = 1,
15 Percent Power Ne B 0.32 x 1C (ax/x)/F
. g (o S
100 Percent Power L 0.%2 x 10 (ak/k)/F

Since equili’ riux xenon is covered by soluble poison, it follows
that at the full-power condition with xenon, the moderator tem-
perature coefficient will be even more negative than shown above.

The moderator terperature coefficient will be -3.0 x 10'w (8k/k) /7
st the end of the egquilibrium fuel cycle.

tE Coefficient

Carrently, there is no i orre B 1, ot THE
tivity effects petveen various ODEraiirg reaciors, o e e s VErsus
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reactor operating time at power, and changes in effects with vari-
ous clad, temperature, and water chemistry. Yankee (Rewe, Mass. ),
Saxton, and Con Edison Indian Point Staticn No. 1 have experienced
reactivity changec at the time of PH changes, but there is mo
clear-cut evidence that pH is the direct influencing varisble with-
out considerirg other items such as clad materials, fuel assembly
crud deposition, system average temperature, and prior system wa%er
chemistry.
Saxton experiments have indicatec & pH reasctivi ty effect of 0.16
percent reactivity per pH unit chinge with and without local boiling
in the core. Operating reactor data and the resulte of arplying
Saxton observations to the reference reactor are as follows:
(1) The proposed system pH will vary from a ¢

approximately 5.5 to a hot caleculated val

Pom boron and 3 h

vpm KOH in solution 2t t
ilution to 20 ppm boron wil
s

Lifetime bleed dilut t
PH units to a hot calcu

7
approximately 0.8

(2) Considering the system make-up rate of 70 gpm

2¢ing changes in pH are 0.071 pH uniis ner ho

lution end C.231 rH units per hour for KOH &

ing pH worth values of 0.16 percent 4k/k per uni

observed at Saxton, insertion rates are 3.:€ x 16-6
¢ s

™ S
pk/k)/sec and 1.03 x 1077 (percent ak/k)/se
These insertion rates corresponéd to 03 :
and 3.4 percent pover/hour, respectively, 1c? are easily
compensated by the operator or the auuc~atic control system.

& e

3e0:¢:1.5 Reactivity Insertion Rates

Figure 7-7 displays the integrated rod worth of three overlapping rod banks
as a function of distance withdrawn. The indicated &>"ups are those used in
the core during power operation. Using approximately 1.2 percent 2k/k CRA
groups and & 25 In./min driv- veed in conjunction with the reactivity re-
socnse given in Figure -7 ¥ * a maximum reactivity insertion rate =-

2 x 10°5 (ak/k)/sec. Tre r 1 reactivity insertion rate for soluble
oror removal is 7 x 10°C (4k/k)/sec.

3.2.2.13.6 Pover Decay Curves

d¢isplays the beginning-of-life power decay curves for the CRA worths
ng to the 1 percent hot shutdown margin with ané without a stuck

e power decay is initiated by the trip release of the CRA with a 300
é-lay from initiation to start of CRA motion. The time reguireé for 2/3

nsextion is 1.4 sec.

3*3
pondi
Th

K b % Wy Neutron Flux Distribution anéd Spectrum

ure vessel wall are
wn include 2n axia

raga g H =
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The neutron flux levels at the core edge and the pre
given in Table 3-7. At both locztions, the velues
pezking factor of 1.3, a secaling faects cf 2, z2nd
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Table 3-7

Exterior Neutron Levels and Spectra

Neutron Flux Levels, neut/c=“-¢
Interior Wall cf
Flus Core Edge Pressure Vessel
érgun (x lOlJ) (x lOlc)
1 0.821 MeV to 10 MeV 6.0 3.k
2 1.230 keV to 0.821 Mev 9.0 75
3 0.41h eV to 1.230 keV 6.2 5T
4 Less Than 0.L41k eV T3 s |
The calculations were performed using The Babcock & Wilcox Company's LIFE
code (?A§-293, 3.6.3) to generate input dats for the transport code,
ToPIC.\1) 4 L-group edit is cbtained from the LIFE output which includes
diffusion coefficients, ebsorption, removel, and fissicn cross secticns,
and the zeroth and first moments of the scattering cross section. TOPIC
is an S, code designed to solve the l-dimensional transport equation in
¢ylindricel cocrdinates for up to six groups cf neutrcns. For the rediay
end azimuthal veriables, a linear approximatior to +he cianspert ecustion
is used; for the polsr engle, Gauss guadrature i: :sed. Scattering func-
tions are represented by a Legendre series. The zimuthel angle cea" be
partitioned into 4 to 10 intervals on the helf-space between 0 and =. The
number of mesh points in the radial direction is restrictes by the rnuzber

of these intervals. For the core exterior flux calculations, four inter-
vals cn the azimuthal were used. This allows the maxizu- number of =
points (2L0) in the "r" direction to describe the nield ccuplex. An
cpticn is available to use either egual intervals con the azimuthal engle

or egual 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 Causs quadrature points were used

on the cosine of the polar angle in the helf-space between 0 and «.

Results from the above method of ceslculation have been
mal flux :eas?r?ments through an array of iron and w
pool reactor.\? Although this is not a direct com
tron rcessurezents, it does provide & degree of confider
the magnitude of the thermal flux in shield regions i
neutrcn netration.

ed with ther-
- e
in the LIDO

“as

b
3
'

s
ESAi-
Results of the comparison shoved thet fluxes predicted by the LIFE-TOPI

calculaticn were lower, in general, by sbout a factor of 2. Results of

the fast flux calculetions are, consequently, increased by & factor c¢f 2
to predict the nvt in the reactor vessel.

The following conservatisms were alsc incorrorated in the celeculaticns:
S &

a. Neutron fluxes outcide the core are s
€

] 3 -l 3 A
censity of 41 watts/cc et thre cuter
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an estimsted average of 28 watts/cc over life, resu
margin of sbout L5 percent.

b. A maximum axial power peaking factor of
about 30 percent greater than the 1.3 ex

Uncertainties ia the salculations include the following:

1. The use of only four neutron groups to descride th
energy spectirum.

o
o
W

2.

from a fission spectrum rather than a leakage spec

3. BHBaving only four intervels, ie, n = L in the §_ calculation

* ~
s &<
describe the angular segmentation of the flux.®
It is expected that the combineticn of 1 and 2 above will conservetively
predict a high fast neutron flux at the vessel wall becasuse it underesti-

s )
L I

mates the effectiveness of the thermal shield i
In penetration through weter, the average energy ©
roup above 1 MeV increases above that of a fisei
trum in this group hardens. For neutrons above 1
section of iron incresses rapidly with energy. Tt
i

v

o
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ef a fission spectrum to compute cross sections

underestimate the neutron energy loss in the thermal shield and the
sequent attenuation by the water between the vessel and thermal shield
The results from 3u-group P3MG1(3) calculations show that reduction of

the flux sbove 1 MeV by the thermal shield is about a factor of L greater

than that computed from the L-group calculations.

b2 O 'y O
.
wm
o
(2h

The effect of 3 above is expected to underestimate the flux &t the vessel
wall. In calculations at ORNL using the Sn technique, & compariscn be-

tween an S| and an S32 calculatioa was made in a penetration through b

pen h hydro-
gen. The results for a variety cf energies over a penetration range of 140
cm showed the SL calculetion to be lower than the S32 by sbout & factor o
2 at maximum. Good agreement was cbtained between the $12 and mozents
method celculations.
The above uncertainties indicate that the calculation technigue shculd cver
estimate the fast flux 3t the reector vessel wall. FHowever, the comparison
with thermsl flux date indicates & possible underestizate. Until & better
comparison with data can be made, we nave assumed that the underestizate is
correct and accordingly have increased the flux calculations by a factcer
of 2 to predict the nvt in the reactor vessel.
The reactor utilizes a larger water gap and thinner thermal shield between
the core end the reactor vessel wall when cozpared to currently licensed
plants. The effect of this steel-water configuraticn on (e) the reutren
jrradiation, anéd (b) the thermal stresses in the reactoer vessel wall, were

evalusted as follows:

e
'
b
o
-
et
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Neutrcn Irradiation

Calculations were performed in connection

afl wail’. the Treaclior vVes-
sel design to determine the relative effects of varying the
baffle end thermel shield thicknesses on the neutron flux (>1 MeV)
at the vessel wall. These % %cula ons were performed with the
Pl option of ‘the P3MGl code'3 g 34 fast neutron groups. The
results showed that the neutron f‘_x level &t the vessel wall is
dependent, for the most part, on the total metal and water thick-
ness between the core and the vessel. However, there vas soce
variation in fluxes depending upon the particular configuration
cf s‘eel-water lexinations. Also, the gain in neutron attenua-
n by replacing water with steel diminishes scmewhat with in-
creas;ng steel thickness.
In general, however, the resuli:- showed that for total steel
thicknesses in the range of 3 to 6 in., 1 in. of steel in place
¢f 1 in. of water would reduce the neutron flux above 1 MeV by
about 30 percent. In pure water, the calculations showed that
the neutron flux would be reduced, cn the average, by a factcr
of 6 in 6 in. of water. .
Based on the above anslysis, a compariscn has been made of the
neutron attenuation in this reactor vessel with those in San
Onc re, Turkey Point 3 and &, Indien Point 2, and Ginna. The
otal distance between this core end the reactor vessel is 21
in. This provides from 1.5 to as much &s 5.75 in. more distance
between the core and the vessel than in the other reactors. For
neutrons above 1 MeV, it was found thst this additionsl distance
would provide additicnsl attenustion ranging from & factor of
1.1 to 5 times greater then thaet in the other PWR consicdered.
Thermal Stresses
The gamma heating in the reactor vessel is produced by primary
gazmas from the core and by secondary gammas originating im the
core baffle plate, tarrel, thermal shield, and the vessel itself.
In this reactor design, the major portion { the heat is gener-
ated by gamma rays from the cocre and by r:condery gamme rays from

the core baffle plate and ba:rrel.

Since the gammass from each of these socurces mu
thermal shield to reach the vessel, the vessel nhes
dependent on the thermal shield thickness.

For designs which employ thicker thermal shields, or in which
internals are to be expesed to higher neutron fluxes
originating in the thermel shield or in the vessel i
govern the vessel hesting rstes. Since gamme refs £
sources would have to penetrate only porticns or n
thermal shield to reach the vessel, the vessel L
cases would be less dependent on therrel shield
ir this resctcr des

ige.

|
bt
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A ccmparison was made between the gamma sttenuation nrovided by the
vater and metal in this reactor vessel and that in other FWR b; as-
suzing that, in each design, the vessel heating was dependent ;n the
gamma ray attenuation provided by the thermsl ;h:e:d. This epproach
would be conservative since, as noted sbove for some signs, éa::a
sources other than those attenuated by the thermal ld may con~

trivute appreciably to the vessel heating. The resu
parison showed that the difference in g'**= a:ten”at etween :his

T to a
factor of 5.3 less for this reactor de51gn.

The maximum steady-state stress resulting fr
vessel has been calculated to be 3,190 psi (
atively low value, and no protlems are entici
stresses in the reasctor vessel wall.

amme heating in the
ion ). This is & rel-
ed from thermal

-

.28 0 Ruclear Evelustion

Analytical models and the &pplication of these models are discussed in this
secticn. Core instabilities associated with xenon oscillation are zlsc de-
scribed, with threshold data evaluated under reference conditions.

i - - T e § Analyticel Models

Reactor design calculations are made with & large nuzber cf computer codes.
The choice of which code set or sets to use depends on which phase cf 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 Calculstions

Calculation of the reactivity of a pressurized water reactor core
is performed in rne, tvo, 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 sbsorbers
of a type differing from the rest of the lattice, l-dimensional
analysis is satisfactory. This type of provtlem is handled quite
well by the B&W 1-Zimensionel depletion pa*?_ge code LIFE. LIFE

is a composite of MUFT (Ref L), XATE (Ref 5), RIP, WANDA (Ref 6)
and a depletion routine. Normally, the MUFI portion is used with
3L-energy groups, &n exact treatment of hydrogen, the Greuling-
Goertzel approximation for elements of mass less than 10, &nd

: Ferzi age for all heavier elements. The KATE portion normally uses
a Wigner-Wilkins spectrum. In WAKDA, L-energy groups are utilized.
Disadvantage factors for input to the thermal group are celculated
with the THERMOS (Ref 7) code. This code set has been cshown to
give reliable results for a reactivity calculation of this type.
Recent check calculstions on criticel experiments have & standard
deviation of less than 0.5 percent &k/k.

A l-dimensicnal enelysis of a geometric arrangezent, where ther: are
(:) locelized strong a:scrbers such &s CRA, reguires & prelininsery o=
dizensional snalysis. The reguired precperties of the l-dinmensicnel




system are then matched to the 2-dimensional analysis. In this man-
ner, it is possible to analyze the simpler l-dimensional systez in
a depletion survey problem with only a small loss in accuracy.

The l-dimensionel celculations are used a&s preliminary guides for
the more detailed 2-dimensionel analysis that follows. Values of
reactivity cdoefficients, fuel cycle enrichmerts, lifetinmes, 4

goluble poiscn concentrations can be found tc improve the intia
conditions specified for 2-4dimensicnal analysis.

bt

Two-dimensionel reactivity celculetions are done with either the
PDQ (Ref 8) or TURBD (Ref 9) diffusion and/cr depleti ﬂcdes.
These codes have mesh limitations on the size of a ccnfz

which can be shown explicitly and ar. often stu

core symmetry. Syrmetry is desirable in the d
in generality occurs. The geometric descri
essexbly and es much detail ac is possible,

‘H

T S8, ually 2 i

in the fuel azsezbly. Analysis of this type permits detziled power
distribution studies as well as reactivity enslysis. The power
distribution in & large PWR core which has zone lozding cannot be
predicted relisbly with l-.imensionel celculetions. This is par-
ticularly true when local po-er peaking as & function of power
history is cf interest. It is necesvary to st

study this type of
prcblem with at lezst a 2-dimensional code, and in some cases,
3-dimensional celculaticns are necessary.

Use of the 2-dimensicnal programs requires the generatiorn of group
ccnstants as & function of meteriel compocition, power history, and
geometry. For regions wvhere diffusion theory is valid, MUFT and
KATE with TEERMOS disadvantege factors are used to generate epi-
thermal and thermal coefficients. This would epply at & distance
of a fevw mean paths from boundaries or discentinuities in the fuel
rod lattice. Discontinuities refer to water channels, instrumente-
tion ports, and CRA guide tube The interfzces between regions of
different enrichment are con51cerec to be boundaries es well as the
ocuter limit of the core.

To generate coefficients for regions vhere diffus

ien theory is
inappropriate several methods are utilized. The arra vge~ of
structural materisl, water channels and adjecent fuel rod rows can
be represented well in sgladb geometry. The coefficients so gen-
erated are utilizei in the epitnermal energy range. Coefficients
for the thermsl erergy range are generated by a slab TEERMOS cel-
culation. The regions adjacent to an interfa ace of material of

gifferent enrichzent are alsoc well reprecen:e~‘with the P3MG code.

T~e arrangement ¢f instrumentation ports and control rod guide
subes lende itself to cylindriczl geometry. DTF-IV (Ref 10} ie
'u‘te effective in the analysis cf this s-rangesernt. Input to
F-IV is fror G- (Ref 11) and THERMOS or FATE. Iters ie
reguired bet' een the codes. Th» flux shape is calculated by ITFr-
IV end crose sectiocns by the cthers. Tne cuter boundary cof the
piva whare theve 45 p Trangitics from Duel 1o relfléctor srd bellle
is also representes by the ITF-IV ccde. Tne :-di-ensionzl erxalysils
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is sccomplished by extending the technigues of 2-dimensional rep-
resentation.

b. Control Rod Analvsis

B&W has developed & procedure for analyzing the reactivity worth of
smell Ag-In=Cd rods in fuel lattices. Verification of this procedure

wes made by the comparative analysis of 14 c'i:iﬂf% experiments with
3 X : . 1 3
varying rod and rod assembly configuration 13,

VieS o

[

cecmetries were sizmilar to those of the reference core design. B

n. oron
concentration ranged from 1,000 to 1,.00 ppm. The Ag-In-C& rods were
arranged in various geometrical configurations which bracket the re-
erence design. Water holes, simuleting withdrawn rods, were inclugded
as part of the lattice study. The resulting compariscn of the ana-
lytical and experirental worths are shown in Tadle 3-8. Detaile of
the critical configurations are given in References 13 and 1L,

Table 3-8
Calculated and Expe-imental Rod and Rod Assextlv Comparison
. ASTIE°Ci B 0 Holes Rod hssezt.y - Efd kssembly -
Core Assexblies Rods Per e Calculated Experimental
No. Per Ccre Asserbl~ Per Core Worth, % &k/k Worth, % &k/k

5-B L L 252 2.00 1.98

L-F L g o 3.38 3.34

5= " 2 12 276 - 2.35

L-D 1 16 0 1.43 2Lz

5-D 2 16 284 2.60 2.82

L-E x| 20 0 1.5k 1:52

5-E 2 20 2%2 3.05 3.01
The mean error in celculating these configurations itc shown to be less
than 1 percent. Cczparison of the power shape associated with the 16-
rod reference asserblies showed good similarity. Pcint-to-average
power had a mexirur variation of less than 2 percent with cxperimental
data.

The analytical method used for this analysis is based con straight dif-
fusion theory. Therz=zl coefficierts for a ceontrol rod are cttasined
froom THEERMOS by flux-veighting. Epithermal coefficients for the wpuer
energy groups &re generated by the EikW LIFE program. The resulting
coeffi “ents are used in the 2-dimensicnel code FDQ to cttein the re-
quired eigenvalues.

GAXER and LIBPM ere used to prepare date for TEERMOS. GAMEF generate
scattering cross sections for hydrcgen by the helkin tecnhnigue. LIEPY
uses the Brown andé St John free gss nodel for genersting the rezzin-
ing scattering crose sections.

THERMOS 18 ussa ‘o two steps.  First, the critical fuel gell is ens-
Iyzed to obtain & velcsity-weigrnied disadventazrs fettor. Chis I8 used
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in the hemogenization of fuel cells and gives a first order cor-
rection for spatisl and spectral variation. Tne ratio of flux in
the moderator to fiux ‘n the fuel was anzlyzed to within 2 percent
el experimental values ising the velocity-weighting technique. The
second step is to use THERMOS in & 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
centration. As & check on the validity of the TEF=VAc &pp
extreapo at%on distances were compared to thoso given ty the Sp
method. 15/ The sgreement was within 2.2 percent for a set of
cases wherein the rumber densities of Ag-In-Cd were varied in a
range up to 25C percenst. All other coefficients are generated

by LIFE in much the same manner as with THERMOS. The data are used

in a 2-dimensicnal PDQ layout where each fuel rod cell is shown
separately.

¢. Determination of Reactivity Coefficients

“ed
only in aspplicati.n, ie, & series of reactivity calculations being
required. Coeflicients are determined for moderator temperature,
voiding, and pressure, and for fuel temperature. These are cal-
culated from small perturbaticns in the required parazeter over the
range of possible values of t_ - parameter.

This type of calcvlation is different from the reactivity mznelysis

The moderator temperature coefficient is determined as 2 function
of soluble poison concentration and modcrator temperature, and
fuel temperature or Doppler coefficient as & function of fuel
tezperature. The coefficient for voiding is calculated by vary-
ing the moderstor concentration or percent void.

e 7% M B Codes for Reactor Calculations

This section contains e brief description of codes mentioned in the rreceding
sections.

THERMOS (Ref 7) - This code solves the integrsl form of ‘he Bol:z inn

n
Transport Equation for the neutron spectrum as & function of
position. A diagonalized connection to the isotropic transfer
matirix has been incorporated elloving a degree of enisotropic
scattering.

MUFT (Ref L4) - This program solves the Py or By multigroup eguation for
the first two Legendre coefficients of the directionel neutron
flux, and for the isctropic and anisotropic components of the
slowing down densities due to a cosine-shaped neutron source.

Coefficients are generated with MUFT for the epithermal energy
range.

KATZ (Ref 5) - The code solves the Wigner-Wilkins differentiel eguation
for & homcgeneous medium moderated by chemically unbouné hyédro-
gen atcms in thermal equilibrium. Coefficiente for tre therssl
Energy range are genereted by KATE,

00" )
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RIP - This prograzm averages cross secticns over an arbitrary group
structure, calculates resonance integrals for & set of re-
sol* peaks, and computes L-factors for in, tc MUFT, F
and G,

WANDA (Ref 6) - This code provides numerical solutions of the 1.2
fev-groyp neutron diffusion equations.

re
L]
»
i

- This is a l-dimensional depleticn
bination cf MUFT, KATE, RIP, and 1|
anizes the procedures for using th_ ¢

GAM (Ref 11) - This code is & multigroup coefficient generaticn pro-
grax that solves the P3 eqdetl ns ané includes anisotrogic
scattering. Inelastic scattering and rescnance parameters
are alsc treated oy GAM.

P3MG (Ref 3) - The code solves the multienergy trenspert ecusticn in
various gecmetries. The cod: is primarily used for epithermal
coefficient generatiocns.

DTF (Ref 10' - This code solves the multigroup, l-dimensional Bcltzzenn
transport ejustion by the method of &iscrete ordinates. DIF

llows "th:grc:; anisotropic scatteriug as well 3s up and down
scetterin

PDQ (Ref B) - This program solves the Z-dimensicnal neutron diffusicn-
depletion problem with up to five groups. I* has & flexilule
representation of time-dependent cross sections by means cof

fit opticnms.

.

TURBO (Ref 9) - This code is similar in epplication t
tion progrem. It, however, lacks the great flexidili
FDQ fit optiems.

CANDLE (Ref 9) - This code is similar tc TURBO, but sclves the diffusicn

eqguations in one dimsnsion.

TRT Ref 9) - This code is similar in appliceti~n to TUR3D, but is
3-dimensicnal code extended ’r'" LRAC

evided Xenon Stability Anelysis

Initial studies of the reference core indicate that underdamped xenon

lation should de considered. Features have been provided in the desiz
allow control of axial oscillations and to zmake the core stable agains
muthal oscillaticns. (Radial oscillations are unlikely.) These fe

discussed below.

As to axisl oscillat ons, certairn
goiscn only in a portion of their
cperaticn of the unit tc meintain




particular crerating condition in the core, thereby re
for axial osca..etions. Instructions will be made
concerning positioning of the partially poiscned ¢

(ST S )

sirable axial power shapes.

In regard to szimuthal oscillations, fixed poiscn in
peiscn will be used in fuel assexblies (see Flsu'° 3-
sure azimuthal stability in the core for the design power
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A brief description of the studies perfocrmed to date follows:

a. Method

(1) dal Analvsis
The details of the methods and init.el results of the
modal enalysis are described in Appendix 3-4,

(2) One-~ and Two-Group Methods and Modal Coupling

One- &and two-group treatments = have been com
group model is sestisfactory for large, water-mo
i ' leakage cores such as the reference design. T
modal coupling have been examined ané shown to
sequence for cores similar to the reference d
B of critical parameters varied noc more than 1
| ) for the same core with and without modal ¢
value was computed with a zero-power coeffi
conservative without modal coupling. The h
it computed with the reference power coefficien
1 servative without modsl coupling

Tt

+» The lower
end was not

:
- -

- ~

gher value was
t

M b0

(3) Digital Anelysis

Xenon stebility studies are continuing with codes in various
on

. geometries which have thermal-nucleer iteration cepability for
both fuel and moderator temperature feedback. The cne-
dimensional feedback code LIFE hancdles the iteration in the
following rcernner:

' AT, = (T «T. ), =¢ . EDl(z)az (A

( cut in’i . SR )
Z,.

: where Afi = temperature chenge in regicn i
| PD(Z) = pover density in the I directicn
i

| 3 2, 52 . = region "i" boundaries

. in out

|

.
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c = "'—_—"’H \

(¥ 3]

) Pd(2)ar
o

where H is the sctive fuel height.

Equation (A) is solved to Tout of regien "i." Since Ty,
known from ccore inlet conditions, the averege fluid temperature
is defined as follov.:

T ot gl
b= O in
T . . = _-n_-—_ 4 {n\
f--ldi c iy

The newly cczputed, region-averaged fluid tecperatures are
used to coxpute new fluid densities. These fluvid densities
are then used to adjust the nuzber densities for water and
scluble poison. Local or bulk boiling is not permitted in
the model, but incorporation would increesse stability. The
average fuel temperature for each exial core region is then
computed frcm the average fluid temperature end power den-
sities &s follows:

m ¢

 J = £(PD S
fuel ( i) fluid,
i i
where PD, is the average power density of region
i" "
i," and
£(PD,) is a tabular function relating fuel tem-
® perature incresse and power density ob-
tained from auxiliery celculations.

After the new fluid temperatures, mode
temperatures ere cobtained, these
ioput toc obtain & new power distri
criterion is met.

tor densities, ané fuel

ers
uantities a~2 used &s new LIFE
i un

"‘ W2

This analysis used an exact soluticn in thet the spectrum was

recalculated for each zone (11 azxial zcnes described the resc-

tor) for eech iteration &t every time step. This included the
ffects of the nmoderator temperature ccefficient.

This LIFE psckage was used to deter=ine the elfecte ¢l the un-
certainty in the power Doppler of the glsTi.l 7 ©F tne core
» b ]
00’ %
3-26
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The uncertainty in the Doppler was more than com-ensated with
a reduction in fuel temperature of S00 degrees 1 1 reference
core was analyzed with core average fuel temper of 1,400

F and 900 F. Figure 3-6 compt. s the cyclic response of these
two cases following the 3-ft insertion and removel (after two
hours) of a 1.2 percent 4k/k rod bank near the beginning of
life. -These studies were made at beginning-of-life boron lev-
els of approximately 1,900 ppm. This level is arproximately
800 ppm above the predicted beginning-of-life level and, con-
sequently, reflects & positive moderator temperature coefficient
which is not expected.

Case 1 on Figure 3-6 depicts the behavior of the core if the
heat transfer equations were not included in the calculstion.
Figure 3-7 shows the effect of fuel terperature toward the erd
of life. It is easily verified that the 900 F fuel
case approach~. the threshold condition for axial ¢
in this core. On the basis of the inforzation pres
can be said that for & reslistic fuel temperature t
does not exhibit exial instability &t eny time during the ini-
tial cycle.

The one-dirensiocnal model was used to determine e &
<

O
trolling the core without teking into account the :aril::: g
effect of the power Doppler. Normally, this would groduce s
divergent oscillaticn as shown in Figure 3-8. A study vas coz-

pleted wherein a 1 percent Ak/k r .3 bank with a 3-fi-long sec-
tion of regular control rod materisl was successfully maneu-
vered to control the core after a perturbation of the power
shape at a point about 3/L of the way through Cycle 1. The
controlled results are zlso shown in Figure 3-8. The zminim
rod motion was 1 foot, end the time step employed was L.§ hours
More precise rod movement over shorter time periods would pro-
duce a much smoother power ratio curve. This control zechanisnm
appears toc be guite adeguate.

Stability in "R-2" or "X-Y" geometry is studied with the
HARMONY(8) code, which in either case can be used with fuel

and moderator temperature feedback. This code is used with
fitted coefficients to cbtain & more complete scluticn to the
perturbed behavior of the reference design.

The digital results are processed by first fitting power dis-
tribution results to an equation of the following form by @&
least sqguare technique:

- zt 2nt
wvhere P' = fe sin =
P' = excess power
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The calculated stability index is then extr

apolated to zero-
length time steps by the procpiures of References 20 and 21
as follows:
T - g T
X‘ -1 b o
- (1 - e i r l -¢€e°)
2 =12 TR R e SHET ¢ AL S
o T 2 ]
r r J
T = <A>T
¥
<hA> = )X + 0 ¢
x b & -]
where Z° = extrapolated stability index
Tr = time step length
¢° = average thermal flux
Reasoneble agreement bas been found between the initial modal

analysis and one-dimensional results.

(L) Control of an Axial Oscillation

The one-dimensional model was used to deternmine a method of con-
trolling the axial power distribution without considering the
stabilizing effects of thermal-nuclear feedback. Normally, this
calculation would show & divergent oscillation. A study was
completed in which a 3-ft section of control rod poison material
vas successfully raneuvered to contrcl the core efter introduc-

tion of a perturbatiocn. The minimum rod motion was 12 in. with
a L.B-hcur minimum pericd for rod mcvement. Mcre precise mcve-
ment over a shorter minimum pericd would improve contrel. The

procedure will be extended to two dimensions.

. Conclusions

The following conclusions have been made as & result of the studies
tc date:

-

(1) Instability in the radial direction will not occur.

Nt

(2) The core design under examination will not be susce

diverging eziruthal oscillaticns.
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1l axial oscillations will bte thwarted or controlled
by the part length control rods.

The nozinel and minizum (eccounting for the uncertainti ¢
tion listed above) stability indices are described in the A
3-A.

TEERMAL AY‘ BYDRAULIC DESIGN AND EVALUATION

LYRLURAL AV

Thermal and Evdraulic Characteristics

Fuel Assembly Heat Transfer De

m
pore

gn

Design Criteria

m < < 3 3 < & - < -~ L P s - b |

The criterion for the heat transfer design is to be safely telow

n . s T *an T£Aa312 (R = s ceipy Averr e~

0.5 ;.—.:'Z.Je Froz hKucleste S014i3ing (ULHLE) &t the Ceg21gn Overpower -k
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Tre input information for the statistical core design technigue and
E 3
for the evaluaticn of individual hct channels is as follows:

(1) Heat transfer criticel heat flux eguations and deata correlations
(2) Nuclear power factors.

(3) Engineéring hot channel factors.

(k) Core flow distribution hot channel factors.

(5) Maximuz resctor overpower.

These inputs have been derived from test date, physical rmeasu
and celculetions as outlined below.

m
m
H
I
*

+
m

Heat Trensfer Ecuetion end Data Correlation

The heat transfer relaticnship used tc predict lirmiting heat trans-
x

fer conditions is presented in References 22 and 23. The eguations

are as follows:

(1) W-=3 uniform flux DNB correlation for single channel with all
walls heeted:

ﬁ’i’%ﬂ = { (2.022 - 0.0004302 P)

10

+ (0.1722 - 0.000098% P) exp [(18.177 - 0.00L129 P)xi}

x [0.18k - 1.596 x + 0.1729 x |x| + 1.037)

(-
OO\] (%]

x [1.157 - 0.869 x]

-

x [0.2664 + 0.8357 exp (~3.151 D_).

"

[0.8258 + o.ocroveh(xs - H )]

at in
”n 2

where Q" = flux, Btu/h-ft
P = pressure, psia
G = mess velocity, 1b/h=-£t°

X = quality, expressed as fraction

D = equivalent dismeter, in.

H = enthalpy, Etu/ld (){}; s

Le)
'
L]
)



(2) W-3 nonuniform flux DNB correlation for single chennel with all
walls heated:(22)

" " r
Q:xs,x * Soxp,en’’

where Q%WB N = DNB heat flux for the nonuniformly
N heated channel

QBNB.eu = equivalent uniform ONB flux

Fe\aw - —
lqlocal {1 = exp (-C ir\E.e;)' (
[1... ' ]
'.'m L \
x 1 : Q (2) exp | -C(iIRB,N - 2)])dz
(1 - anB)T'g ;
C = 0.4k : fe ™

‘ G 1.72 s
)

(3) W-3 uniform flux DNB correlstion for single channel with un-
heated walls:(23)

_WQDNB, with urheated wall

= (1.36 + 0.12 & X)
QDNB, using I% toc replace IE

-1.52 T
X (102 - 1-6 Q

g
x (1.23 - 0.237 e°° )

where D_= eguivalent diameter btused on all the
vetted perimeter, in.

Dh = equivalent diameter based on only the
heated perimeter, in.

Individual channels are analyzed to determine a DB ratioc, ie, the
ratio of the heat flux at which a DNB is predicted to cccur to the
heat flux in the channel being investigated. This DIB ratic is re-
lated to the data correlatich eg ehown in FTigure 3=9. 2 cernlfidence
and population value is associsted with every

zgerived

-
-
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in the Statistical Core Design Technigue (3.2.3.2.2) The plot of
DRE versus P is for a confidence of $9 percent. ne criterion for
eveluating the thermal design mergin for individusl chenrels or the
totel core is the cnfidence-population relat ionship. The DNE rea-

tios required to meet the basic criterias or limits are & function
of the experimentel date and heat transfer correlestion used, and
vary with the guantity and quality of dete. The recor—ended minimum
design DNB ratio for the W-3 correlation is 1.30.

The DNB and population relationship for a design limit of 1.30 in
the hot chennel corresponds to & 99 percent confidence that at
least 94.3 percent of the population of ell such hot channels is

in no jeopardy of experiencing a DNB. The DNE r-otics and the frac-
tion of the core in no jeopardy of experiencing & DNB at design
conditions are considerably higher than those given in the design
limite outlined im 3.1.2.3.

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 in a coolant
channel is deternmined from a nuclear analysis of the core and fuel
assemblies. The results of this analysis are as follows:
(1) The nozinal nuclear peeking factors for the worst time in core
life are
Fan = 1.77
ryz = 1.70

Fq = 3.01

(2) The design nuclear peeking factors for the worst time :n core

life are
Fah = 1.78
Fz = 1.70
Fq = 3.03
‘“here Fih = max/avg total power ratio (redial x

locel nuclear)
F2 = max/evg exiel power ratioc (nuclear)

Fq = P4h x F2 (nuclear tc23l)
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The ncminal values are the maximum values calculated wi tn ng,-nal
spacing of fuel assemblies. The design velues

anining maxizum, nominal, and minimuz fuel assex
termining the worst values for the combined effe
peaking.

v 1'\ b4

The exial nuclear factor, Fz, is illustrated in Figure 3-10. The
distribution of power expressed es P/P is shown for two conditions
of reactor cperation. The first condition is &n inlet peak with a
max/evg value of 1.70 resulting from partiel insertion of a CRA
group for transient contr»l following & power level chenge. This
condition results in the meximum local heat flux ené meximum linear
heet raete. The second power shape is a symmetrical cosine which is

L E o

indicative of the power distributicn with xencn override rods withe-
drawvn, The flux peek mex/avg velue is 1.50 in the center of the
active core. 2oth of these flux shepes heve been evelusied for
therzmel DNB lizmitations. The limiting conditicn is the 1.50 cosine
power distridution. The inlet peak shape has e larger mexicum value,
However, the position of the 1.50 cosine peek farther up the chennel
results in & less favoreble flux to enthalpy reletionship. This
effect has been demonstrated in DNB tests of nonuniform flux

shepes. (2 The 1.50 cosine axial shape has been used to determine
individusal cheannel DNB limits and to make the associsted gtatisticel
analysis.

The nuclear factor for total radisl x local rod power, FAR, is calcu-

lated for each rod in the core. A distributicn curve of the fraction

of the core fuel rods operating sbove various pesking factors is shown
in Figure 3-11 for a typical fuel cycle condition with the meximum

fuel rod peeking factor of 1.T8.

Engineering Hot Channel Factors

Fower peaking factors obtained from the nuclear analysis are based on
mechanically perfect fuel assemblies. Engineering hot channel factors
are used to describe variations in fuel loading, fuel and cled dimen-

sions, and flow channel geczetry from perfect physicel gquantities and
dimensions.

The a*p;zcat;on of hot channel factors is descri i
3.2.3.2.2, Statistical Core Design Technique. The facte
ternined statistically from fuel assembly es-built or specified data

where FQ is & heat input factor, Fgn is & local heut flux factor at &
hot spot, and Fp is & flow area rednction factor describing the varis-
tion in coolant channel flow area. Several subfactors are cczbined
statistically to obtain the final values for Fg, FQ", and Fi. These
gubfactors are shown in Table 3-9. The factor, the coefficient of
variation, the standard deviation, and the mean value are tzbulsted.

s are de-
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Table 3-6

Coefficients of Varietion

CV No. Description o
| Flow Area
Interior Bundle Cells 0.00180
Peripheral Bundle Cells 0.003k4€
2 Locel Rod Diemeter 0.0006LT
- rveraege Rod Diameter 0.00064T
(Die-Drawn, Locel end Average
Seme)
L Locel Fuel Loading
Subdensity 0.00647
Subfuel Area 0.00008%
(Diemeter Effect)
5 hverage Fuel Loading
Subdensity 0.00L85
Sublength 0.2629k
Subfuel Areas 0.00009k
(Diameter Effect)
6 Local Enrichment 0.00L21
7 Average Enrichzent 0.00k21

CV Coefficient of Variation o/x
0 Stancerd Ceviation of Variable
X Mean Value of Varisble

e, Core Flow Distridbution Hot Channel Factors

0.635
0.1075

0.935
1ul
0.1078

n
i
o

©.00183

0.00183

(Enrichment values are for worst case
normal assey batch; maxizum veriation
occurs for minimum enrichment.)

Tze thysicel arrangement of the resctor vessel internals and nozzles

results in a nonuniform distriduticn of coclarnt flow to the v

fuel assemblies. Reactor internsl structures above and bel

extilve core are designed to minimize unfavoratle flow dietrs

iCWV10N.

oelo

v
v 1he
-

il £

4 1/€ scale model test of the reactor and inrternals is being per-
forzed to demonstrate the adequacy of the internal arrangements. The
firel variations in flow will be determined when the tests zre com-
pleted. Interim factors for flow distribution effcets have been

celeulated from test data on reactor vessel models for previ

surized vater reactor designs.

A flow distridbution factor is determined for each fuel asce- >
ticz in the core. The factor is expressed &s the ratic of “ue)

sextly flow to sverage fuel azssert:

-
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retio may be greater or less than 1.0 depending on the position of
the assembly being evaluated. The flow in the central fuel assem-
tlies is in general larger than the flow in the cutermost ascemblies
due to the innherent flow characteristics of tre reactor vessel.

The flow distribution factor is relsted to a perticular fuel assem-
bly location end the quantity of heat being preoduced in the assezbly.
A flow-to-power comparison is mede for all of the fuel assemblies.

The worst condition in the hottest fuel assembly is deterzmined by
epplying model test isothermal flow distribution dete and hest in-
put effects &t power es outlined in 3.2.3.2.3. Two essuxptions for
flow distribution have been made in the thermel enalysis of the core
as follows:

(1) For the maximum design condition and for the anelysis of the
hottest chennel, all fuel assemblies receive minimum flow for
the vorst condition, regardless of assexbly pover or lecetiorn.

(2) For the zost prcbeble design conditions predicted,averege flows
have beern essigned for each fuel assembly consistent with lo-
cetion and power. The flow factor assumed for the maximur de-
sign condition is ccnservative. Applicaticn of vessel flow
test data and individual assembly flow fact
core design will result in improved stetist
the maximum design condition.

Maeximum Reactcr Design Overpower

Core performance is assessed at the maximum design overpower. The
selection of the design overpower is based on =an analysis of the re-
actor protection system as described in Section 7. The reactor trip
point is 107.5 percent rated power, end the maximum overpcwer, which
ie 11L percent, will not be exceeded under any conditions.

Maximum Design Condtions Analysis Summary

The Statistical Core Design Technique described in 3.2.3.2.2 was

used to analyze the reactor at the maximum design

scribed previcusly. The total number of fuel rcds in the core thet
have a possibility of reeching DNB is shown in Fig

to 130 percent overpower for the maximum design conditions. Point

B on Line 1 is the maximum design point for 11L percent power with

the design Fih nuclear of 1.78 and =inimum flow toc every channel in
the core. This Foint B forms the basis for this statisticel state-
ment:

There is a 99 percent confidence that at least 99.08 percent
of the fuel rods in the core are inm no jecrardy of experi-
encing & departure frox nucleate boiling (DNB) during con-
tinuous operation at the design overpower of 11k percernt.

cel number of fuel rods in jeoparédy

1 ;
2888 Than

At 100 percent power (2,452 MWt) 2e shown by Point

00702




pPopuletion pretected in

excess of 99.997 percent. ihe limit iz
Posed by a W-3 DNB ratic of 1.3 is 70 fuel rods in jleorerdy or &
Population protected of $9.810 percent.
An edditicnal analysis cf fuel rods in Jecpardy for &ll thre paxizus
design conditions eXcept fuel assembly flcw distridution is showr es
Line 2 in Figure 3=12. Zaen 8ssemdly wes sssyumed 0 receive average
flow for the &éssexbly power condition she final consideraticon cf
flow distridution will result in values within the bounds of the twe
lines. Statistical resu ts for the maximus design condition celeu-
lation, as shown by Figure 3-12, zay be Sumzerized es follows in
Tedble 3-10,
-etle 3-10
DNB Results - Maximum Des: Condition
(995 Cerfidence Level)
Pepulation nct Channel
Fower, FPossible Protected, DRE Ratic
£ of 2,L52 mue Fah DNB £ (W=3)
A 100 1.78 <1 >59.997 2.21
B 114 1.78 5.0 §5.986 i.7T1
¢ 128 1.78 70.0 99.810 1.30

Most Frobable Desi Cendition Analvsis Summary

The previous maxizum design calculation, as shown by
3-12, indicates the totel nuzber of rods thet zay be
when it is conservatively esssumed that every rod in
Zechanical and heat transfer characteristics of
scribed in 3.2.3.2.2.
F, (flow ares factor) less thar 1.0, F
then 1.0, and with Zinizuz fuel assexd ™ fiow,
possible for all channels to have nhot ch

Zore reelistic indication of the m
zay be obtained by the application of the stati
data to average rod powver zars Zechanical condit

An anelysis for the most

provable conditions has bee
tne average conditions descrided in 3.2.3.2.2. The
enalysis ere shown in Figure 3-13. The snalysis pay
as follows ir Table 3-11.

-

. sed cn

T - d
egulits Of thnis
be sumzarizesd

Line 1, Figure -
in Jeopardy

the core has the
& hot chennel as de-
For example, all channels are analyzed with

(heat input factor)

grezter

It is phyrically iz

harnel charecteristice, 2

uzber of fuel rods in Jecpardy
- -
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DNB Fesults - Most Probadle Conditicr
Population Hot Channel
Fower, Poseidble Protected, DRE Ratic
3 of 2,452 MWt Fah DNE % (wWe3)
100 1.78 <l 08 . C57 2.Lk8
114 1.78 " ©8.055 X %,
130 1.78 9.8 99.873 151

The analysis was made from Peint D at 100

percent power to Point F
at 130 percent power tc show the sensitivity of the analysis with
power. The worst conditicn expected is indiceted by Point E at 1l&
percent power where it is shown statistically that there is a smsll
possibility that 1.7 fuel rods may te subject to a deperture from
nucleate boiling (DNB). This result forms the tssis for the follow-
ing statistical statement for the most probatle design conditions:

There is at least a 99 percent confidence that at least
99.995 percent of the rods in the core are in no jecpardy
of experiencing & DNB, even with continucus cperation et

the design overpcower of 1li percent.

Distribution of the Fraction of Fuel Rods Protected

The distridution of the fraction (P) of fuel rods that have been

shown statistically to be in no Jecpardy of & DiNE has been calcu-

lated for the maximum design and most probasble design conditicns.
The computer programs used provide an output of (F) number of rods
and (P) fraction of rods that will not experience & DNB grouped
for ranges of (P). The results for the most probable design con-

diticn are shown in Figure 3-14.

The populaticn protected, (P), end the populaticn in jecperdy, (1-7),
are both plotted. The integral of (1-F) and the number cf fuel rods
gives the number of rods that are in jecpardy fcr given conditions as
shovn in Figures 3-12 and 3-13. The nuzbter of rcds is cbtained frez
the product of the percentage times the totel nixzbder of rods deing
considered (36,816). Two typical distriduticns shown in Figure 3-14
are for the most proveble condition analysis ¢ Points E end F on
Figure 3-13. The lower line of Figure 3-1k shows P and (1-F) &t the

11k percent power condition represented by Point E of Figure 3-13.
The upper curve shows F and (1-P) at the 130 percent power condition
represented by Point F of Figure 3-13. The irtegral of K end (1-P)
of the lcwer curve forms the basis for the statisticel staterent at
the most probable design condition degerived in (h) above.

Bot Channel Performance Summary

-

2 - 3 o+ B -9 xR et ed bew  Iagen PINE TSTQ R Ty
The hottest unit cell with all surfeces hestel 5 been cxunined fod
3 * = LB o . BeR - o v A . s ey - - -

hot channel Tactors, LDnd ratios, and gualilly 10 & Talig L roexetiey

5 00704




o ——

-

PR

(»

povers. The cell has been examined for the meximum value cf Fih
nuciear of 1.76. The hot channel was sassuzed to be locsted in e
fuel sszsexbly with 95 percent of the average fuel sssexbly flow,

The hesat generated in the fuel is 97.3 percent of the total nuclear
heat. The remaining 2.7 percent is assuzed to be generated in the
coclant at it proceeds up the channel within the ccre and is reflec-
ted as &n increase in AT of the cocliant.

Error bands of €5 psi operating pressure and 22 F are reflected in
the total core and hot channel thermal margin celculations in the

directicn

in
which ccrresponds to & 95

periencing & DIB,
gesign enalyeis are descrided in

F,=1.011

= 1.014

producing the lowest DNE ratics cr high
The DINE ratic versus power is shown in i
the hot chennel at the zaximum overpower cof 11l
percent ccnfidence "at &t
percent of the fuel channels of this tvpe are
The e'gireeri's not

-
El
DN -

e qualities.

5. The DSB ratio
& percent is 1.71
t least 99.82

Figure 3-

chennel fa

"
¢
€.2 end lis

L L

F, = 0.68 (Interior Cells)

F, = (.07 (Well Cells)

The hot channel exit gquality for vari

3-1€. The com
follows:

Resctor Fower, %

ined results may be summarized for 2,120

DKE Ratio (W-3)

us powers is shown in Figur

peig as

Exit
(it

Quality, %

100
107.5 (Trip Setting)
114 (Maximuz Fower)
128
138

‘&)S necoled

bt Bt Bt B RO
-

O w10 N
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Fuel and Cladding Thermal Con

w

L) D L b
AN RN AR O
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-

ions

A digitel computer code is used to calculate the fuel texperature.
The prograz uses nonuniform voluretric heatl generaticn &cross the
fuel 4iazeter, and external coclant conditions end hesat trensfer
coeflicients cetermineéd for thermal-hydre-lic chennel sclutions.

™he fuel therzal conductivity is varied in & radial directicn s&s

g Tunstion ¢f the temperature variatiop. Values for fuel ecniys-
tiviyy were used as shown in Figure 2 Il B-pict of fusl Soniuttanis

00705



versus temperature. The heat transfer from the fuel to the cled

is calculated with a fuel and ~)ed expansion model proportional

to temperatures. The temperature drop is celculeted using ges con-
ductivity at the beginning-of-life conditicns when the gas ccn-
ductivity is 0.09 Btu-ft/h-F-ft. The gas conduction model is

used in the celculation until the fuel thermal expansion relative
to the clad closes the gap to & dimension eguivelent to & contect
coefficient. The contact coefficient is dependent upen pressure

and gas conductivity.

A ploL of fuel center temperature versus linear heat rats in kW/ft
is shown in Figure 3-18 for beginning-of-life conditions. The
linear heat rate st the meximum overpower of 1lL percent is 15.2
kW/ft. The ccrresponding center fuel texperature shown in Teble 1-2
is L4,L50 F. The center and average temperatures &t 100 percent
power are L,150 and 1,345 F as shown in Taedle 3-1.

Tre peaking factors used in the calculation are

Faoh = 1.78

b

(2]
i

Va

70

[
o
L

FA" =
-

(%)
;. 4,
mny

Pq (nue and mech) =

A conservative velue of 1.03 was assumed for the heat flux peaking
factor, Fgv. The assigned value corresponds to & 99 percent pepu-
letion-protected relationship as described in the statistical tech-
nigue.

b. Clad

The assumptions in the preceding paragreph vere epplied in the cal-
culation of the clad surface temperature at the zaximum overpower.
ciling conditions prevail at the hot spet, anéd the Jens and Lottes
relationship(253 for the coclant-to-clad AT for boiling was used to
determine the clad temperature. The resulting maximum calculated
cled surface texmperature is 654 F at a system opersting pressure cf
2,185 psig.

3:2,3.2 Thermal end Hydreulic Evaluation

3.2.3.2.1 Introduction

Summary resultis for the characteristics of the reactor design are precsented in
3.2.3.1. The Statistical Core Design Technique employed in the dezigrn repre-
sents & refinezent ip the methods for evaluating pressurized water reactcers.
Corresponding single hot channel DNB data wvere presented to relate the rev
method with previous criteria. A comprehensive description of the new tech-
nigue is included in this section to perzit & raepid evalustion of t Eelions
used.

0070w



A detziled evaluation and sensitivity anslysis of the
by exexining the hottest channel in the reesctor for
fuel texperatures. The W-3 correlation has been

us el

Statistical Core Design Technigue

. 8 e A————

B e it g i

L

The ccre thermal desigp is based on & Statistical Core Design Technig
veloped by B&W. The technique offers many substantiel improvemente over
older methods, particule.ly in design approach, relisbility of thne result,
and mathezmatical trestment of the calculetion. The method reflects the per-
forzance of the entire core in the resultant power rating and provides in-
sight into the reliadility of the calculation. This secticn discusses the
technique in order to provide an understanding of its engineering merit.

The stetistical core design technique considers all parameters that affect
the safe and reliable cperation of the reactor core. By considering each
fuel rod, the method rates the reactor on the besis of the performance of
the entire core. The result then will provide & good measure of the core
safety and reiiability since the method provides a stetistical statement for
the total core. This statement also reflects the conservatiem or design mar-

gin in the calculation.

A reactor safe cperating power has always been determined ©
the coclant to remove heat from the fuel material. The eri
zeesures this ability is the DNB, which involves the indivi
of neat flux, coolant teuperatare rise, and flow aree, &né thei
effects. The DNB criterion is commonly applied thrcugh the use
parture frozm nucleate boiling ratio (DNBR). This is the minimum ratio of
the DIE heat flux (as computed by the DNB correlation) to the surface heat
flux. The ratioc is a measure of the margin between the opersting power and
the power at which a DNB might be expected tc occur in that channel. The
DRER veries over the chennel length, and it is the minimum velue of the ratio
in the channel of interest that is used.

ability of
1y that best

fobe
ct
£
w
bt
i 23
m

The cslculation of DNE heat flux involves the coclant enthelpy rise and cocl-
ant flcv rate. The ccolant enthalpy rise is & functicn of both the hest in-
put and the flow rate. It is possidble toc ceparate these two effects; the
gstetisticel hot channel factors required are & heat input fector, Fg, &nd e
flcw eres factor, Fy. In addition, a stetisticel heat flux factcr, FQ" is
rejuired; the heat flux factor stetistically describes the verieticn in sur-
face Leat flux. The DNER is most limiting when the burnout hest flux is
tsged on minimum flow erea (small Fp) &nd maximum heat input (large FQ), end
wher ire surface heat flux is large (la .e FQ"). The DNB correlation is pro-
vided in & best-fit form, ie, & form tk. st fits all of the data on which

the ccrrelation is based. To afford protection egainst DNE, the DNB heat
flux coz;uted by the best-fit correlation is divided by a DNB factor (BF)
ereate' than 1.0 to yield the design DNB surface hest flux. The basic re-

s 3
‘;E.:- e F W = -
bl 5 X Ty Fo) x o4
surfece Q
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‘ involves as parameters statistical hot channel end DNB fectors. The DNE fac-
tor (BF) ebove is usually assigned e value of unity when repcorting ZXE ra-
tios =0 that the margin at a given condition is shown directly by & DNER
greater than 1.0, ie, 1.30 in the hot channel.

Selected heat treansfer data are analyzed to obtain a corresction. Since ther-
=el and hydraulic data generally are well represented with & GCeussien (normel)
distribution (Figure 2-19), mathematical parameters that guentitatively rate
the correletion can be eesily cbtained for the histogram. These same mathe~
zmatical parameters are the basis for the statisticel burnout factor (EF).
In enalyzing a reactor core, the statistical information required toc describe
the hot chennel subfactors may be obtained from deta on the ss-built core,
from date on similar cores thet heve been constructe?, or frcz the specified
tolerances for the proposed ccre. Regardless of the source ¢f dete, the sub-

facters cen be shown grephically (Figures 3-20 and 3-21).

All the plots have the seme cheracteristic shape whether they ere for subfac-
tors, hot channel factors, or burnout facter. The fecter incresses with
either increasing population or confidence. The velue used for the stetisti-
cel hot channel and burnout factor is & function of the percentage of confi-
dence desired in the result, and the portion of all possibdilities desired, as
well as the excunt of data used in determining the stetisticel factor.

”
freguently used essumption in statistical enalyses is that the date sveil-
gdle represent an infinite sample of that data. The implicaticns of this es-
sumption should be noted. For instance, if limited data are avesileble, such

) an assunption leads to a somewhat optimistic result. The essuzmpticn alsc
izplies that more information exists for & given semple than is indicated by
the data; it implies 100 percent confidence in the end result. The BiW cal-
culational procedure does not make this assumption, but rather uses the spec-
+7ied sample size to yield a result that is much more meaningful and sta-

tistically rigorcus. The influence of the amount of data for instance can
be illustrated easily as follows: Consider the heat flux factcr which has

the ferm
F.w =1+ Ko
Q" Fon
Q
wnere FQn is the statistical hot channel factor for reat
flux
K is a statisticel multiplying factor
% is the standard deviation of the heat flux fac-
Q" tor, including the effects of all the subfactors
If OF.n = 0.05 for 300 data pointe, then a X factor of 2.608 is regquired to
protect GG percent of the porulat*on. The value of the hot chennel factor
then is
Y
\w‘i
or " = 1 + (?.ETE X ": C:,:\‘ = --;‘::‘* P
< 0078



and will provide 99 percent confidence for the calculation. I1f, insteed of
using the 300 data points, it is assumed that the date 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

Q" = 1+ (2.326 x 0.050) = 1.1163

which implies 100 percent ccnfidence in th? gilcu letion. The values of the
K factor used above ere teken from SCR-60T The same bacic techniques

can be used to handle any situstion involving varieble conf idence, pocpulation,
and number of points.

Having esteblished statistical hot channel fectors end st

n atisticel DIE fac-
tore, we cen proceed with the calculetion in the clessical menner. The ste-
tisticel fectors ere used to determine the zmirimum frasticn of rcis protected,
or that are in nc jecpardy of experiencing & INB &t each nuclear pcwer reak-
ing factor. £Since this fraction is known, the meximum fracticn in Jecpardy
is elsc known. It should be recognized that every rod in the core has an
associative DNB ratio that is substantislly greater than 1.0, even at the de-
sign overpover, and that thecretically nc rod can have & stetistical PODU~

1T
-ation factor cf 100 percent, no matter how large its DNB ratic.

Since both the fraction of rods in jeopardy at any particuler nuclear power
peaking factor and the number of rods cperating &t that pesxing factor are
known, the total number of :2ds in jecpardy in the whole core can be cbtained
by simple summation. The celculation is made &s & function of power, and

the plot of rods in jeopardy versus reactor overocwer ie cbtained (?igu;e
3-12). The suzmation of .e fraction of rods in jeopardy &t each
factor summed over all peaking factors can be made in a statisticel
ous manner only if the confidence for all populstions is identical. If an
infinite sample is not assumed, the confidence varies with population. To
form this summation ther, & conservative assumption is reguired. E&iW total
core model assumes that the confidence for all rods is equal to that for the
least-protected rod, ie, the minimum possible confidence facter ies associated
with the entire calculatlon.

-
}

The result cof the foregoing techni
(114 percent power), is this st

There is at least a 99 percent confisd
of the rods in the core are in no jeo I
wvith continuous operation at the design overpower.

The maximum design conditions are represented by these assumptions:

a. The maximum desira values of Fih (nuclear max/avg totel fuel rod
heat input) are obtzined by examining the meximum, nominzl, and
minimum fuel as:exbly spacing and determining the worst value for

red peaking.
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b. The L.xizum value of F_ (nuclear max/avg exial fuel rod heast in-

put) is determined for the limiting transient or steady-state con-
dition.

c. Every coolant channel 1. the core is assumed to have less then the

nominal flow area represented by engineering hot channel factors,
FA' less than 1.0.

d. Every chennel is assumed to receive the minimum flow sssocisted
with core flow maldistribution.

e. Every fuel rod in the core is assumed to have & heat input greater
than the maximum celculsted value. This value is represented by

engineering hot chennel heat input facters, FQ end Fgo", which are
greeter than 1.0. '

f. Every channel and associated fuel rod has & heat transfer nargin
ebove the experimentel best-fit limits reflected in DKE ratios
greater than 1.0 at maximum overpower ccnditicns,

The statistical core design technigue may &lso be used in & similaer manner
to evaluste the entire core at the most probable mechanicel and nuclear con-
ditions to give an indication of the most probable degree of fuel element
Jecperdy. The result of the technique based on the most rrobable design
conditions leeds to & statistical statement which is & corcllary to the mev-
imum design statement:

There is at least & 99 percent confidence that at leest 99.995 percent
of the rods in the core are in n. jecpardy of experiencing a DNE, even
with continuous operation at the design overpower.

The most prcobeble design conditions are assumed to be the same as the maxi-
muz iesign conditions with these exceptions:

&. Every coolant channel is assumed to have the nominal flow area

(FA = 1.0).
b. Every fuel rod is assu nave (1) the maximum calculated value
of heat input, and | . 4na Fgw are assigned values of 1.0.

¢c. The flow in each coolant channel is btased on 2 power analysis with-
out flow maldistribution factors.

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

The full meaning of the maximum and most probable design statements requires
additicnal comment. As to the 0.02 percent or 0.005 percent of the rods not
included in the statements, statistically, it can be said that nc more then
0.02 percent or 0.005 percent of the rods will be in Jeopardy, and that in
general the nuczber in Jecpardy will be fewer than 0.002 percent or 0.005 per-
cent. The statements do not mean tc specify & given number of DNE, but onl
mneowledge the possibility that e given nuzber cculd cccur for the conditicne

-
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In summary, the calculationel procedure ocutlined here represents a substan-
A tially improved design technique in two ways:

&.

3.2.3.2.3

T+

it reflects the performance and safety of the entire core in the

resultent power rating by considering the effect of each rod on the
power rating.

It provides informetion con the reliability of the celculstion end,
therefore, the core through the steatistical stetezent.

Eveluation of the Thermel and Kydraulic Design

a. EHot Channel Coclant Quality and Void Fraction
An evaluation of the hot channel coolant conditicns provides ad-
ditional confidence in the thermsl design. Sufficient coclant
flow has beer provided to insure low quality end void fractiens.
The quality in the hot channel versus reactor power is shown in
Figure 3-16. The sensitivity of channel outlet guelity with pres-
sure and power level is shown by the 2,185 and 2,120 psig systex
rressure conditions examined. These calculations were made for
an Fah of 1.78. Additional calculations for & 10 percent increace
in FAh to 1.9€ were made at 11k percent power. The significant
results of hoth calculations are summarized in Table 3-12.
Table 3-12
/ Hot Channel Coolant Conditions
Exit Exit Void Cperating
Pover, % Fah lity, % Fraction, % Pressure, vsig
100 1.78 (-:B.O(b) O.h(‘) 2,185
11L 1.78 1.5 7.9 2,185
128 1.78 6.6 28.7 2,185
114 1.96 T3 30.5 2,185
100 1.78 -1.0®) 1.7(#) 2,120
11k 1.78 3.9 20.0 2,120
128 1.78 9.1 37.2 2,120
114 1.96 9.5 38.9 2,120
(a)

(v)

Subcooled voids.

Negative indication of guality denotes subcocling.

The conditions of Table 3-12 were determined with all of the hot
channel factors applied. Additional calculations were mzde for

shiow the coolant conditions more likely to cccur in the reacter
core. A value for FAh of 1.78 was exemined with &nd without fuel
assexmbly flow distribution hot channel factors at 2,185 peig ss
shown on Figure 3-22. These results show that the exit jzualities
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from the hottest cells should in generel be considerably lower
than the maximum design conditions.

Core Veid Fraction

The core void fractions vere calculated st 100 percent rated pcwer

for the normal cpereting pressure of 2,185 psig and for the minimum

cperating pressure of 2,120 psig. The influence of co-e fuel asser-
bly flow distribution was checked by determining the tctel voide for
toth 100 end 95 percent total core flow for the two pressure condi-

tions.

The results are as follows:

Flow, % Pressure, psig Core Void Fraction, %
100 2,185 0.023
100 2,120 0.050
95 2,120 0.186

The most conservative condition of 95 percent flow at 2,120 psig
results in no more than 0.19 percent void volume in the core. Con-
servative maximum design values were used to ceke the calculation.

The void prograz uses a combination of Eowring's(‘T) rouel with
Zuber's'29) correlation betwveen void fraction end quality. The
Bowring model considers three different regions of fcrced convec-
tion boiling. They are:

(1) Highly Subcooled Boiling

In this regicn, the bubbles adhere to the wall while moving
upwvard through the channel. This region is terminated when
the subcooling decreases to & point where the bubbles bresk
through the laminer sublayer and depirt from the surface. The
highly subcocled region starts when the surface temperature
of the clad reaches the surface tempe-ature predicted by the
Jens and Lottes equation. The highly subcooled region ends

when
o . né "
ot " Touk * YV (a)
N rel
where ¢ = local heat flux, EBEtu/h-7t
w8
n=1.863 x 10 © (14 + 0.00€5p)
V = velocity of coolent, ft/s
P = pressure, psis
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The void fraction in this

regicn is computed in the same man-
ner as Mzurer, e9) except that the end of the region is deter-
mined by Equation (A) rather than by & vapor layer thicknese.
The noneguilibtrium quelity at the end of the region is com-
puted froz the void frection as 21 love ;

o
[
+
A ]

)
e, |}
Iy

tr

where Xs = nonequilidrium guality et end of Region 1
&. = void fraction at T T e 28
é R Fep sat  “bulk v
el ; . 3
ef = liquid component den ty, 1b/ft

F€ = vapor component density, 1b/et3

/I - &

.

Slightly Subcooled Boilin

In this regicn, the bubbles
transported elcng the ch i
is neglected). This region tran «
thermodynazic quality is zero. In generel

g€ion of major concern in the desi ign
reactors.

The nonequilibrium Quality in this region is corputed from
the following formula:

. . Ph }z ¢ ) \
X =X, 4+ 3 (¢ - dz (C)
d "Bh_(1+e) z, '¢-¢gp
fg d
*
where X = nonequilibrium quelity in Region 2

S fraction of the heat flux above the

single phase heat flux that actually
g€0es Lo producing voids

- ‘(
‘ep ¥ single phase heat flux, Btu/h-ft
P
S
™ o P - 1% I
W = RDass fiow rave, 1o/
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Pb = heated perimeter, ft

2 = channel distance, ft

The void fracticn in this region is computed from

-
.
8= , (D)
2 2 38.3 Ae, [csg, (e, - éﬁl 1/4
C [x + ) - + A =
R cg/cf(l x ) 3 X
d J
wvhere g = acceleration due to gravity, ft/52
- l1b m £t
€. = constant in Newton's Second Law = 3£.17
c 2 2
it T s

C_ = Zuber's distribution parameter

.

A_. = flow area, in.

o = surface tension

Equation (D) results from rearranging eguations found in Ref-
erence (33) and esssuming bubbly turbulent flow in determining
the relative velocity between the vspor and the fluid. Zuber
has shown that Equation (D) results in a better prediction of
the void fraction than earlier models based on expiricel slip
ratios.

(3) Bulk Boiling

In this region, the bulk temperature is egual to the satura-
tion tempersture, end all the energy transferred to the fluid
results in net vapor generation. Eulk beiling begins when th
thermedynanic (heet dalance) gquelity, x, is greater than the
nonequilibrium quality, x*. The veid fraction in this region
is computed using Eguation (D) with the thermodynazic quality,
x, replacing x".

Coclant Chennel Eydraulic Stability

ity were constructed in

¥ The confidence in

Flow regime maps of mass flow rate and qual
order to evalueste channel hydraulic stabili
the.design is based cn & reviewv of both &na
31.32.33§ and experimental results obtained i
burnout tests. Bubtle-tc-annular and bubdble-
proposed by Bzker'”~’ zre congistent with the ELW
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date in the range of interest. The analytical limits and experi-
zental data points have been plotted to obtain the maps for the
four different types of cells in the reactor core. These are

mwees

shown in Figures 3-23, 3-2L, 3-25, end 3-2€. The experimental

-

b ot 4

data points represent the exit conditions in the verious types of
chnnnels Just previous to the dburnout conditien rov a representa-

ive sample of the data points cbteined at Gesign cperating con-
ditious in the nine rod burnout test ascexblies. In all of the
bundle tests, the pressure drop, flow rate, and rod temperature
traces were repeatable and steady, and dié not exhibit any of the
characteristics associated with flow instability.

Values of hot channel mass velocity and gquality at 11l percent
and 130 percent power for both nominal and design conditions are
shown on the maps. The potential operating points are within the
bounds suggested by Baker. Experimental data points for the re-
actor gecmeiry with much higher qualities than the cperating con-
diticns have not exhibited unsteble characteristics.

Eot Channel DNB Comperisons

NE ratios for the hottest channel have been determined for the

W-3 correlation, and the results ere shown in Figure 3-15. DHNE
ratics are shown for the design 1.50 exiel max/evg symmetrical
cosine flux shape frez 100 to 150 perzent power. The W-3 DNE
ratic et the meximum design power of 1lL percen t is 1.71. This
cozpares with the suggested W-3 design velue of 1.3. A ratic cf
1.3 is reached et 128 percent powver et an exit guality of 6.1
percent, which is within the prescribed gquality limite of t': cor-

relation. .

The sensitivity of the DNB ratio witkh Fz nuclear was exazined frem
100 to 150 percent power. The detailed results are ladeled in Fig-
gre 3-27. A cosine flux shape with an Fz of 1.80 end an Fih of
1.78 results in & W-3 DNB ratio of 1.LL at 11L percent powver. Sim-
jlar results are shown for & value of Fz of 1.€5 and for the de-
eign value of 1.5. The W-3 values are well above suggested design
values.

The influence of a change in Fih was determined by analvzing t

hot channel for an Fah of 1.9€. This value is 10 percent atove
the maximum design value of 1.78. The resulting W-3 DNB ratio is
1.28 at 11k percent power. This vealue is well above :re correlsa-
tion best-fit values of 1.0 for the severe conditions assumed.

Reactor Flow Effects

Ancther significant variable to be considered in evaluating the
design is the total system flow. Conservative values for systexz

and reactor pressure drop have been determined to insure that the
reguired system flow is obtained in the as-built plant. The ex-
perimental programs previously outlired in 1,52 will conf the

rressure drop and related pump head regquirement
;&t{" that the as -built resctor flow will
and will lead to increesed power capability.
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The reactor core flov and power capability were evaluated by de-
terzining the steady-state power Du~ rates versus flow. Analyses
wvere zade for (a) variations of pover capability with total re-
acter fiow for a constant DNB ratio of 1.30, (b) INE ratios fer
design flow with variations ia hot chennel mixing coefficients
and (¢) DNB ratios for gross flow variaticns of % 10 percent. The
resultls are shewn in Figures 3-28 and 3-29. For the analysis
gshown in Figure 3-28 for design hot channel condition, the flow
vas determined that would give & DNB ratio of 1.30 for a range of
reactcr powers. This analysis shows, for example, that & DKE ra-
tic ef 1.30 can be maintained in the hot channel at 11k percent
pover with a total reaftcr flow of 109 x 10% 1b/hr &s compared
vith the aveilatle design flow of 131.3 x 10€ 1b/rr. The resuls:s
shown by Line 2 in :‘gure 3-29 are ithe DNB ratics for rated fliow
of 131.3 x 106 lv/hr versus power. The limiting ccnditiecn is

128 percent power for e LiB retio of 1.30. Lines 1 ané 3 show
the 213 ratiocs versus power vhere the total systexn flovw has beer
varieé by 210 percent. Adeguate DIB ratics can be maintsined
with & substantial reduction in reactor coclant system flow.

The foregoing sensitivity analyses were made using a fuel assezbl:
deszg zixing coefficient of 0.02. The final design value may be
high as 0.06. £ smooth tube value for mixing without epacer
p‘s...e'r is 0.03. A sensitivity analysis for this range of coeffi-

cients vas made for the rated flow condition. The results are
shown oty Lines L &nd 5 of Figure 3-29 and discusced in more deteil

in 3.2.3.2.3.].

Resctor Inlet Temperature Effects

The influence cf reactor inlet temperature on power capadility
at design flow wvas evaluated. A variaticn of 1 F in react

let texperature will result in a power capadbility change ¢
percent at a given DNB ratio.

Fuel Tezperature

(1) Method of Celculation

Tuel temperature and gas pressure ccmput
ed to calcoulate fuel temperatures, exransi
iaxed and columnar grain growth, center
8, Tission ges release, and fissicn gas

data ccmparisons were made cn the tasis

e
the fuel diameter within these structural region
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Data froxm References 34 through 37 were used to compare cal-
culated and experimental fractions of the rod in grain growth

waiS

and central melting.

The radiasl expansion of the fuel pellet is coxputed frca the
mean fuel temperature and the average coefficient of linear
expansion for the fuel over the temperature range considered.
This model combined with the model for caiculeting the heat
transier coefficient was compared with the model céeveloped
by Notley et al(38) of ABCL. The difference in fuel growth
for the two calculetion models was less than the experizental
scatter of data.

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

tivity of the fuel is input as a function of temperature. The

relative thermal expansion of the fuel and cladding is taken
into account when determining the temperature drop acrcss the
gap between the fuel and cladding surfaces. The temperature
drop across the gep is a function of width, mean tempersature,
and gas conductivity. The conductivity of the gas in the gap
is deterxmined as a function of burnup and subtseguent release
of fission product gases. In the event of fuel clad contact,
contact coefficients are determined on the tesis of methods
suggested by Ross and Stoute(bl). The contact coefficient is
determined as & function of the mean cenductivity of the in-
terface materials, the contact pressure, the mean surfece
roughness, the materiel hardness, and the conductivity of the
gas in the gap.

The analytical model computes the amount of central void ex-
pected whenever the temperature approaches the threshold tem-
perature for fuel migration, and readjusts the density accord-
ing to the new geometry.

The progream uses a polynominal fit relationship for fuel ther-
mal conductivity. Three relationships were used to eveluate
the effects of conductivity on fuel temperstures. The 2&W
reference desigr curve vhich yields an integrated thermsl con-

duetivity of 93 w/cem, is a modification of the relaticrnship
presented in GEAP-LE24, (39)

+ Y
The conductivity relationships in GEAP-L62L and CVﬂA—Ehé(L“)
are compared with the reference design in Figure 3-30. McGrath
(40) concludes that the CVKA-2L6 values are lower limite for
the high temperature conditions. Fuel center temperstures for
all three of the conductivity relationships et the pesking

factors given in 3.2.3.1.2 have been calculated to evaluste
the margin to central melting at the maximuz overpcwer and to
show the sensitivity of the celculation regarding therzsl con-
@uctivity. Since the pover pezks will be turned off visih ire-
radistion, the peaking factors used are cong:rvetive 3% the

end of life.
0017
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Fuel Center Temrperature Results

The results cf the analysis

methods descridbed above are

for beginning- and end-uof-life conditions.

and end-of-life gas conductivity values are

Btu/h-ft2-F. The calculated end-of-life center fuel temper-
atures are higher than the beginning-of-life values because
©f the reduction in the condurtivity of the gas in the gap.
The effect is apparent even though & contact condition pre-
vails. The calculation includes the effect of fuel swelling
due to irradiation, but does not consider the effect of fuel
cracking and expansion due to thermel gradients. redit is
also taken for the flux depression in the center of the rod
because of the self-shielding effect of U0, (nonuniform power
generation). The calculated contact pressures are conserva-
tively lower than those expected at end-of-1:%e cenditions
in the hottest fuel rods, and the fuel temperatures shown

in the figures above are ccnservatively high.

The B&W model gives very good results when compareé to the
results of others in the field as is shown in Figure 3-32.
In the linear heat range of most interest, ie, approximately
20 kW/ft, there is only about 200 F difference betweer the
maxinuz and minimum values celculated. Alsc the szmall dif-
ferences between the B&W curve and the cther curves indicate
the relative insensitivity of the results to the shape of
the conductivity at the elevated temperatures.

The most conservative assumptions, using GEAP-L62L data with
relatively little increase in thermal conductivity above 3,000
F, result ip central fuel melting at about 22 kW/ft, which is
about 3 kW/ft higher than t?e mafimum design value of 19.2
kh./ft at 11l percent power. 3=32) Purther evaluation of the
two figures shows that central fuel melting is predicted tc
occur between 22 and 26 kW/ft depending on the time-in-life
and conductivity assumptions.

The transient analyses at accident and normel conditions have
been made using the design fuel thermal conductivity curve
(Figure 3-17) to reflect & censervative value for the maximum
average texperature and stored energy in the fuel. Use of
this curve results in a higheg temperature and, therefore, a
lower Doppler ccefficient, since it decreasses with temperature.
Thus, the resultant Doppler effect is slsc conservative.

Equilibrium Cycle Average Fuel Temperatures

An anelysis has been made tc show eguilibriuc average fuel
conditions in the core. A typical fuel cycle, end-of-life,
condition wes used to deterzine the fractiorn of fuel a2t s
given average condition. The results are shown in Figure 3-33
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where the average temperature varies from 1,300 to 3,30
and the entire core average temperature is about 1,800

The bundle aversge powers &8s shown in Figure 3-3L were u

to obtain the fuel rod heat rates. A cymzetrical cosine
axial power distribution with a 1.50 zax/avg value as shown
in Figure 3-10 was used to predict the axial heat rate dis-
tribution. It was assumed thet 97.3 percent of the power is
generated in the fuel. The fuel rods were divided into 1L
axial and 10 raZisl segments to obtein the temperature dis-
tribution for this enelysis. The heat rate for every fuel
rod in the core was increased by a locel peaking factor of
1.05 to account for uncertainties in the calculation of locel
peaks. This has the bulk effect of raising reactor power to
105 percent.

The fuel conductivity values f{rom GEAP—h62h(39) vere used to
provide conservetive values for fuel cond The caxi-
mum powers occurred in fuel asremblies with one and two cycles
of operation as shown in Figure 3-3L, and the assemblies with
the highest burnup did not exceed 1.043 times the average
pover for the typical case analyzed. The results shown in
Figure 3-33 were made by grouping ell segments of fuel by
temperature. Typicel 6 and 10 kW/ft rod radial temperature
profiles are shown in Figure 3-35. Typical fuel-to-clad heat
transfer coefficients used were 2L0 &nd 460 Btu/h-ft<-F for

6 and 10-kW/ft heat rates, respectively. The correspending
beginning~-cf-life cocefficients are beut 500 and TOO E:u/h-ftz-?
for 6 and 10-kW/ft heat rates.

The temperature celculations are conservatively based on-nocz-
inal fuel dimensions without fuel irradiation swelling or crack-
ing. Fuel swelling and cracking will result in higher fuel-
to-clad heat transfer coefficients than thnse useé in the anzl-
ysis. The volumetric heat generation rate is higher at the
outer periphery of the fuel than in the center region, e&nd the
operating texperatures will be lower than those predicted

bty the uniform redisl power condition essumed in the analysis.

Fission GCas Feleacse

The fission gas release is bas?ds?n resul
-
b

18 ¥€§-rted in GEAP-L596 (x2)
Additional dsta from GEAP-L31L AECL-£03(54), and CF-60-12-14(45)
have been compar?g”vit the suggested relcase rate curve. The Te-
lease rate curve e is representative cf ine up it of relesse
data in the temperzture region of most izporiance. A design releease
rete of L3 percent and an internal gas pressure of 3,300 psi ere used
to determine the fuel clad internal design conditions repcrted in
3.2.4.2, Fuel Assectlies.

The design values for fission gas relesse frcm
gaximum clad internal pressure were deterzirned
cperating conditions and assigning suitetle zergins for ¢

o & -5 - - - 3 %  — L Sk ~
creases in local cr zverege aupy in the = Adegust




provided without utilizing the initial porosit

the UO; fuel. 4 detailed analysis of the des!
fission gas releese, and the relstionship of

and initial diemetral clearance betwveen the fue
sumpsrized in the following peragrazhs. An evelu
fect of hav1n5 the fuel pellet internal voids avai
tolders is also included.

n Gas Release Fates

The fission gas release rate is calculated as a function
ef fuel temperature at 11l percent of rated pover. The
procedures for calculating fuel tezperatures are dis-
cussed in 3.2.3.2.3.g. The fission gas release curve
ené the supporting data are shown in Figure 3-36. Mcst

f the data are on or below the design relesse rate curve.
A releese rate of 51 percent is used for the portion of
the fuel above 3,500 F. The fuel texperatures were cal-
culated using the B&W design fuel thermal conductivity
curve which yields conservatively high values for fuel
tezreratures.

Axial Power @ Burnup Assusptions

The temperature conditions in the fuel are determined

for the most severe axial powver peaking - ~ted to occur.
Two axiel power shapes have been evalua. determine
the maximum release rates. These ere 1.50 =nd 1.70
max/avg shapes as shown in Figure 3-10 &nd repeated as
part of Figure 3-37 of this analysis. The quantity cof
gas released is found by applying the texmperature-related
release rates to the quantities of fission gas produced
alcng the length of the hot fuel rod.

The guantity of fission gas prcduced in & giver axiel lo-
cation is cbtained from reactor core axial region eguilib-
riuz '**nup studies. Three curves showing the axial distri-
of burnup a&s a lecal-tc-averege ratic sleng the
are shown in Figure 3-37. Values c¢f 100, 300,
days of operaticn are shown.

The $30-day, or end-of-life condition, is the condition
with the maximum fission gas inventory. The average burn-
up at the end of life in the hot fuel rod is 38,150
MAQ/¥TU which has been detrmined as follows:

Calculated Hot Bundle Average Burnup, MWd/MTU

Fot Fuel Rod Burnup Factor

racy
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The locel burnup elong the length of the fuel rcd is the

- -
product of the hot rod meximum average value above and
the lcocal-to-average ratic shem in Figure 3-37. The re-
sulting Lot rod locel maximum burnup for the S30-day,
ead-cof-1ife condition is about L2,000 Mwa/MTU.

NQ/

the maxizum calculated value. However, local velues to
55,000 MWd/MTU have been evaluated to insure adeguate

local fuel cladding strength for possible increzses in

-
average cr local burnup over the life of the fuel for
various fuel management procedures.

Hot Eod Power Assurrtions

The maximum hot rod total pover occurring &t any time in
the life of the fuel has been used to celculete the over-
power temperature conditiocns. A hot rod power of 1.78
times the average rod power has teen applied, 7This re-
sults in & paxizuz linear heat rate of 19.Z2 EW/t whieh
cerresponds to 114 percent of the maxirum therrel output
(16.83 kW/ft) shown in Table 3-1. This is e conservative
assucption when coupled with the end-of-life fiseion gas
inventory since bundle and individuel fuel rod power is
expected to decrease with fuel burnup. A study of the
pover histories of ell of the fuel azsserblies te equilib-
rium conditions shows that the powersz in the bundles dur-
ing the last 300 deys of cperation azre not mere then 1.3
times the average bundle power. The peak bundle ratio
of 1.69 (1.78 # hot red ratio) will only occur during the
first two fuel cycles when the fission gas inv ntory is
less than the maximum value.

Fuel Crowth Assumptions

The fuel growth wes celculsted as & functicn of burnup

as indicated in 3.2.%.2.1. Fuel pellet dimensions ir

the thermal temperature and gas release models vere in-
creased to the end-of-life conditions as determined above.

Gas conductivity and Contect Heat Transfer Assu=ctions

. |

The quantity of fission gas relessed is a furctiicn o
fuel texzperature. The temperatures are influenced b
three fectors: (&) the conductivity of the fissizn gas
in the gap between the fuel and clad, (t) the dis-etral
clearance between fuel and clad, end (¢) the heat trans-
fer conditions when the fuel expands enough to contact
the clad.

<

A gas conductivity of 0.01 Btu/h- 12-? based on L3I per-
cent release of fission gas &t the end-of-life ccrdis
was used in the analysis. Diazetral clearances cf

to 0.0075 inch reflecting minimuz and mexirus= clezrances
after fuel growth were aralyzed. Tne centact nsas
transfer coefficients were cs.culsted ss

Reference L2,
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Summary of Results

The fission gas relesse rates vere deterzined in the first
evaluation. Rates were found for varicus cold diametral
clearances and axial power peeking end burnup shapes. The
results are shown in Figure 3-38. The lcwvest curve is the
expected condition for a 1.70 axisl power shape with a 930
Gay axlel burnup distridution as shown in Figure 3-37. The
increase in release rate with diametrsl clearance results
from the fact that the fuel temperature must be raised to
higher values before contact with the fuel clad is made,
The release rate at the minimum clearance of 0.0045 inch

is 15 percent. This condition is equivalent to a 0.0025
inch gap after irrsdietion grovth and produces the meximus

- N

clad stress (maximum sized pellets with minimum interns
diameter cladding). The release rate of 3L percent for the
meximum diametrel clesrance of 0.008%5 inecn will not oce

ithe maximuz stress condition due to fusl growth, since the
fuel has more room to grow into the clearance,

Two additionsl cases were exarined to check the sensitivity
of the calculations to axjal power end turnur shapes. The
results are shown by the upper Iwo curves in Figure 3-38,
The top curve is a plot of the relesse rates when it is as-
sumed that both the axiel power and burnup inventory of fic-
sion gas are distributed with & 1.50 ZaX/evg ratio as shown
en Figure 3-55. Similar results are shewr for the 1.70
max/evg power ratio with a 1.50 max/avg turnup ratic. These
curves show the release rates expected are not strongly in-
fluenced by the various power and dburnup shapes.

The second evalustion showe the resulting internal pressures
due to the release of fission product geses. Plots of in-
ternal cled pressures for the expected S30-day axial burnup
distridbution and a 1.70 max/avg axial pover shape are showrn
in Figure 3-39. The lower curve it & rlot of internal gas
pressure assuzing that €.5 percent of thre volume is
ave_lable to hold the relessed gas (op P ity). The
present design condition teing used in cls

istions assumes e closed pore conditicn v
gas contained outside the fuel pellete
the expanded dished ends of the Fellets, the radial gaps (i
eny), and the void spaces at the ends o tre fuel rods. 1
effects of fuel densificstion and grain growth describved
in 3.2.3.2.3.g are included in the anelysis. The calcula-
tion of maximum pressure is also relatively insensitive to
the axial burnup distribution as shown bty the line in Figure
3-39 for a 1.50 mex/avg exial power and durnup shape. (This
corresponds to & locel burnup peak of 57,000 MWE/MTU.)

m
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shere is evidence that the UQ pellets in & nuclear rezctor )
L7,L8) are usually cracked. £ sensitivity snalysis or fuel-

to=-clad gap conductance was rerformed t¢ illustrate the affssts
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of fuel cracking. Two independent fuel models were developed
to simulate this phencmenon. In one model, the cold minimum
fuel diaxzeter was increased by 0.0025 inch in order to de-

crease the dizmetral sa' and increase the gap conduct

(2.5-mil cracking iffsc In the other model, the methods
of Ross and Stoute vere used to evaluate gap conductance
vith the fuel-to-clad contact pressure egual tc zerc ("O-
contact" cracking effect). This model sassumes thet the fuel
cracks encugh to come into centact with thes clad, but not
enough to exert pressure against the clad. As the higher heat
rates &re reached, the therm:. growth of the fuel causes a
contact pressure which is usec in the calculsticns. Fuel-
to-cled gap conductance us & function of linear hest rate is
plotted on Figure 3-40 t¢ show the marked increase in gar

heat transfer due to fuel cracking. To further illustrate
the effects of fuel crecking, & sensitivity analyeis on rod
inte.ua- pressure wvas pe:formed using the foregoing Tuel mod-
els. Figure 3-L]1 shows the results of this s.u:) for the two
cracked fuel models and the ideal thermel expansion model at
the most conservative fuel-to-clad heat transfer conditicns

(largest gap, end-of-life gas conductivity, ete). The fuel
‘ecracking models show a marked reduction in internal gas pres-
sure fromw the design cenditions.

A parametric¢ study on gas pressure versus reector power was
performed to further illustrate the conservatisms involved in
the gas pressu © analysis, Figure 3-L2 shows the results for
the tvo cracked models and the ideal thermal expansion model
at the wcrst fuel-to-clad heat transfer conditions. A conser-
vative steady-state reactor power level of 2,795 Mwt (11&
percent of rated power) was used to obtain fission gas release.
This analysis shows that power incresses from rated pove.
2,452 to 3,000 MWt result in very emall increases in fuel rod
internal gas pressure. Final design consideration of power
ccnditions and fuel cracking will result in lower fuel texm-
perature and associated internel gas pressures.

The alloweble design internel pressure cf 3,300 psi is well
above the maximum velues of internel pressures calculated for
ocpen or closed pellet pores, and the maximum internel pres-
sure should only occur with the maximum diametral clesrance
condition. An increase in average fuel bu:r up can be toler-
ated within the prescribed internal pressure design limits,
It has been indicated in Reference 38 and in AECL-1598 that
the U0, fuel is plastic encugh to flow under low strecses

when t?e tezperature is above 1,800 F. That fraction of the
fuel beleow this temperature may retein a large portion of the
original porosity end act as e fission gas holder. The hot-
test axisl 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 texmperatur

o
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- The approximate fraction sf the fuel telow 1,800 F at over-
‘9 povwer for & 1.70 axial power shape is as fcllows for various
| cold diametral clearances.
Clearance, Percent of Fuel
i in. Below 1,800 F, 7
. » 0.00Lks Lo
: 0.00T70 20
:‘ 0.0095 5
| |
i The retention of fuel perosity in the low temperature and low
£ burnup regions will result in modest reductions in internsl

gas pressure.

i. Eot Channel Factors Eveluation

(1) Red Pitch and Bowing

A flow area reduction factur is determined for thé es-built
fuel assembly by taking caannel flow zres messurements end

§ . statistically determining an equivalent hot channel flow area
reduction factor. A fuel assembly has beern zeasured, and the
results are shcwn in Table 3-9. Interior channel measure-
ments and measurements of the channels forued by the cuterrmost
fuel rods with edjacent assemblies have been analyzed. Co-

0 ’ efficients of vari<tion for each type of channel have been
determined. In the analyt’ 31l solution for & charnnel flow,
each channel flow area is reduced over its entire length by
the F, factors shown in Figure 3-20 for the desired perulation
» protected at a 99 percent confidence. The hot channels have
been analyzed using velues for 95 percent population Pro-
tected, or Fp in the interior cells of 0.958 and Fp in the
wall cells of 0.97 as listed in 3.2.3.1.1.J.

~/

Special attention is given to the influence of water E&p vari-
etion between fuel assemblis s when determining rod powers.
Nuclear analyses have been made for the nczinel, meximus, and
minimum spacing between adjacent fuel azsexblies. The necxminal
and maximum hot assembly fuel rod powers are shown in Figures
3-43 and 3-LL. The hot channel nuclear power factor (Fir nu-
clear) of 1.78 shown im 3.2.3.1.1 is besed on Figure 3-LL for
the worst water gap between fuel assemblies. The factor of
1.783 is & product of the hot assembly factor of 1.€8 tizes

F the 1.061 hot rod factor. This power factor is assigned to

§ the hottest unit cell rod which is &nalyzed for burnout. Feak-
ing factors for cther channels &are >bteined in a similar =en-
ner. In all ceses, the combined flcw spaciang and power peak-

ing producing the lowest DNB ratio is used.

007’2
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fuel Pellet Diumeter, Density, and Enrichment Factors

) (2

Veriations in the pellet size, d»ﬁ-é.y. and enrichment are re-
flected in coefficients of varistion luzbers 2 through 7 ¢f
Tetle 3-9, Thnese varistions have been cbtained frem the mea-
sured or specified tolerances and combined statisticelly as
descridved in 3.2.3.2.2 to give & power factor on the hot rod.
Fer 99 percent confidence and 95 percent population condi-
tions, this factor, Fy, is 1.011 and is epplied &s & pover
increase cver the full length of the hot channel fuel red.
The locel heat flux factor, FQ". for similar conditions is
1.01k. These hot channel values are shown in Table 3-1. The
correspending values of FQq and Fq" with 99.99 percent popu-
letion protected are 1.025 end 1.03, respectively. A con-
servative velue of FQ" of 1.03 for 99 percent confidence and
£9.99 percent population is used for finding the meximum fuel

~irear resgt raztes &8s shown in 3.2.3.1.2.

|"l

-

Tnese factors are used in the direct sclution for channel en-
thelpies and are not expressed as factors on enthalpy rise as
ie often done. The coefficients of variation will be under
continuocus review during the final design and development of
the fuel essexbly.

Flow Distrivution Effects

| ) znlet

The finel inlet plenum effects will be determined frum the 1/6

scale model flow test now in progress. The initial runs indi-
i cate satisfactory flow distributicn. Although the final nu-
5 clear 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 the hot bundle position is 5 percent less than
average bundle flow under isothermal conditions corresponding
t0 the model flow test conditions. An additional reduction of
flow due tc hot assembly power is described below.

P
e
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Mt

lenuxz Effects

|
|
|
|
|
I
|
!
! Thne hot fuel assembly flow 1~ less than the flow through an aver-
l
i

Redistribtuticn in Ad‘acent Channels of Dissimiler Coclent
cenditions
cge assexbd l} at the same cor.: pressure drop becesuse of the in-
& creased pressure drcp sssocieted with a higher enthalpy and
guality condition. This effect is allowed for by meking & di-
j rect calculstion for the hot assembly flow. The combined ef-
i fects of upper end lower plenum flow conditions &nd hest input
% <0 the kot assemblies have been uc-d to determine hot agsembly
ficws. The worst flow maldistribution effect has beer assuved
in the initiel design, &nd the zinizmum hot sssembly flow hss
zeen celeculeted to be B9 percent of the average assextly flow
:} 2t 11k percest overpower. Actusl Lot essezbly flows ere Calti-
\ 28 ratler than a::-virz an egulvalent hot channel erthalpy

: 00725
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Pnysical Mixing of Coolent Between Channels

The flow distribution within the hot assenbly is celculated
with a mixing code that sllows an interchange of hest be-
tween channele. Mixing coefficierts have been determined

from multirocd mixing tests. The fuel assembly, consisting
of & 15 x 15 array of fuel rods, is divided into unit, well,
centrol rcd, and corner cells as shown by th heavy lines in
Figure 3-L3. The mixed enthalpy for every cell is deterrined
simultanecusly so thet the ratio of cell to average sssembly
enthalpy rise (Enthalpy Rise Factor) e&nd the corresponding
lccal enthelpy are obtained for each cell. Typical enthalpy
rise factors are shown in Figures ?—h3 end 3-4L for the hot
and surrounding cells. The acsumptions used tc describe the
channels for the peaking and enthalpy rise factors shown are

-

given in 3.7.3.2.3.), which follows.

Evaluation of ti=

D8 Ratios in the Unit, Wall, Centrol
Kod, and Corner Cell:

DNB Results at Reted Flow

The DIE ratios in the hot unit ‘cell at the maximum design condition
described in 3.2.3.1 are shown in Figure 3-15. The relatiocnship
shown is based on the application of the W-3 correlation. Ap ad-
ditional sensitivity eanalyesis of the assermbly corner, well, and
control rod cells has been made for the worst combination of fuel

assenmbly spacing and pover peaking.

The sensitivity of the assezbly design with respect to veriations
of mass velocity (G), channel spacing, mixing intensity, &nd local
peeking on the DNE retios in the fuel assexbly channels hes been
eveluated by anelyzing the nominal conditions end & postulated
veorst case condition. The summary results are shown below in
Teble 3-13 for the ncminel case and 3-1b for the peximuz design or
postulated worst case. The unit cell DNB ratics are repested for
comparison. All of the DNB ratios ere for 11k percent overpower.




Table 3-13

Neminel Case

-6

G, 1b/h-£t° x 10

Corner
Wall

Control Rod

Table 3-1L4

DNB Retios in the Fuel Assexbly Channels (W-3)

Pcstulated Worst Case (Design)

Cell Type G, lb/h—fte ¥ 10'6 DNER (W-3) (11L% Power)

Unit
Corner
Well

Control Rod

The DNB ratios in all channels are high enou
populetion relationship equal to or better
3.2,3.1.1 for the hot unit cell channel.

and control rod cells have DNBE retiocs equ
the unit cell hot channel. This results

to pover ratio in these cells asscociated wi
arees.

The DNB ratios were obteineu by comparing tne

fluxes and channel coolant conditions with the limitations rredicted
by the correlation. Typical results are shown in Fiwures 3-i5 and
3-4L6 for the nominal and worst cese conditicns in the unit cell.

Fuel Eocd Fower Peaks and Cell Coclent

The nominal case local-to-average rod
averege exit enthalpy rise ratios are s!
hot corrnar, wall, conirol rod 3 :

v EUa

bly. Vslues shown &re
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where V!
gnd V is
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assembly and adjacent fuel assemblies with ncminal
ho? Suel assembly, and with a minimum intensity of
equal to 0.02.

flow to
turbulence,

Additionel tests are being run tc determine the maximum values of
intensity of turbulence associated with the fuel asssembly The
expected value is greater than 0.0Z since & velue of 0.03 is ob-
tained in smooth tubes. The fuel assembly spacer grids will in-
duce turbulence and imprcve coolant mixing.

The postulated worst cese local-to-average rod povers (nuclear
peaking factor) and exit enthalpy rise factors in the hot fuel
assexbly are shown in Figure 3-LLi. The facvcrs were determined
for this case with the minimum water gap beiwsen the hot fuel
assexmbly and adjacent fuel assemblies, with minizum flow to the
hct fuel ¢ssemb-,, and with & minimum assumed intensity of tur-
bulence, a, eguel to 0.02. An evaluatiocn of =injcum; norinel,
end maximum spacing between assembliis showei tre minimum 1o have
the lowest DKB ratios.
A mixing coefficient of 0.02 was used for beth neminal and design
worst case analyses. Final design values of zbout 0.06 are likely.
The influence of mixing coefficients is shown in Figure 3-29, which
shows values ranging from 0.0l to 0.06. value of 0.02 is suf-
ficiently conservative for design evaluation. The conditions an-
alyzed to obtain the DNB ratiocs for various vealues of the mixing
coefficients shown in Figure 3-29 were cutlired previocusly in
8. 25,4,

™~
+ne

1
-
=
-

Fuel Assexbly Power znd Rated Flow Conditions

The nominal and postulated worst cases were run at 11k percent
reactor power with the nominal and worst FAh factors shown in
3.2.3.1.1.c. The 1.50 modified cosine exiel power shape of
Figure 3-10 was used to deccribe the worst exiel condition.

The hot assembly flow under ncminal conditiocrns without a flow
meldistribution effect is 96 percent of the zverage aesezbz
flow, and the reduction in flow is due entirel

effects. The hot assembly flow under the ucrs;

The intensity of turbulence, a, is defined as

is the transverse component of the fluctusting turdbulenti velocity,
the coclant velocity in the exisl direction. This methof ol ce=e-

gixing 19 Céserided by Sandterg; B, 0., &nd 2lctcz, A, A,y CVCR
yareulic Design for 65 MW Cress Fissien Fower, TVIA-227.



DNE Results for Postilated Loss of an Internals

conditions is 89 yercent of the average essembly flow and con
siders the worst combined effects of hesat input and flow mal-
distribution.

The reactor arrangement includes vent velves zbove the core to

equalize the pressure between inlet and outlet regions during a
loss-of-coclant accident. The effective core flow will te re-

duced in the unlikely event that a valve éisc breaks of £

2
CRB enalysis was made to show the design margin for a postul
accidental failure of cne valve disc.

An errangenment consisting of valves with & lli-inch diezeter
»?rca‘ wvas investigated. In the event the disc from one of

these valves is completely removed, a smell reduction in ef-
fective core flow for heat removel will te experienced, sp-
proxinetely 5.7 percent of the incoming flow will bypess <he
core through the valve opening. However, the reduction of r

ievtence results in en increase in totel s
1.1 percent. The net reduction of flow fo
is k.6 percent.

v

The minimum DNB ratios for the reduced effective core flow

pere with the full flow ratios as follows
Percent Rated DNEBR NER
Power (Full Flow) (Feduced Flow)
100 223 2.0
297.5 (Trip 1.91 1.76
Set Pcint)

11% 1. 1% 255

DYB retiocs were deterzined for the worst corner, contrel rod
r unit cell. The II3 ratios in the hot unit cell were tre

The =inizum DNB retic et the trip set point of 107.5 percen:
is vell above the minizuz recozzended velue of 1.30. The O
of 1.30 is mainteined up to 123 percent pover for the postul
worst cese design ccrnditions.

A ccaoplete sensitivity analysis hes been -ade to determine t
fects of design flow and unexpected core bypass flow froz th
to the outlet chambers in the rcactor vessel. The results &
shevn in Figure 3-L7. Bypass flow wes veried frem 0 to 10 p

wvhile helding a constant core average tezperature of 580 T.
design zllowance of 2 percent (2.63 x ;CE 1b/hr) bypass flow
vent velve seat and fitup leaksge is included in &ll
fo* neminal or maximunm des:gn DRE ratics. This desi
ig Indicated by Line 2 and is identical wiih rated ¢
?ig- ¢ 3=-15 &5 previcusly discussed. Line © srois t
Versis pover for '& ccadition of the loss of one vent
00’) ?
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plus a 2 percent bypass. Additional lines are shown for 0, 35,
end 10 percent variations in bypass flow.

3.2.3.2.% Evaluation of Internals Vent Valve
A vapor lock problem could erise if water is trepped in the steam generator
blocking the flow oOf steam from the top of the rescicr vessel to & cold leg
leak. Under this condition, the steax pressure at tke top of the reacter
would rise and force the steam bubbles through the r leg in the dbottonx
of the steam generator. This same differentieal : that develcops 2
water leg in the stean generator will develop & water leg in the reactor
vessel which could lead to uncovering cof the core.
The most direct solution to this prcblem is to egualize the pressure acrcss
the ccre support shield, thus eliminating the depressiocn of the water level
in the core. This can be accemplished by vent valves in the core support
shield which provide direct cczmunicaticn btetween ths resctor plenum &nd
the top cf :he annulus. These vent vazlves low-pre dif-

ferentiel to allow steem generated in the E % leak
frocm the reactor vessel. Although the flo is
blccked, this s of no conseguence since there te
remove the steam being generated in the ccore.
The preliminary design of this valve is shown in Figure 3-51. The valve
dlsc hengs closed in its natural position. A flat, stainless steel sesat
inclined 5 deg'ees from vertical insures sgainst flow from the annulus
to the upper plenum chaxber asse:bl;. In the event ¢f an sccident, the
reverse pressure differentisl will open the valve. At all times during
normal reector operation, the pressure in the annulus cn the cutside of
the ccre support shield is greater than the pressure in the plenum chéxber
on the inside of the core support shield. Accordingly, the vent velve will
be held closed during normel operation. With four reactor coclant pusps
cperating, the pressure differential is L2 psi resulting in a seversl thou-
sand pound closing force on the vent valve.
Under accident conditions, the valve will begin to oren with & pressure déif-
ferentiel in a direction opposite to the normal pressure differentiesl cf
gabout 0.3 psi develops. AL this point, the opening force on the valve coun-
teracts the natural closing force of the valve. Wiih & pressure differen-
tial of no greater than 1.5 psi; the valve would bte fully cren. Witk this
pressure differential, the water level in the core would be at adbout the
top of the core. In order for the core to be half uncevered, assuming solid
water in the bettom half of the core, & pressure differeniisl of 3.7 psi
would have to be develcped. This would provide an cprening force of about

3 times that required to open the valve completely. This is a conservative
limit since it assumes equsl density in the core and the annulus surround-
ing the core. The hot, steaz-water mixture in the ccre will have & density
much less than that of the cold water in the annulus, &nd screvwhat greater
pressure differentials could be tolerated before the core is nore than half

uncevered.

o
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AT e ;resent time, an analog computer simulation is being developed to
¢veluate the perforrmance of the vent valves in the plenum chamber. This
anelysis will be used to demonstrate that adequste steam relief exists so

thet cooling of the core will be accomplished.

nhe basic model is 2 simulation of the reactor coclant system which includes
the effect of the exzergency cooling by the ECCS, the effect of steam gen-
eration in the once-through steam generators, the effect of steam generation
in the core, end the effect of cperation of the vent valves. The model is
cozposed of four basic regions that simulate the water volume in the annulus
tetiveen the reector vessel and the core, the water vclume in the core, the
steax volume gbove the core water level, and the steam velume in the region
tetween the vent vaives and the break locetion. Fluid flow between each of

“hese regions, flow {rom the emergency injection system, steam flow through
the treak, and poesible water spillage from the bresk are ell considered
“he tcore volumetric heat generation and heat transfer to & changing water

level in a five-secticn core is considered.

Using the computer program, the required number and capacity of valves will
be obteined. Conservetive assumptions on core decey heat, flow losses, heat
iransfer coefficients, and the available capacity from the emergency injec-
ticn systems will be used.

The exsct number of velves and their size will be specified upon completion
of this anelytical study. The performance of the valves must meet the cri-
terion for core cooling that has been defined in 14.2.2.3.2 of the PSAR and
is quocted below: .
"The performance criterion for the emergency core coocling equip-
ment is to limit the clad temperature transient below the clad
zeltling point so that fuel geometiry is maintesined to provide
core cooling cepability. This equipment has been conservatively
sized to limit the clad temperature transient to 2,300 F or less
es temperatures in excess of this value promcte a faster zir-
coniuc-water reaction rate, and the termination cf the transient

Ve S

r.ear the melting pocint would be difficult to demonstrate."
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3.2.4 VECEANICAL DESIGN LAYOUT

2.2.4.1 Internal lavout

Reactor internzl components include the Plenum assezbly anéd the core support
assembly (ccnsisting of the core support shield, vent valves, core barrel,
lower grid, flow distributor, in-core instrument guide tubes, thermal shield,
and surveillance holder tubes). Figure 3-UB shows the reactor veseel. reactor
vessel internzls arrangement, and the reactor coolant flow path. PFigure 3-L9
shows a cross section through the reactor vessel, and Figure 3-50 shows the

core floodin

da

errangement.

Reactor internsl components do not include fuel asgembl

ne ies, orifice rod
assemblies, control roé assemblies (CRA), surveillance epecimen escerblies,
or in-core instrumentation. Fuel assemblies zre de ribed in 3.2.L.2, cortrol

seribed 3
rod assemblies and drivee in 3.2.L.3, surveillance specimen assemblies in
L.5.3, and in-core irstrumentation in 7.3.3.

The reactor internals azre designed to eupport the core, maintain fuel escembly
alignment, limit fuel ascemdbly movement, &nd maintasirn CRA guide tube elignment

between fuel zssemblies and control rod drives. They also direct the flow of
reactor coolant, provide gamma and neutron shielding, provide guides for in-core
instrumentzticr between the reactor vessgel lower head and the fuel assemblies,
suppcrt the surveillance specimen assemblies in the annulus between the ther-
mal shield and the reactor vessel wall, and support the int

ternzls vent valves.
nese vent velves are provided to relieve precssure generated by steaming in the
core followirg reactor cooclant inlet pipe rupture so that the core will re-
main sufficiertily covered with coolant. All reactor irternsl components can

be remcved froz= the reactor vessel to allow inspection of the reactor internsls
and the reactor vessel internal surface. :

In anticipeticn of laterzl deflecticn of the lower end of the core support as-
sexbly as & result of horizontal seiesmic loadings, integral weld-attached, de-
flection-liziting spacer blocks have been placed on the reactor vessel inside
well. In z2dition, these blocks limit the rotaticn of the lower end of the
core support assembly which could conceivably result from flow-iniuced tor-
sicnal loadings. The blocks allow free vertical movement of the lower end of

the internsls for thermsl expansion throughout all renges of reactor cperating

ccrnditions, but in the unlikely event of a flange, circurmferentisl weld, or
bolted Joirt failure the blocks will limit the possible core érep to 1/4 ism.
or less. Trne Tinsl elevation plane of these blocks will be established near
ihe same elevation as the vessel support skirt attachrent to miricize dynaxic
1cziing elfects on the vessel shell or bottcm hess. Freliminery cslculations
iriicate the izpact loading on the stop blocks for & 1/ in. core érop would

be approxicately 5 g total. Elock location and geometlry will be evaluated
and determined to transfer this loading through the vessel support skirt teo

., the reactor building concrete. A significant reduction in impact loading can

be achieved through proper stop block design and detailed =
cere drop will not allow the lower end cf the CRA neutren &b
. thelr respective fuel assembly guide tubes if ¢

in. ¢© remein in
A core érop of 1/k in, will not result in & eig-
The core cennot rotete =rd Bind 4he drive lires
vfe¢ core support asserbly is rrevented Yy ihe stor Tlceoks.

3-65 0672
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The failure of the core support shield and core barrel upper fletnges, or re-
lated flarnges and cther circumfe rential jJoints, is not considered credidble orn
the basis of the conservative cesign criteria and large safety factors ezployed
n the interrsls design. The €inal internzle design vill be capable of with-
standing varicus combinations of forces and loadinge resulting from the siztic
weight of internals (225 000 1b total, not includi ng the rlenum sssembly which
weighs 100,000 1b), core with control rod drive line (303,000 1t total), ey~
namic load from trip (10 g gives 207,000 1b), seiszic /0.10 £ vertical ~ives
53,000 1b), coolant fiow hyéraulic 1caiing (EEG,CDC 1v), and other related lcad-
ings. The algebraic sum of this simplifie ing case 1is 559,000 1b. Thnis
results in & tensile stress of about 58y ﬂsi in the core support shield shell,
which is aprroximately 3 percent of the material yield strength. Final inter-
nals component weights, seismic an alysis, dynamic lcadings from flow-induced
vibration. detziled stress analysis with consideration for thersal stress cur=-
ing 21l transients, and resolution of fabrication deteils such as shell rolling
tolerances ani -eld Joint preparation details will irorease the siress levels
listed ebove. As 8 finzl design oriterion, the core ELPESrt eowporents il
zeet the stress requirements of the ASME Code, Sectior 111, during normal opers-
ation end trancients. The str actur.l 1“.e5*1»v of ell ccre suprport circumfer-
ential weld ‘cints in the interrals shells will be insured by compliance with
the radiograrhic inspection requirements in the code ebove. The seiemic arnslysis
will include detailed calculatisne to determine the maxizum structursl respense
¢f the reactor vessel and internmals. Thie enalysis will be perforres ze dec-

cribed in 3.1.2.%.

In the event of a major loss-of-coolant accident, such as & 3f-in, digreter re-
actor coolant pipe break near the resctor veccel cutlet, the fuel assevbly and
vessel interrals would be subjected to dynamic loadings resulting from an cse-
cillating differential preesure across the core. Sc:e deflection of the inter-
nals structures would occur, but internsls ccm ipenent fzilure will not oceir.
The occurrence of a loss-of-coolant accident and res_:t;:g loadinrgs will be
evaluated cduring the detailed design period for the fuel acsemblies and re-
lated intermsls structural components.

The deflections and movezents uescr*be‘ above woulé not rrevent CRA inserticn
because the control rods are guided throughout their travel, and the guide-to-
fuel-assembly alignment cannot change rega réless o' relzted component deflece
tions. CRA {rip could conceivably be delayed ~:*e::aril3 &s & result of tre
oscillatirg rressure differential, However, the CRA travel time to full incer-
tion wuuld remain relatively unaffected as tranciert pressure oscillaticrns are
_a_pene_ out In approximately C.5 sec. On this basie. the CRA travel time <o
2/3 inserticr on a trip comsand will be approximately 1.€ sec inetesd of the
specified 1..0 sec. Also, this possidle initial minor delsy in trip initistion
would not coniribute to the severity of the leoss-of-coclant accidernt because
et the initiation of CRA trip, the core would be suberitical froen voids,
Material for the resctor internals bolting will be sublected tc rigid guality
control reqguirements to insure structural integrity. The bolte will be ir-
spected for surface flaw indications after sl1 fabrication crerations rave

een ctupleted, crque values will be specified for the ©imal asserbly tg de-
"elcp full-bolting capability. All facteners will be lock-welded to insure acs-

sexbly integrity.



3.2.5k.1.1 Plenum Ass

O
[ S LS |

m

e

<

)

R oy vy
P .

0
A ]
3
1 Mm
£
o
1
£2
bb
i |
m
i

n

1

&)
0O

«

:1 o
(&)
4 1 O

&

v i o |

A & TR

fu M

1 e

ZA guide tube assemblies

for reactor coolant cutlet flow The plenum cover
plates intersecting to form square lattices with &

flange, end is attached to the p;eng: cylinrder to
are provided fcr the plenum asserbly he Wdling. Tle
tc the plenum cover top plate and bolted to the uppe
blies provide CRA guidance and protect the CRA fro-
cross~-flow, and provide structural attachment of the
plenum cover.
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Each CRA guide assembly consists of an outer yube h
12 perf:ratei lotted tubes and four sets of
orie nd ached to a series of *as**ngc to
stroke travel sign clearanc
gommo > gree cf :1s:llgtrert betwveen
al design clearances will be establish
and by the results of the Control Rod Drive Line Fazil
tests. Preliminary test results are described
sembly consists of rarallel fla
The bars are attaches to a f1
The upper grié
ide tube asserbly rels
esponding fael assembly.

<

'Locating keyways in the plenum assembly cover flange

ge
top flarge locating keys to align the plenum assenmbly with

reactor closure head control rod drive penetraticns, and
sembly. The bottom of the plenum assembly is guided by the

the lower flange of the core support shield.

- %
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3.2.4.1.% Core Suppcrt Assembly

mbly consists of the core
flow distributor, thermal
peciren holder tubes, and
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has two nrozzle openings for reactor coolant outlet flow. The
N\ surface of the lower flange guides and z2ligns the plenum asser
‘ relative to the core support shield. Three 1ifting lugs are p
vided tc handle the core support shielé. These lugs are al
to handle the core support assembly.

T R a—

The core support shield outlet nozzles are cealed to the reactor ves-
sel outlet nozzles by the differential thermal expansion between the
stainless steel core support shield and the cerbon steel reactor ves-
sel. The nozzle seal surfaces are firished and fitted to a predeter-
mined cold gap providing clearance during core support assembly in-
stallation and removal. At reactor cperating temperature the mating
metel surfaces are in contact to make a sezl without exceeding allow-
able stresses in either the reacter vessel or internals. Internals
vent valves are installed in the core support shield cylinder wall

to relieve the pressure generated by steaning in the core following

a postulated cold leg (reactor coolent irlet) pipe rupture (see
3.2.4.1).

i e b e e A

e s e

b. Core Zarrel

The core barrel supports the fuel assemblies, lower grid, flow dis-
tributor, and in-core instrument guide tubes. The core barrel con-
sists of a flanged cylinder, & series ¢f internzl former plates

bolted to the cylinder, and a series of baffle plates bolted to the
inner surfaces of the former plates to form an inner wall enclosing
; the fuel assemblies. Construction of the core barrel will be simi-
J lar tc that of the reactor internals component developed by B&W for

the Indian Point Station Unit No. 1.

Coolant flow is downward along the cutside of the core barrel cylin-
der and upward through the fuel assemblies contzined in the core bar-
rel. A small portion of the coolant flows upward through the space
between the core barrel cylinder and the baffle plate wall.

i I L

The upper {lange of the core barrel cylinder is bolted to the mating
lower flange of the core support shield asserbly, and the lower flange
is bolted to the mating flange of the lover grid assembly. All bolts
will be inspected and installed as described in 3.2.4.1, and will be
lock-welded after final assembly. Lifting lugs attached to the core
barrel are provided for core support eassembly handling.

¢. lower Grid Assembly

l Tne lower grid assembly provides aligrment and support for the fuel

] assemblies, supports the thermal shield and flow distributor, and

i aligns the in-core instrument guide tubes with the fuel assembly in-
: strument tubes. The lower grid consists of two lattice structures

‘ separaeted by short tubular columns surrounded by 2 flangec cylinier.

The top flange iz bolted to the lower flange ¢f the core bzrrel.
E A perforated flat plate located midway betweern the two lattice struc-
F tures aids in distributing coolant flow.

0075
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Flow Distributor

The flow dlstrit‘to is a perforated, dished head w
flange which is bolted to the bottom flange the
flow distributor supports the in-core instrument guid
tributes the reactor coclant entering the bottom of

Thermal Shield

A cylindrical, stainless steel, thermal cshield ie installed in the
annulus between the core barrel cylinder and the reactor vessel inner
wall. The thermal shield reduces the neutron and gamme internal heat
generation in the reactor vessel wall and thereby reduces the result-
ing thermal stresses.

The thermal shield is supported on, positioned by, and attached to
the lover grid top flange. The thermal shield upper end ie positicned

- Yo

by spacers between the thermal shield and the core barrel ocuier cylin-
der to minimize the possibility of thermal shield vibration. The
thermal shield attachment is Gesigned to avoid shear loads on fastern-

ers. All fasteners are lock-welded after final assembly.

Surveillance Specimen Holder Tubes

Surveillance specimen holder tubes are installed on the core support
assembly outer wall to contain the surveillance specimen assexblies.
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 at-
tached to prevent flow-induced vibration. Slip joints at the in-
termediate supports and top end of the assemblies accommodate axial
motion caused by differential thermal expansicn.

In-Core Instrument Guide Tube Assembly

The in-core instrument guide tube assemblies guide the in-core instru

ner

ment ass~mblies between the instrurne penetraticns in the reactor
vessel vottom head and the instrument tubes in the fuel assemblies.

‘Minor horizontal misalignment is accommodated between the reactor

vessel instrument penetrations and the instrument guide tubes
assembled with the flow distributor. A perforated shroud tu be,
concentric with the instrument guide tube, adds rigidity to the zs-
sembly and reduces the effect of coolant flow forces. Forty-six in-

rey

core instrument guide tubes are provided. The in-core inestrument

guide tubes are designed so they will not be affected by the core
drop described in 3.2.k4.1.

Internals Vent Valves

Internals vent valves are installed in the core support shield to
prevent a pressure unbalance which might interfere with ccre cooling
following a loss-of-coolant accident. Under all normal operating
conditions, the vent valves will be closed. n the event of & lose=
cf-coolant zccident in the cold leg of the reactosr loop, the valves

365 007 &
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will open to permit steam genersted in the core to flow directly

to the leak and will prevent the core from becomirg more than

;/2 uncovered after emergency core coclant has been supplied to
he reactor vessel. The design of the internzls vent valve is

sh*"n in Figure 3-51.

Each valve assembly consists of a hinged disc ody
ing surfaces, split-retaining ring, and fasteners. zch valve sem-
bly is installed into a machined mounting rin inte 1
the core support shield wall. The mounting ring cu":a'ns he neces=
sary features to retain and seal the perimeter of the valve assembly.

1
+
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m
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Also, the mounting ring includes an alignment device to maintain the
correct orientation of the valve essembly for hinged- dlsc operation.
Ezch valve assembly will be remotely handled as & unit for removal
or installation. Valve component parts, including the disc, are of
ceptured-design to minimize the possibility of loss of parts to the
c olent syster., and all fasteners include a positive locking device.
The hinged-disc includes a device for remote inspection of dise func-

tion.

The arrangement consists of 1lki-in. diam vent valve assemblies in-
stalled in the cylindrical wall of the internals core support shield
(refer to Figure 3-L8). Tne valve centers are corlanar and are L2
in. zbove the plane of the reactor vessel coolant riczzle centers.

In cross section, the valves are spaced around the circumference of
the core suppert shield wall.

The hinge assembly consists of a shaft, two valve bﬂ*y Journal re-
ceptacles, two valve disc journal receptacles, and four flanged shaft
journals (bushings). Loose clezrances are used between th shaft

and journal inside diameters, and between the journsl cutcide diam-
eters and their receptacles.

This feature provides eight loose rotational clearzne
any mossibility of impairment of disc-free motion in
event "hat one rotational clearance should bind ir se

in vic
loose rou. “*ional clearances would remz2ir to ellow unhampered disc-
free motion. 1In the worst case, at least four clezraznces must bind
or seize solidly to affect adversely valve disc-free motion.

In addition, the valve disc contains a self-sligr-ent feature so that
the external differential pressure adjusts the cdisc sezl face to the
valve body seal face. This feature minimizes thre ,;ssibility of in-
creased leakage and pressure-induced deflection loesdings on the hinge

parts in service.

The external side of the disc is contoured to absorb the impact loced
cf the disc on the reactor vessel inside wall without transmittin
excessive impect lceds to the hinge parte as & result of & loss-of-

ccolant acecident.

Q0™
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Fuel Assenmtlies

Description

General Description

The fuel for the reactor is sintered pellets of low-enriched uranium
dioxide clad in Zircaloy-4 tubing. The clac, fuel pellets, end caps,
and the fuel support components form a "Fuel Red." Twc hundred and
eight fuel rods, 16 control rod guide tubes, one instrumentation tube,
eight spacer grids, end two end fittings make up the tasic "Fuel
Assembly" (Figure 3-52). The guide tubes, spacer grids, and end fit-
tings form a structural cage which contains the 208 fuel rods in a

15 x 15 array. The center position in the assembly is reserved for
instrumentation. The remaining 16 locations in the array are pro-
vided for the guide tubes which guide the control rods and provide
the vertical support of the assexbly.

The complete core has 177 fuel assexmblies which are arranged on e
square lattice to upproximate the shape of & cylinder. All assem-
blies are identical in mechanical construction ané interchangeable

in the core end ere designed t¢ accept the contrcl rodé assemblies
(CRA). The reactivity of the core under opereting conditions is con-
trolled by 57 CRA, of which 3 are xenon control rod assextlies.

These xenon control rod eassemtlies are identical in physical config-
uration to the CRA but have poison in the lower porticn cof the roé
ocnly. In the fuel essemblies containing no CRA, an o'ifice rod
assembly (Figure 3-53) or a burnsble poison rod assembly (Figure 3-54)
is inserted intc the upper ends of the guide tubes. These assemblies
minimize guide tube bypass cooclant flow., The lumped burnable peison
rod assemblies allow & lower boric acid concentration in the reactor
coolant, thereby lowering the moderator temperature coefficient. 3Be-
cause of mechanical and geometric identity, the CRA, xenon control
rods, burnable poison rod assemblies, and orifice rod assemtlies ere
designed to be interchangeasble among fuel assemblies,
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Fuel Assembtly Components,

Material

Fuel

UO~ Sintered
Pellets

Fuel Clad Zircaloy-b 430 OD x 0.377 ID x 152.875

Fuel Red Pitch

Fuel Assembly Pitch

Active Fuel Length

Overall Length

Control Rod Guide Zircaloy-4 30 OD x 0.015 wall

Tube

Instrumentation Tute Zircaloy-4 oD x 0.402 ID

Spacer Grid Inconel-T18 Strips

End Fittings tainless Steel,

Tp-304

Fuel

The fuel is sintered and ground pellets of urznium
fetricated from previously unirradisted materizl.

enriched pellets are right circular cylinders with 4

a ground diemeter. The pellet ends are dished to minimize th
ference in axisl expansion between the fuel ené the cladéing.
nominal density of the fuel is §3.5 percent of thecretical,

Average design burnup of the fuel is 27,430 MWé/MIU. Peak desigr
burnup is 55,::3 MWE/MTU. At the peak Surnup, the fuel growth is c
culated to te 2-1/2 volume percent by the method given in Reference
LS. Radial growth of the fuel during burnup is accomzm ocated by pellet
porosity, by radial clearance between the pellets and the cladding,

and by a small amount of permanent strain in the cladding.

= -
S -

Below each fuel column is & support that =>1=;L
of the fuel column end sepesretes the fuel

Means are provided at the top to maintein
during shipping and handling.
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Fissicn gas release froz the fuel is accommod
the fuel, by the radisl gzp between the pelle
and by & void spece at the top &nd bottom

Fuel Assembly Structure

(1) Genersl

The fuel assembly shown in Figure 3-52 is the canless type io
which the spacer grids, end fittings, ané the guide tubes form
the basic structure. Fuel rods are supported st esch specer
grid by contact points integral with the walls

cf the fuel cell
boundary. The guide tubes are permanently sttached tc the upper
and lower end fittings tying the assembly tcgether., The use of
similar material in the guide tubes &nd t: fuel rocés res,lts
in zinizum differential thermal expansion. The fuel rods bottom
on the grid of the lower end fitting.

(2) Specer Grids

Spacer grids are ccnstructed from strips which are slotted and
fitted together in "eggzcrate" fashion. Esch grid has 32 strips,
16 perpendicular t¢ 1€, vhich form the 15 x 15 lsttice for the
fuel rods. The square walls formed by the interlaced strips
rovide support for ithe fuel rods in twe perpendicular direc-
tions. Contact points on the wells of each sguare cpening are
integrally punched dixples in the strips.

(3) Lower End Fitting

The lower end fitting positicns the assexbly when inserted in
the lower core grid plate ané supports the fuel assembly weight.
The lower ends cf the fuel rods rest on the grid of the lowver
end fitting. Penetrations in the fitting ere provided for at-
taching the control rod guide tubes and for accsss of the instru-
mentation tube,

(4) Upper End Fittinz

The upper end fittin
-
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sembly in the upper oo id plate struct § mesns
for coupling the zaréling eguipzment. An icdentifying nuzber on
eaci “"p end fitting provices positive icentafication when

An internal hollcow post, welded in the center of the end fitting
provides means for retention of the orifice rod sssexbly eand
turnable poison roé sssextly.

Attached to the upper end fitlings are four holddown springs.
Thete springs provide e positive holdéown zergin to oppose
hvéraulic forces.
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(6)

Control liod Guide Tubes

structurel continuity for the fuel

of a guide tube are flanged and
the tubes to the end fittings ©
straint of the guide tubes is

Instrurmentation Tube

This Ziccaloy tube serves as & channe
contain the in-core instrumentation i
<

"
n

sembly. The instrumentation string is
lower end fitting ard through the tube

vation. The instrumxen

of the sssembly ené is
a 94
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Evaluatio

Fuel Ro semtly

(1) General
The besis for the design of the fuel rod is éiscussed in 3.1.2.k.
Materials testing and ectual operation in reasctor service with
Zircaloy cladding have demonstrated that Zircaloy-4 materizl has
sufficient corrosion resistance and mechanical properties to
maintain the integrity and serviceability required for design
‘burnup.

(2) Claé Stress and Strain
The cladding of fuel rods is subjected to hydrocstatic rressure,
gradually *uc*ea=1ub internal pressure, t @rral gtresse:r, virre-
tion, and to the effects of differential expansion ¢f th: fuel
and cladding ceused by thermal expansions and ty "eL gro~th due
t¢ irrsdistion effects. In addition, the properties of the cladé-
ding are influenced bty thermal and irradiation effects which are
analyzed below.
Stress analysis for cladding is tssed on several concservative
assumptiocns that make the sctual margins of safety greater than

those calculated. For exazple, it is assumed that the clsd witk

-

the thinnest wall, the smallest fuel-clad gap, &ndéd toe greatest
ovality permitted by the specification is uperatinb in the re-
gion of the core where performance requirements are most severe,
Fission ges release rates, fuel growth, ar:. changes in mechani-
cal properties with irrediation are based on a conservative
evaluation of currently aveilable data. Thus, it i: "inlikely

that feilure of the cladding will result during oper. -ion.

Pressure Effects

Clad stresses due to external and internal pressure zre consié-
erablv below the yield strength. Circumferential stress due to
external pressure, calculated using those combinations of claéd

dimensions, cvality, and eccentricity that prccuce the highest

pes

ress, is shcwn in Table 3-16. The maximum stress c’ 33,000~

“

si compression, at the system design pressure of 2,500 psi, 1is
he sux ¢f 22,000~-psi compressive membrene siress plus

psi coupressive bending stress due to ovelity at the claé OD in
the expansion void ané at the beginning of life. The caximux

et 3 n

&

stress in the heat-producing zone is 32,000 psi at design pres-
sure and 27,000 psi at operating pressure. At this stiress, the
material may creep enough to allow an incresee in ovslity until
further creep is restrained by support from the fuel. Ccntact
lcads tetween fuel and cladding for this case sre ztout 20 1v/

in. of length.




R ———

;f.
1
|

At the end of life, fission gas pressure may exceed cperating
pressure when the fuel rod is at opersting

calculation of fission gas release is discu
The value of 3,300 psl is used as a design
The maximum design pressure differentiel of 1115 P
resultant circumferential stress of 9,000 psi. This is about
1/k of the yield strength and, therefore, is not 2 potential
scurce ¢f short-time burst., The possibility of stress-rupture
turst has been investigated using finite-difference methods to
estimate the long-time effects of the increasing pressure on
the clad. The predicted pressure-time relstionship produces
stresses that are less than 1/3 of the stress levels that
would produce stress rupture at the end of life. tpile
stiress-rupture data were used, but the grezter than 3:1 margin
on stress 1s more than enough to account for decrezsed stress-
rupture sirength due to irrasdiation.

e N ¥ *




Table 2-16

Cled Circumferentisl Stresses

Coerating Condition

\
. '(&/ N
B0L - Operating at Design Pressure

cnditions

Total Stress (Membrane + Bending) Due
to 2,500 psig Systez Design Pressure
Minus 100 psig Fuel Rod Internal
Pressure

Stress

Aversge Clad Tempersture - Approxi-
mately 625 F (Expansion Voigd)

EQOL - Maximux Overpower

onditicns
ystex Pressure - 2,185 psig

Fuel Roé Internal Pressure -
3,300 psig

Aversge Tezperature Through Clad
Thickness at Hot Spot - Approxi-
mately 725 F

Stress

Pressure Stress Only(b)
Including 4,000 psi Thermal Stress

EOL - Shutdown

Immediately After Shutdown

Condition
Syste Pressure - 2,200 psig

Fuel Roé Internal Pressure -
1,750 psig

(S)Cladding will be specified with 45,000 pei minimum yie

cent zinizux elongation, btoth at 650 F. Minirum room
will te epproximately 75,000 psi yield strengt
L ultizate tensile strength.
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Teble 3-16 (Ccntd)

The fission gas release is tased on temperature vers
fraction as shown in Figure 3-36. Fuel temperatures
lated for smell radiesl and exial increments.

ugs relezse

are cealcu-

The total ficssion

gas release is calculated by integrating the incremental re-

Ultimate
Calc, Yield Tensile
Stress, Stress, Stress,
Operating Condition psi psi psi
Stress
Average Clad Texzpersture - Approxi-
mately 575 F =4,000 45,000 L8,000
2 Hours Later
Conditions
(50 F/h Pressurizer Cooldcwn Rate)
Fuel Roé Internal Pressure -
1,050 psig
System Pressure - 680 psig
Stress
Average Clad Temperature - Approxi-
zetely 425 F 3,300 2,000 55,000
- Tne totel production of fission gaz in the hottest fuel rod as-
sexbtly is based on the hot rod average burnup of 38,000 Mwa/MTy.
Tne corresponding meximum design burnup &t the hot fuel rod mid-
point is 55,000 Mwa/MTU.

lezases.
The maxizum release and gas pressure tuildupe are determined by
evaluating the following factors for the most conservative condi-
tions:
(a) Gas cenductivity et the end life with fission gas presen

(v) Influence of

transfer coefficient on fuel teczperature and release rate.

(c¢) Unrestrzined radial end exial thermal growth of

pellets relative to the clad,

(@) Hot rod local peering factors.
(e) Radial distributicn of fission gas productiocn in
rellete

the fuel

i the fuel

00745
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The fuel temperatures used to deterzine fi.sieon ges release gng
internzl gas pressure have Teen celcoulaied e iZe resQior over-
power condition (114 percent). Fuel Texperastures, total free gas
volume, fission gas release, eané intern-l gas pressure have been
evaluated for a renge of initisl ai el clasrances, This
evaluation shows that the highest &l pressure results when
the maximum diametral gap is sssumed tecauss ol the resulting
high average fuel tempersture. The relezse rate increeses rapidly
with an increase in fuel lexperature, and unrestrained axisl
growth reduces the relatively cold &8s end plenum volumes. A con-
servative ideal thermel expensicn model is uzed to calculate fuel
tezperatures as g function of initial cold édizmetral clearance.
Considerably lower resistance t¢c hest transfer between the fuel
and clad is anticipated st the end of life cue o fuel fracture,
swelling, and densification ine resulting caximum fission gas
release rate is &3 percent.

Collepse M=rgins

Short-time collapse tests have demonstrated & clad collepsing
pressure in excess of 4,000 psi at expansion void mexizuz tem-
perature. Ccllapse pressure mergin is approximately 1.7. BEx-
trapolation tc hot spot averaze clad texpersiure (=725 F) indi-
cates a collepse presszure of 3,500 p2i &né & z2rgin of 1.5,

which e2lso greatly exceeds reguirerent. Oxipile creep collapse
tests have demoustrated that the clad pmeets tre long-tize (creep-
collzpse) reguirement.

Fuel Irradiation Growth and Fuel-Clad Differentisl

Thermal Expansion

The results of tests and the cperstion of Zircaloy-clad UOE

fuel rods indicate that the rodc can be safely cperated to the
pocint where total permenent strain is 1-1/2 percent, or higher,
in the temperature range applicable to FWE cladéing.(ZJ) Th
allowable design strain is about 1 percent (3.1.2.L4.2.¢).

‘xy

roé operating conditions pertinent o
ions are listed below for end-of-life cc

ue
»
z

a

et p

m

m

Burnup (Design Value), MwWa/MTU

Minizum Fuel-to-Clad Gep (Beginning of Life)
Pellet Nominal Diameter, in.

Pellet Density (Percent of Theoretical), ¢

Cladding (Zircalcoy-4), in,

«©
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The cepability of Zircaloy-clad U0, fuel in sclid rod
- - ‘

perform satisfactorily in service has been dexzcnstir

cperation of the SA-l assembly in the Dresden and Ship

cores, anc taircugh results of their supplementery develop

programs, up to approximately 40,000 MWd/MTU.

As outlined velow, existing experimentel infocrmation supports
the various individual design paresmeters and cperating condi-
tions up to and perhaps bteyond the maximum design turnup of
55,000 MW3/MTU, but not in a single experiment. However, the
B&W High Burnup Irradiation Prograz currently in progress does
combine the primary items of concern in & single experiment, and
the results will be available to contribute to the finel design.
Avplication of Experimental Data to Design Adeguacy

of the Clzc-Fuel Initisl Gap To Accocmmodate Clzd-Fuel

=- =
Differentisl Thermal Expsnsion

Expericental Work

3ix rabbit cepsules, each containing three Zr-2 cleé roés
of 5-in. fue% isngth, were irradiated in the Westinghouse
Test Resctor 5L) et power levels up to 2k kW/ft. The 94
percent thecretical density (TD) U0, pellets (0.430 OD)
had initial clad-fuel diemetral gaps of 6, 12, and 25 mils.
Ko dimensionel changes were observed. Centrzl melting oc-
curred at 24 KW/ft only in the rods that had the 25 mil
inivial gep.

Two adéitional capsules were tested.(sz) The specizens
were similar to those described above except for length
and initis] gep. Initial gaps of 2, 6, and 12 ©ils vere
used in each capsule. In the A-2 capsule, three 35-in,.-
long rods were irradisted to 3,450 MWE/MTU et 19 kW/ft
maximuz. In the A-L capsule, four €-in,-long rods were
irradizted to 6,250 MWa/MTU at 22.2 kW/ft maximum. No
centrzl melting occurred in any rod, but dismeter in-
creeses up to 2 mils in the A-2 capsule =n

in the A-4 capsule were founé in the ro
initisl gap.

Avplicetion

In ecdition to demonstrating the adequacy of Zircaloy-clsd
UO, pellet rods to operate successfully at the power levels
of interest (end without central melting), these experi-
ments demonstrate that the design initiasl clzdé-fuel gap of
k to 8§ mils is adequate to prevent unacceptetle clad édiazm-
eter increase due to differentisl thermsl ex n tetween

the clad and the fuel at beginning of life. A mexizuz=
locel dismetral increase of less than 0.001 in, is indi-
cateé for fuel rods having the minimum initisl gsp, crerat-

ing 8% the =axizus cverpswer ¢onéitien

~e wassma valdiae
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in the 93.5 percent pellets is filled. Fr

om that time on,
swelling is assumed to take place at 0.7 pg;cent 8v/10°0
f/cc until the maximum burnup of 13.6 x 10°Y f£/ce (55,000

MWwd/MTU) is reached.

Studies of clad strain at various geps indicate that the
ro¢ with the minimum gap experience:s the greatest clad
strain in spite of its improved gap conductivity. Clad
perxzanent strain reaches & meximum at the end of life, and
is 0.7 percent for nominal density fuel. Clad strain for
fuel rods with meximum density allowed by the specificaticn
will alsc meet the design's maximum zllowable permanent
strain.

Fuel Swelling Studies at B&W

-

81aa;a»i. lar e "eacto' er\irouuents are undger way. Perza-
eters contrivuting to swelling are burnup, heating rate,
fuel density and grain size, and clad restraint. These

are being studied systematicelly ty irradiating a series

of cepsules conteining fuel rods. Test varisbles are

shown in Teable 3-17, and the program's schedule is given

in Tatle 3-1B, See also 3.3.%2.3.3.

Test veriables include heat rate, burnup, clad thickness,
and fuel-to-clad gep. Postirradistion exacination will
include investigation of dimensional changes, metallo-
graphic examination of fuel and cladding, fizsion gas
release correlations with test conditions, ané cther ‘'re-
lated observations.
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Table 3-17
B&W High Burnup Irradiation Program - Capsule Fuel Test

Burnup Hent Rate M
ldentification Diametral Clad
Irradiation MWD/MIU Fissions/cec Irradintion Time Initianl, Final, Gap, Thickness,

Capsule Fuel Rod Facility x 10-3  x 10-20(1) calendnr uonths(?’ kw/ft kw/ft mils - mils

B-1 B-1 RS-3 10 2.5 I 18 17.5 k-5 25

B-2 2.5 1T.5 7-6 2%

B-3 2:% 1T.5 7-8 15

B-2 B-20 RS- b 17 3.8 10 18 16.9 Powder 25

B-19 26 6.5 16.9 k-5 ' 25

B-3 B-7 R5-6 30 05 11 16 16.1 b-5 25

B-8 7.5 16.1 7-8 25

B-9 1.5 16.1 7-8 15

B-k B-10 RS-1 L5 10.05 17 18 14.9 Powder 25

B-11 11.2% 14.9 k-5 25

B-5 B-13 RS-5 55 13.75 21 18 k.1 -5 2%

e B-1h 13.75 1h.1 7-8 25
= B-15 23.75 1h.1 7-8 15
“’ B-6 B-31 RE-2 70 15.63 26 18 13.3 Powder 25
B-17 27.5 13.3 7-8 25

B-7 B-5 RS-5 80 17.87 30 18 12.5 Powder 25

Beb 20,0 12.5 7-8 25

B0 B-22 -1 30 T+% 11 21-1/2 20.5 h-5 25

B-23 75 20.5 T-8 25

B-33 T.9 20.5 T-8 15

-9 B-25 Ri~2 55 33. 75 21 21=1/2 19.3 k-5 25

B-26 13.75 19.13 7-8 25

B-27 13.75 19.3 7-8 15

B-10 B-28 RL-3 80 20.0 30 21-1/2 17.8 -8 25

B-79 20.0 17.8 1-8 25

B-30 20.0 17.8 7-8 15

B-11 B-2l RL-h 70 17.5 26 21-1/2 16.5 7-8 15

& B-3h 17.5 16.5 7-8 25
- B-35 17.5 16.5 1-8 25
y 12 B-16 ns-3 65 14,50 2h 18 13.3  Powder 25
\é B- 32 16.2h 13.3 7-8 15

D pened on 200 Mov per finsion.

('1

?)paned on 80 per cent reactor efficlency.
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Effect of Zircaloy Creep

The effect of Zircaloy creep on the amount of fuel rod growth
due to vuel swelling has been investigated., (lad Creep hss

the effect of producing & neerly coustant total pressure on

the clad ID by permitting the clad diameter to increzse as the
fuel diameter increases. Based on cut-of-pile =-:a,(55)

1 percent crecp will result in 10,000 b (corresponding approxi-
mately to the end-of-life diar=‘*¢- swelling rate) “~om 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 tbe core life), the reactor
coclant system pressure would more or less be balanced by the
rod internal pressure, so the total pressure to produce the
clas stress of 22,000 psi would have to come from tzc fuel.
Contact pressure would be 2400 psi. At the end of life, the
rod intermal pressure exceeds th
1100 psi, so the claé fuel conta
1300 psi. Assuming that irradiastio
in creep rates, the clad stress for 1
b would drop to about 15,000 psi. Cont
1800 psi at the beginning of the high sw
at the end of life, GSince the contact
be 825 psi in calculating the comiact o
termine the fuel pellet thermal expensi
period at the very end of li’e (&s in
creep rates due to irradiation) when the pellet i
hotter than calculated. The effect of this would be 2 slight
increase in pellet thermal expansion ard therefore in clad
strain. Considering the irprobability that irradistion will

actually increase creep rates by 3:1, noc change is anticipated.
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b. Overall Assembly

(1) Assurance of Control Rod Assembly Free Motion

The 0.060 in. diametral clesrance between the control rod guide
tube and the control rod is ﬁrﬁvided to cool the centrol rod
and to insure adeguzte freedo" t0 insert the control rod. As
indicated below, studies bave shown ha: fuel rods will not

bow sufficiently <o ‘oahh the guid 1 he guide tube
will not undergo dsformation ¢ e
Initial lack of sirzightness o
other adverse tolerasnce conditicnus, c
the 0.093 in. nominal gap betweern fuel rod and guide tube to

@ minimum of about 0.055 in., including explification of
bowing due to axiel fricti.n loesds from the spacer grié. The
meximum expected flux gradient of l..76 across & fuel rod will
produce & termperature difference of 12 F, which wilil result in

-vo

a thermal bow of less than O0.002 ia, (Uuder these ;:;i;:ic:s,
for the fuel rod to touch the guide tube, the thermal L:.;::.e
across the fuel 108 dismeter would have to be on tke

300 F.
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The effect of a DNB occurring on the side of a {
to a guide tube would result in & large temperat
In this cease, however, ipvestigziion has shown that the clad

fuel rod adjace
ure difference.

tempereture would be so high that imsufficient strength would
be available to generate a force of sufficient maguitude to
cease a8 significent deflection of the guide tube. In adai‘ic“,

the guide tube would experience &n cpposing ‘”aéie:
resist Tuel rod bowing, and its internal
texperatures much lower than these in the fuel rod
thus retaining the guide tube sirength,

(2) vibration

The semiempirical expression develcoped by B**green(sé) WES
used to calculate the flow-induced vibratory amplitudes for
the fuel assembly and fuel rod, The ca’cu¢&te‘ amplitude is
0.010 in. for the fuel assembly end less than 0.005 in. for
the fuel rod. The fuel rod vibretory arplitude correlates
with the meassured axplitude obteined fr & test ona 3 x 3
fuel rud essembly. In order to substentizte what is believed
to be a copservatively calculated amplitude for the fuel assenm-
bly, a direct measurement will be obtained for a full size
prototype fuel assembly during testin the assembly in the
Control Rod Drive Line Facility (CRDL the B&W Research
Center, Allisnce, Ohio.
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(3) Demomstration

In addition to the specific items discuss
mechanical performence cf the fuel ezssent
components is being demonstrated in s. ext
program in the CRDL. ‘

ed above, the overall
“} gnd its indivddual
nsive experimental

3.2.4.3 Control Rod Drive System

32831 Description

The control rod drive system includes drive mechanisms which actuate contrecl
rod assesblies and xenon control red asseeriea, érive controls, power sup-
plies, position indication, operating peanels and irndicators, safety devices,
enclosures, housings, and moun*ings. Criterie epplicable to drive mechanisms
for both couirol rod asserblies and xenon control rod <ssemblies are given

ic 3.2.4.3.1.1. Additioral reguirements for the rmschanisms which ectuate
only control rcd assemblies are givaz in 3.2,4.3.1.2.

3.2.4.3.1.1 General Design Criteria

a. Single Failure

No single failure shall inhibit the protect
trol rod arive systex, The effect of & ¢
1imited to cne coztrol rod drive,
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Uncontrolled Withdrawal

ngle fullure or sequence o
olled wi. sw8l of aun -

Tgipment Remova.

The disconnection of plug-in comnectors, modules
frox the protective circuits sball be annunciated
reactor trip.

Fosition Indicstion

Continuous position indication, ss well &s an upper and lower posi-
tiop limit indication, shall be provided for eech contrel rod cdrive.

the tolerance set by reactor safety asnelyreis,

Systex Mcnitoring

The control rod dérive control system shall include provisions for
monitoring conditions that are important to safety and reliability.
These include rod position deviation and power surply voltage.

Drive Speed

The coptrol rod érive coantrecl system shell provide for gle uni-

edw
forn speed of the mecnasiem. The drive corctrols, or mechanism
and motor cozbination, spall have an inherent speed limiting fea-
ture., The speed of the mechanism shall be 30 in./min 26 percect
of the predetercined value for both insertion and withdrewal. The
withdrawal speed shqll be limited so ss not to exceed Z5 percent
overspeed in the event »f speed control fault.

Mechanical Stops

Each control rod drive chall have positive mechanical stops at
‘both ends of the sircke or travel. The stops shall be capable of
receiving the full operating force of the mechanisms without fail-
ure,

3.2.4.3.1.2 Additionel Design Criteria

The following criterie are applicable only to the méchanisms which actuate
control rod essenmblies.

e. CRA Positioning

The control roé érives shall provide for contrclled withdrawal or
insertion of the control rod assemblies (CRA) cut of, cr inio,

the reacicr core to establish and hold the power level regulred.

The drives are elso capeble of repid inserticn or trip for emergency
reastor conditicce.
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b. CRA Trip

The trip command shall have priority over ell other rommaencs, Trip
action shall be positive and nomreversible, Trip circuliry shall
provide the final protective acticn end shall be direct-acting, in-
cur minimum delsy, &nd shall not require externsl power, Circuite
interrupting devices shall not prevent reactor trip. Fuses, where
used, shall be provided with blown indicatcrs. Circuit breegker
position information shall also be indicated.

¢. Group Withdrawal

The control rod drive system allows only twe out of three regulat-
ing CRA groups to withdraw at any time subject to the conditions
described in T.2.2.1.2.

3.2.54 362 Contrsl Rod Drive Mechanisms
The control rod drives provide for controlled withdrawel or insertion of the
control rod eassemblies out of or into the core and are capable of rapid iz~
sertion or trip. The drives are hermetically sesled, reluctance motcr-driven
screw units. The control rod drive data are listed in Table 3-19.

Table 3-19

Control Rod Drive Design Data

Iten Data
Nurber of Drives ST
Type Bermetically Sealed, Reluctance
Motor-Driven Screw
location Top-Mounted
Direction of Trip Down
Velocity of Normal Withdrawal
&nd Insertion, in./min 30
Maximum Travel Time for 2/3
Trip Insertion (93 in.), s 1.k0
length of Stroke, in. 139
Design Pressure, psig 2500
Design Temperature, F €50

The drive mechanism ccnsists of a motor tube which houses e lead screv and
{ts roter assecbly, snd & buffer. The end of tre motor tube is clcs2d by &
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cap and vent assexbly. A motor stator is placed down cver the motor tute
pressure vessel, and position indication switches are arranged cutside the
motor tube extension.

The contrel rod drive output element is & translatiog screw shaft which is
coupled to the cecatrol rod. The screw is driven by an anti-{riction nut
element which is rotated magnetically by a motor stator located cutside the
pressure boundary. Current inmpressed on the stator causes the separseble zut
halves to engage; & mechanical spring causes them to dicengage the screw in
the absence of a current. For rgpid inserticn, the nut separates to relesse
the screw shaft which then falls into the ccre by gravity. A buffer within
the upper housing decelerates the falling assembly to a low speed & short
distance above its full-in position. The final deceleration is accommcdated

by the down-stop buffer spring.

This mechanisr incorporates proven principles and material combipations exnéd
is besed ¢z extensive ana*ytica’ developmentisl, design, test, &uc manuface
turing experisace obtained cver the years for Shippingpert aszd the Huclesr

Navy. .

The control rod drive is sh-wn in Figures 3-55 and 3-56. Subassenblies cf
the control rod drive ere described as follows:

a. Motor Tube

The rotor tube is & three-piece welded assexbliy cesigred ani rmeanu-
factured in sccordance with the requirements of the ASME Code,
Section III, for Class A nuclear pressure vessels, The motor tube
wall between the rotor assembly end the stator is constructed ¢f
magnetic material in corder to present & srall air gap to the zotor.
This region of the motor tube is ¢f low alloy steel clad on the
inside diameter with stainless steel cor witu Iuncosel., The upper
end of the motor tube acts only ss an epclosure for the withdras:
lead screw; this end is made of & stainless steel and is transitione
welded tc the upper end of the low alloy moctor secticn. The lower
end of the low alloy tube section is welded to & stainles:z centrif-
ugal castipg which is flanged at the face in coutact with the
vessel's control rod nozzle, Double gaskets with a test port te-
tween sre used at the connecticn tetween the motor tube and the
reactcr vessel,

b ngocq.
. i &
e ——

The notor is a synchronous, canned reluctance unit with & slip-oz
stator. The rotor element is descrived in Paregraph (f) belcow,

The stator is a LB8-slot, four-pole arrangement with water cooling
coils wouné on the ocutside of its casing, The stator is encagpsu-

ted after winding to establish & hermetically sezled urnit., It
is six phase, star-comnnected for cperation in & pulse- stepping nofe;
gsdvancing 15 mechanical degrees and 30 electrical degrees per siep.
hot oo

The siator esserbly is mounted over the motor tube
in Figure 3-56.
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h.

Cap and Veat Valve

Tre upper end of the m

ctor tube is closed by & cap containing a
vapor bleed port and vent valve, The valve and bleed por+ azé
the cap-to-motor tube closures are arranged to have docuble sesls.
The cap is retaiced by & bolting riqg threaded to the outside of
the motor tube. The retaining dol tr are asserdled to the bolting
ring so that they cannot be éropped. The bolts are zace lozg so
as to be elastic enough to provide ;: itive sesl prelcsd at any
assembly temperature from 20 to 650 F. The minimum preload is

equal to the 3750 psig proof pressure force,

Actuator

The actuator consists of the translating screw s
nut essembly, &and & torgue restraint for the scr

travel is zbout 12 feet,

haft, its rotating
ew. The actustor

Screw Shaft

The screw shaft hes a lead of 0.750 in. The thread is a double
entry with a spacing of 0.375 in. Thread lead error is helé to
0,0005 in. mexizum in any 6 in., sc that good lcad sharisg is
obtained with the roller nuts. The thread form is & modified

ASME with a flank angle that allows the roller to disergage without
lifting the screw.

Rotor Assembly

The rotor assexbly is & pair of scissors erms containing ball
bearing-mounted threadedi rollers skewed at the lead screw helix
angle 50 as to engege the screw thread. The scissors arms ere
pivoted on & bollow support member (rotor tube), so that the rollers
can alternately engage or disengage with the screw thread, The
rotor tube member is mounted on ball bearings supported by itke motor
tube,

Roller HNut

The roller mut assembly is a cylinder with circunm
matching the form ana spacing ¢f the screw shaft

d:s I D=
tains integral, angular contact, bell thrust bear g races &t each
end through which it is supported by & shaft fixed at the ezore

helix angle to the scissors arms. Two such assemdblies are ncunted
to each scissors arm, so that the four together form a complete
nut to metch the screw shaft.

Scissors Arms

The scissors erzs are magnetically acted upos by EOtOr s1aToY.
The end of the arms below the pivot support the 2 .ler nuts &8 &

-
gepareting spring. Curreat in the motor ceuses the &rms 6 =
v'a..iﬁ.-. ..'-'.CS—’ €5 the roior \e|§ 4 oo oe a9y theres &

- vass . i -k - V‘».--L-’ -----
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the rollers with the centrally located screw chafi., A rotating
field, three phase current in the motor stator acts on the ragnetic
arms to rotete the asseubly.
Rotor Tube
The rotor tube is 8 hollow "é“ber sery and 1imit the
travel of the scisscrs arms. I t on the lowver
nd of the rotor tube with thei' upper en eing cszed at the top
of the tube. The central hole clears the land (ocutside) diameter
of the screw shaft by 0.10 in., sc that nc impedance to & trip
occurs. The tube is supported by & large, angular contact, ball
thrust bearing &t its lower end and by a radial ball beering at
its upper end. Both of these bearings pilot into the magnetic
portion of the motor tube and, uhe*efcre, provide direct control
¢f the motor eir gap. A second radieal bearing mounted to the upper
ead of the rotor tube has its outer race pinned %c toth the scissors
&rme, thereby synchronizing their moticn during engaserment and dise
engagerent. r
Torgue Restraint
Tha torque restraint for the screw shaft is & tubulsr assembly cone-
teining a keyway that extends the full lengtih of the screw travel.
Tne assembly is s--p:**ei vertically and in torgue ty the upper end
¢ the moter tube extemsicn, The lower end of this tube sssemdly
supports the bu "e* and is the down stop. A set of indexing serre-
tious mate and orient the torque restraint tube aci <he motor tube
Just below the cap. The male serrations are rachinsi on & shoulder
upset on the torque restraint hanger tite, This shoulder rests
against & step in the motor tube imsic lameter s2 &z to provide
a vertical support. A key fixed to the .op of the lezé screw is
ated with the restraint keyway to provide dbeth raiizl and tacgene
tial positioning of the lead screw. ”his as=e~b;v gelso contains
the position irndicstor permanent magnet the buffer piston.
The torque restraint keyway is made in g scrara € merber to pre-
vent contact with the motor tube's smocth wall during mechanism

cperatice.
Buffer

The buffer assermbly is capable of cecel
mess from the unpressurized terminal ve
without applying greater than ten tires th i
on the control rodé. The buffer consists o s

top end of the screw shaft and a cylinder - is fixed to the
lower end of the torque restraint hanger. Twelve incnes sbove the
botion stop, the viston at the top of the screw he cylintes,
Guiling is scccmplished because the pistcn an ey §
on & single part, vwhile the cylinder and rey =1
pating part. A& the piston travels into the o
driven into the center of the lead screw throus

3
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upper section wbich produce the damping pressure drop. Tze pursber
of holes presented to the buffer chamber is reduced &s the rod
moves into the core, sc that the damping coeflficient increeses @s
the velocity reduces, thereby providing an epproximstely uniferm
deceleration. A lerge helical spring buffer is emplcyed iC lake
the kinetic energy of the drive line at the end of
stroke. The spring buffer asccepts & five-foct per second impact
o

velocity of the drive line and control rod with an instentaneous
overtravel of one inch past the normal down stop. The inclusicn

of this spring buffer permits practical clearances in the water
buffer.

ieed Screw Guide

The lead screw guide bushing acts as & pricary thermal berrier end

as & guide for the screw shaeft. The bushing &cis &s & prizary thermsl
barrier by allowing only & small path for free convecticn ¢f water

between the mechanis~ and the closure head nozzle. Fluldld tenpersture
in the mechanisz is largely governed by the flow of weter up and down
through this bushing. The diametral clearance between screw shaft and
bushing is lerge encugh 10 preclude Jjamming the screw shaft snd small
enocugh to hold the free convection tO 8n ecceptable value. <
cbtain trip travel times of acceptably small values, it is nece
provide en auxilisry flow path around the guide bushing. The 1
eree path is necessary to reduce the pressure iifferentiel requ
drive weter into the mechsnism to equel the ew displacexmeznt. The
suxiliery flow patbs &re closed for small p:..cure differentials
(seversl inches cof water) by grevity relief valves which prevent the
convective flows, but open fully during trip.

K 00,0
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Position Indication and Controls

The position tranmsducer consists of & s
reed switches mounted in a tube parsllel he m

er ragnetically
r tube ex
close when
r end cf the lead

0t O

n o
Dt ct (0

Each switch is hermetically sealed,

proximity to a permanent magnet mounted on the upp
screw extenalon.

As the lead screw (zand the control rod assembly) moves, switches
operate seguentially. The closures are detected, and an &nalog
voltage of position is produced at the output of the position cone-
verter. The output is utilized for control and meter indication.

The accuracy of position indication is about #1-1/2 ir, Similar
switches are used as travel limit trapsducers, which are energized
by the same internal magnet. Switch closure can be used to operate

alarm and stop rod motion devices directly.

A positicn indicaticn is provided by driving a pulse-stepping motor,
which in wuran drives & position indication Potentiometer. This out-
put drives & coanventional panel meter. The accuracy of pesition
indication is about #2-1/2 in.

tor Tube Design Criteria

The motor tube design complies with Section IIT of the ASME Boiler
and Pressure Vessel Code under clessificetion &s Class A vessels,
The operating transient cycles, which are concidered for the stress
analysis of the reactor pressure vessel, are also considered in the
motor tube desiga. |

Quality standards relative to material selection, febrication, and
inspection are specified to insure safety function of the bhousings
essential to accident prevention. Materials conform to ASTM or
ASME, Section II, Material Specifications. Al welding shall be
performed by personnel qualified under AQE Code, Section IX,
Welding Qualifications. These design and fabrication procedures
establish quality assurance of the assemblies to contain the reactor
coolant safely st operating temperature and pressure,

In the highly unlikely event that e pressure berrier component
or the contrel rod drive assembly does fail catastrophically,
ie, ruptured completely, the following results would ensue:

(1) Control Rod Drive Nozzle

The esserdbly would be ejected upward as & missile until
it was stopped by the missile shield over the reactor.
This upward motion would have no sdverse effect on adja-
cent assemblies.
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Moter Tube

The failure of this component any

would resglt in & missile-like ejecti
ghielding over the reacter. This up

no adverse effect on adjacent mechanicms.

Yolalis 3:3 Contrel Roé Drive Control System (Cenirol

The control system for the contrel rod drive is designed to energize an
position the comtrol rod drive, provide a resctor trip, indicate the cuntrol
rod assembly (CRA) position in the core, and indicate malfunctions irn the
system, The control system consists of:

A. System Control

CRA Contrel

i v o

Individuul =
Positicn Incé o}
Automeatic Segquencing
Position Deviation Monitors

Pover Supply (Motor Controller)

l. SCR Programser (CRA Speed Standard)
2. SCR Banks

3+ CRA Grouping Panel

4, Trapsfer Control

C. Trino
Figure 3-57 depicts in block diasgram form Items B end ¢ with cormand ioputs
from Item A.

The reactor operator is provided with ez cperator panel and controls which
permit manual or automatic group operation, manusl single rod operat foxn,
group sequencing and position indication. All mezusl commands, including
operator-initiated trip, are made frox the cperstcr's panel,

i
1

Pegition indication is provided on both
ndividual position meters indicating p
operator's panel. Four group pesitica :eters
pezel., These group meters indicate the position
roc groups or the regulsting groups, whichever is
selector switch.
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Automatic sequencing of the regulating groups is
vides overlapped withdrawsl and insertion of c.a
1izmits of 7.2.2.1.2. This sequencing

modes of control. Sequencer logic is

limit switch signals.

hie gystiem control provides

up power supply provi

'
£
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it as directed by the programmer cosntrolled SCR to the CRA rechanis
power supply consiste of an SCR programmer, SCR gate drivers, SCR banks, trans-

-~ et

fer relays, input power transformers, ané rod group patch panels

"¢
Vicds MR AT e

Input ccrmands of in-hold-out are received by the programmer, which io turn
generates the gating sequences for the SCR banks. The programmer consiste
of a synchroucus motor.cperating on 60-cycle, a-c power, driving a coded
€isk through & light beam. The coded light beam drives photc det ctors,

and the photo detectors drive SCR gate driver amplifiers, which iz turn gate
the SCR. The SCR banks apply & steady voltage to successive motor windings
and are line-commutated by the input &-c power. The motor is €-rbase, stare

connected and produces 15 degrees of mechenical rotation per switching cycle.

The group pover supplies contain recdundant SCR banks, each fed from a dif-
ferent power source but driven from & common but duele-channel programmer.
Eight grcups of drives are ip the rod drive systenm

2
4 S = o 5 & oo T v T ar 2 vl R ol -~ -
power Eudrile A ninth povwer surply is provided for s

as an orsraticnal spare., .

Any rod mzy be operated in the single rod mode by transferring to the ninth
power supply.

. Reactor trip is initisted by de-energizing two circuit breszkers supplying
i control rod drive power or two contactors supplying SCR gate power. Both
circuits have two devices in series.
o The reactor protection system trips the power circuit breakers and control
circuit contactors through two out of four logic as shown in the block dia=-
- gram (Figare 3-57).

l 3 3.2.4,3.4 Control Rod Drive System Evaluation

&. Design Criteria

Tue system will be designed, tested, and enalyzed for compliance
with the design criteria. A preliminary safeiy anzlysis of the
centrol rod drive moter control subsystem was conducted to de-
sercine failures of logic functions. It was concluded that no
single failure in any CRA coptrol would prevent CRA insertion,
ooy cause inadvertent CRA withdrawal of another CRA or CRA group.

. =teriels Selection

Yaterials are selected to be compatible with, and cperate in, the
reacior coolant., Certified mill test reports containing chemical
enalysis and test data of all =materials exposed toc the reactor
system fluid will be provided and maintained for the comtrol rod
érives. Certificates of compliance for other rateriale zni conm-
pcnente shall elso be provided,

: 007°:2




PR . v i & S— — —— . = — - w—

e 3]
w

s
(34

0, ion to Design Temperature
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b

parts of the control rod drive e‘pas
igned to cperate at 650 F, slihcugh i o
€ will operate considerably cocler. Some tes
d, and aad.tional tests are plenned to determine .he cperating
ersture gradients throughout the érive mechanism during all

es of operaticn. These tests will also provide sn indication
the amousnt of convection that texes place within the water space
¢f the mechanism. The more significest temperature changes will

be caused by displacement of reactcr coclant in and out of the
rechanism water space as the drive line is rsised znd lowered.
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d. Design lLife

The expected life of the control rcd drive control system is es

PR
=CLsCWE ]

(1) Structursl portions, such &s flanges anéd pressure housings,
have an expected life of &C yeers,

(2) Moving parts, such as lead screw and roller nuts bave ac
I expected life of 20 years.

(3) Electrozic coatrol circuitry has an expected life of 20 years,
3.2.4.3.5 Control Rod Assexbly (CRA)

Each control rod assembly is made up of 16 ccotrol rods which are coupled
to & single Type 304 stainless steel spider (Figure 3-58). Each conmtrol

] rod consists of an absorber section of silver-ipdium-cadmiuz poison clad
with colé-worked, Type 304 stainless steel tubing and Type 304 stainless
steel upper and lower end pieces. The end pleces are welded to the clad

to form a wvater and pressure-tight container for the poison. The control
rods are locsely 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 conircl rod being guided by an in-
core guide tube, Guide tubes are elso proviied in the upper plenum assembly
gbove the core so that full length guidance cf the contrel rods is provided
throughout the stroke. With the reactor asssrbled, the CRA cannot be with-
Srawvn far e::;bn tc cause disengegement of tre control rods from the in-core
guide tudes. ertinent design date are showt in Teble 3-20.
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Table 3-20

Itenm Data
liuzber of Zci Assemblies La
Dumber of Coztirol Rods per Assembly 16

Outside Diazeter of Control Rod, in. 0.L440
Cladding Thicxzess, in. 0.019

Cladding Materisl

Poiscs Materisl 80% Ag, 15% Im, 5% Cd
Length of Polisca Section, in. 13k
Stroke of Coztrol Rod, in. 139

This type ¢l C7A hes been developed under the USAE? Iarge

neacior Developrment
Progrem axi offers the following significant advantages:

&, More uniform distribution of absorber throughout the core
voluze,

b. Shorter reactor vessel and shorter internals owing to .
elizination of comtrol rod followers.

¢. Iower reactor building requirements owing to reducticn of
reactor coclant inventory.

€. Better core power distribution for & given CRA worth.

Pe similar to the B&W design hes been exte
eCrerature, pressure, and flow conditions unde

The silver-izndizmecadmium poison material is enmclosed iz stainless steel
sibes 0 proviés structural strength to the control rod assemblies. These
rods are Cesigred to withstend all cperating loads including those rasulting

srom hydraulic forces, thermal gracdients, and reactor trip deceleratica.

The cladding cf the poison section also prevents corrosion and eliminates
Possible silver contamination of the reactor coolant.

The ability of the poiscn clad to resist collspse due to the gystem pressure
test pre e

228 been dexcrnetrated by an extencsive coLlepse test progras on cold-worked
stalnless sisel rods. The actual collepse rmergins &re highey than <he res

e -
zalrerents,
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Internal pressure and poison swelling are not expectied to
or stretching of the clad because the Ag-In-Cd allcy ;cis
& geseous product under irradiation.

Because of their great length and

unavoicable lack of siraightiness, scme
slight mechanical interference between control rods snd guide tubes rust be
expected, BHowever, *he parts involved, especially tke control rods, sre so
flexible that on-y very small friction drags will result, Similarly, thermal
distortions of the costrol rods are expected to be s-all because of the Low
beat generaticn and adequate cooling. Consequently, it is not anticipatesd
that the control rod assemblies will encounter significant frictional resis-
tance to their motiocn in the guide tubes.,
Lifetime tests have been performed on & prototype CRA in the CRDL Fecility
described in 3.3.3.1 and in sccordance with the prograz cutlirzed iz 3.3.3.4.1.
Approximately 2200 full-stroke cycles and 250 fulle.stiroke trips have beexn
ccmpleted with the reference design CRA &t reactir cpsrating conditions of
pressure, temperature, flow, and wvater chemistiry. Tzis it approxicately
eguivalent t0 20 yvears of operaticn on the CRA. Zvidence of contact wes
noticed on the lead-in tip of the coantrol rod asserbly, but no messuradle
enount of metal bad been removed. Visual inspectioz ¢f the spider shows an

insignificant amount of wesar.

At the ené of L10 full-stroke cycles and 50 ful
of three years' operation in ore esserbly), the ¢
fuel assexbly were examirped, Vear marks were noted
guide tubes, and these marks extended into the guide tud

5 in. Approxirately T mils of metal had been remcved long
the guide tubes at the upper end. Since no change in the
two-thirds iznsertion was noted over the cduration ¢f ihe te
to date, it is concludec t. it wear of the guide tubes ané
be of concern.

<
-
T
esting performed
the CRA will not

Th. methods and frequency of CRA in=service inspection as well as the criteria
for replacement will be determined during the cetailed desigz,

3.2.k4.3.6 Xenon Control Rod Assembly (XCRA

Esch xenon control rod assembly is made up ¢f 16 xsnon control rods which are
coupled to & single Type 304 stainless steel spider (Figure 3-59). Each xenon
sontrol rod consists of an sbsorber secyiou gf siivar«indium-cadmium control
raterial clac with cold-worked, Type 30L stainless stzel tubing and Type 304
gteinless steel upper and lower en pleces. The end pisces are welded o the

ciad to forr & water and pressurs-tight conteiner for the poiscn. The XCRA
is inserted through the upper end fitting cf the fuel assembly, each costrol
rod being guided by az in-core guide tube. Guide tubes are also provided in

the upper plenum assexbly sbove the core sc that full length guidance of the

oatrecl rods is Prcvi ed throughout the strcke, With the reactor asserbled

the JCORE cannoct be vithérawn fsr enough to ceuse disgengagerent of the conizol

rode frox the inecore gaicde tubes. Pertipent desipn cata ere shown in Teble 3=
e



Xenon Contrcl Rod Assembly Design Data

Itenm Data
Nurber of Rod Assexblies 8
Rumber of Xezon Control Rods per Assembly 16
Outside Dianester of Xenon Control Rod, in. 0.4L0
Cladding Thickness, in. 0.019
Cladding Material Type 304 88, Cold-Worked
Poison Material 80% Ag, 15% In, 5% Cé
Length of Poison Section, in. 36
Stroke of Coatrol Rod, in. | 139
3.2.4.3.7 Burnable Poison Rod Assexzbly (BPRA)

Each burnable poison rod assexbly cornsists of 16 burnable poison rods which
are coupled to & single Type 304 stainless steel spider (Figure 3-54). Each
burnable poison rod consists of cled BiC in Alp03. The end pieces are

welded to the clad to form a wvater and pressure-tight container for the burn-
able poiscn. The BPRA are guicded by the fuel assembly guide tubes, and coupled
with the fuel assexbly by means of & positive coupling mechanisz provided on
the burnable poison rod spider and the fuel assembly holé-down latch. In
additiorn to their npuclear function, these BPRA also minimize guide tube bypass
coolant flow., Pertinent design data are shown irn Table 3-Z22,

Table 3-22

Burnable Poison Rod Assembly Design Data

Iten Data

Number cf Rod Assemblies T2
Number of Burnzble Poison Rods per Assembly 16

 Outside Diameter of Burnable Poison Rod, in. 0.430

Cladding Thickness, in. 0.035
Poison taterizl ByC in Alp03
Ieagth of Piisca Section, in, 125
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3.3 TESTS AND INSFECTIORS

3.3.1 KUCLEAR TESTS AND INSPECTION

L W 16 i | Critical Experiments

An experimental program (58-60) to verify the relativ
the CRA has recently been completed. Detmiled testin
of the CRA under various conditions similar to those
Tnese parameters include contrcl rod arrangement in & CRA fue
fuel element geometry, CRA materials, and soluble boron concern
moderator.
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Cross and locel power peaking were alsoc studied, and th
peaking data were taken as & function of CRA inserticn.
data wvere alsc taken between fuel assemblies and arcuri
by withérewn CRA. The experimental data are being an
part of the experimental btench mark for the analytical
design.

3. 31 2 Zero Power, Approach to Power, anéd Power Testing

Boron worth and CRA worth (including stuck-CRA worth) will be deterrmined by
thysics tests at the beginning of each core cycle. Recalibration cof boron
worth andéd CRA worth is expected to be performed at least once during each
core cycle. Calculated valuees of boron worth and CRA worth will be adjusted
to the test values as necessary. The boron worth and CRA worth at a2 given
time in core life will be based on CRA position indication and calculated
‘ date as adjusted by experimental data. J
The reactor coolant will be analyzed in the laborstory periocdicelly to deter-
mine the boron concentration, and the reactivity helé in boron will then be
calculated {rom the concentration and the reactivity worth of boror.

The method of maintaining the hot shutdown mergin (hence stuck-CRA margin) is
related to operaticnal characteristics (load patterns) end to the power-peaking
restrictions on CRA patterns at power. The CRA pattern restricticne will in-
sure that sufficient reactivity is alwaye fully withdrzwn to provide adeguate
cshutdown with the stuck-CRA margin. Power peaking as related <o CRA patterns

v Ve FE G

and shutdown margin will be monitored by reactivity calculations.
Overation vnder power conditions will rormslly be moni " ! re instrumenta-
ticn, and the resulting data will be analyzed and corm S with rultidinmens
gional ealculations to provide support for further pu
THERMAL AND EYDRAULIC TESTS ANL INSFECTIOR

b 1 T Reactor Vessel Flow Distribution and Pressucre

A 1/€-scele model of the reactor vessel and

g, The flow distribution to each fue
3 4c develop, if necessary, devic
ed flow distribution.
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b. Fluid mixing between the vessel inlet nozzle and the core inlet,
and between the inlet and outlet of the core.

¢. The overall pressure drop between the vescel inlet ani zutlet
nozzles, and the pressure drop between varicus points in the
reactor vessel flow circuit.

éd. The internals vent valves for closing behevior and for the effect
on core flow with valves in the open positicn.

Tae reactor vessel, thermal shield, flow baffle, core barrel, and rlenum assem-
bly are made of clear plastic to allow use of visual flow study techniques.

All parts of the model except tle core are geometrically similar to those in
the prototype reactor. However, the simulated core was designed <o maintain
dynamic similarity between the model and prototype.

- 4 o - -~ P 3 % - "
Fach of the 177 simulsted fuel assemblies contains a calibrased <iow nozzl €,

The test loop is capable of supplying ccld water (80 F) to trree inlet nozzles
and hot water (180 F) to the fourth. Temperature will be meacsurei in the inlet
and outlet nozzles of the reactor model and at the inlet and ocutlet of each of
the fuel assemblies. Static pressure taps will be located at suitable points
elong the flow path through the vessel. This instrumentaticn will provide the

data necessary to wzccomplish the cbjectives set forth for the tests.

3.3.2.2 Fuel Ascermbly Heat Transfer and Fluid Flow Tests

BiW is conducting & continuous research and develorment program for fuel assem-

- e

bly heat transfer and fluid flow appliceble to the design of the reference re-

‘actor. Single-channel tubular eand ennular test sections and multiple rod as-

semblies have been tested at the B&W Research Certer.

The reector thermal design is based upon burnout hest transfer exreriments with
(e) sultiple rod, heated assemblies with uniform heast flux, and (b) single rod,
annular heaters with nonuniform axial heat flux, et design conditions of pres-
sure and mass velocity. These experiments are being extended to test non-
uniform multiple rod heater assemblies as described in 1.5.2. The results of
these tests will be arplied to the final thermal design of the rezctor and the
specification of operating limits.

2:3.2.2:1 Single-Charnel Heat Transfer Tests
A large quantity of uniform flux, single-channel, criticsl heat -;“A/cata has
beer chtained. References to uniform flux date are g:\e“ in BaW-168" 6“)and

3.2.3.2.3 of this report. The effect on the critical heat flux csused by non-
uniform axial power generation in ? tgbular test section at 2,000 psi pressure
was investigated as early as 19€1. This program was extended to includg
pressures 85 1,000, 1,500, end 2,000 psi &nc mass velocities up to 2.5 x 10
1b/h-r12, (62)"" The effect cn the criticsl heat flux casused by differences in
the radial ané axial power distribution in sn ermlsr teet section wae recertly
investigated at reactor design conditions.! 3 ta vere obtained =zt pressyres
of 1, OOQ, 1,500, 2,000, and 2,200 pei and at mass velocities up to 2.5 3
1b/n-15
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The tubular tests included the following axial heat flux chapec where P/P is
local to average power:

a., Uniform Heat Flux (P/F) = 1.000 sorstant
b. Sine Heat Flux (P/i@‘)mx =1.396 € 50% L
¢. Inlet Peak Heat Flux (P/’ﬁ)my =1.930 6 2% L

d. Outlet Peak Heat Flux (P/F)max 1.930 €@ 75% L

Tests of two additional, nonuniform, T2-in. heated length, tubular tests were
undertaken to obtain data for peaking conditions more closely relzted to the
reference ce ign. The zdditional flux shapes being tested ere:

a. Inlet Peak Heet Flux (P/?)Fa = 1.65

28%
B
f

-
%L

n

€
b. Outlet Peak Feat Flux (_P/?)ma = 1.65 €

These tests will cover approximately the same range of pressure, mass velocity
and AT as the multiple rod fuel assembly tests

332,22 Multiple Rod Fuel Acsembly Heat Transfer Tests

Critical heat flux data have been cbtained from 6-ft long, 9-roé fuel sssem-

biies in a 3 x 3 sguare erray. A total of 513 éats points was cbteined cover-
ing the following conditions:

= 300

na

10

p = 2,400

0.2x1085¢ 8 3.5 x 10°

na

1,000

vhere
ATS = inlet subcooling, F
P = pressure, psia
G = mass velocity, 1b/h-1t°

The geometry of thie section consisted of nine rods of 0.420-in. dizrmeter on &
0.558-in. square pitch. Analysis of the last data of this set is in process.

3:3.2.2:3 Fuel Assezbly Flow Distriduticn, Mixing, and

Pressure Drop Tests
Flow visualization ané rressure érop data have been chizined from 2 1C-times-
full-scale (10X) model of & single rod in & square flcw channel. Thece data
have been used to refine the spacer ferrule designs with resrect to rmixirng

turbulence and pressure drop. Additional pressure dror testing he
ducted using L-rcd (3¥), L-roé (1¥), l-red (1X). ard O-rzd (1¥) -2

b2
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Testing to determine the extent of interchannel mixing and flow distribution
also has been conducted. Flow distribution in & square L-rod test assembly
has been measured. A salt soluticn injection techrigue was used to detercine
the average flow rates in the simulated reactor asgembly corrner cells, wsll
cells, and unit cells. Interchannel mixing date were obiained for the ea=e
assembly. These data have been used to confirm the flow distridution &nd
mixing relationships exployed in the core thermal and hycéreulic design. Flow
tests on a mockup of twe adjecent fuel asserblies have teen conducted. Addi-
tional mixing, flow distridbution, and pressure Erop date will be obtained to
improve the core power capablility. The following fuel assembly gecmetries
will be tested to provide 2dditional data:

@. A 9-rod (3 x 3 array) mixing test asserbly, cf the szme burndle
geometry as the INE bundle described previously, has beer con=-
structed to determine flow pressure érop, flow distributicn,
and degree of mixing present during the IiEB investigatione,

Testing with the esserbly is in progress.
b. Several €L-rod mesemblies gimulsting larger regions ard various
mechanical arrangements within a 15 x 15 fuel &ssemdly and betweer
djacent fuel acserdlies will be flow tested. The hydrsulic facility
has been constructed.
3:3.3 FUEL ASSEMBLY, CCNTROL ROD ASSEMELY., AND OFTROL ROD
DRIVE MECHANICAL TESTS AND INSPECTION

Tc demcnstrate the mechanical adequacy and safety of the fuel asgembly, cons
trol rod assembly (CRA), and control red drive, a nusber of functional tests

have been performed, are in Progress, or are in the finasl stages of prepara-
tion.

33,1 Prototype Testing

A Tull scale prototype fuel assembly, CRA, and control rod drive are presently
being tested in the Control RBod Drive Line (CRDL) Fecility located at the BaW
Research Center, Alliance, Ohic. Thie full-size loop is capsble of simvlating
reactor environmental conditions of Eressure, temperature, and coclant flow.
Te verify the rmechenical design, operating compatibility, and charascteristics

f the entire control rod érive “uel asseubly system, the drive will be stroked
end tripped arproximaetely 200 percent of the expected cperating life require-
ments.
A porticn of the testing will be perforced with maximuem risaiignment corndi-
ticne. Equipment is available to record ard verify dats such as fuel asserbly

13 m
pressure drop, vibration characteristice and kydraulic fcrces, and to demon
sirate control rod drive operation and verify scraz times. All prototype com-
ponents will be examined periodically for signs of material fretting, wear,
and vibraticn/fatigue to insure that the rechanical degign of the equipmern:

meets reacior cperating reguirements. Preliminary test results are given ir
3.2.%.3,5,
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2.3.8.2 Model Testing

Many functicnal improvemente have been incorporated in the desigr of the
grototype fuel asse:t:} a8 & result of model tesis run to date. Tor exanple,
the spacer grid to fuel rod contact area was fabricated to 10 times reactor
size and tested in e loop simulating coolant flow Reynolds rnunbers of interest.
Thus, visually, the shape of the fuel rod support areszs was criimized with re-
spect to minimizing the severity of flow vortices. Alsc, & G-red (3 x 3
actual size model wees fabricated (using production fuel asserdly nzaterials)
and tested at 640 F, 2,200 psi, and 13 fps coolant flo:. Principal cblectives
of this test were to evaluate fuel rod cladding to srzcer grid contact wear,
and /or fretting corrosion resulting from flowoind.ce- vibration. A wide
range of contact lceds (including small clearances) was present in this speci-
men. No sigrificant wear or other flow-induced camage was cbserved after 210

days ¢f loop cperation.

3,3.3.3 Cempornerns and ‘or Material Testing

3:3:3.3.1 Fuel Rcd Cladding

Extensive short time collapse testing was performed con Zircaloy-4% tube speci-
mens as part of the B&W cverall creep-collarse testirs progra=. Initial test
specimens were 0.436-in, OD with wall thicknesses cf 0.020 in., 0.02% in.,
and 0.028 in. Ten TEain. long specicens of each thickress were individually
tested gt €530 F at slowly increasing pressure until ccllapse ocecurred., Collepse
ressures for the 0.020-in. wall thickness specirens ranged frzz 1,800 to 2,200
psig, the 0.02L-in. specimens ratged from 2,800 to 3,200 psig, and the 0.02E-
in. specimens ranged from 4,500 to 4,900 psig. Tne nzteriel y*elé strength of
these specimens ranged from 65,000 to 72,000 psi et room temperature, and was
35,800 psi at 680 F. .

Additions)l Zircaloy-4 short time collapse specimens were prepareé with a ma-
terial yield stress of 78,000 psi at room temperature and LE,500 pei at €1" F.
F“teen specimens having en OD of 0.410 ir. end an ID of O. 165 in. (0.0225-in.

sminal wall thickness) were tested at 615 F at ircreasir* rressure until cecl-
1& se occurred. Collapse pressures ranged from 4,L70 to &,%60 pei

Creep-ccllapse testirg was performed on the 0.L36-in, (D ste

evecimens of 0.024-in. wall thickness and 30 specimers of

ress were tested in & single autcclave at 30 F and 2,050

test, two 0.02L-in. wall thickness specimens collapsei duri

days and twoc collapsed between 30 and 60 days. Norne of the 0.0

thickness specirens ha2i collapsed after €0 days. Creep-collarse t
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ther. performed on thirty 0.410-in. OD by 0.365-in. IT {0.0225-
wall) specimens for €0 days at 615 F and 2,1L0 psig. YNone of
collapsed, and there were no significent increases in ovality after €0 deys.

Results of the 60-day, creep-collapse testing on the 0.410-in. CD specirens
showed no indication of incipient collapse. The £0-iay rerici for creep-
collapse testing is used since it exceeds the point ¢f primary creep of the
material, yet ig sufficiently long to enter the sisge when fuel rod pressure
ezins to build up €uring reactor o*eratio“, is, yEeT the yairy of saxis=un
TifIE?Eﬂu;&- pressure that the elad would be sublected o In “he Tesllgr.
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In order to help optimize the final clad thicknees, edditionsl clad-collarse
testing is scheduled for 196G using specimens fabricated to the reference
design fuel clad dimensions, material specificaticns, and crerating conditions
1.3.%:3.2 Fuel Assembly Structural Components

The structural characteristics of the fuel assembly which are pertinent to
loadings resulting from normal operation, handling, earthquake, and accidernt
conditions will be investigated experimentally in test facilities such as,

the CRDL Facility. Structursl characteristics such es natural freguer.y

and damping will be determined at the relatively high amplitude of interest
in our seismic and LOCA analysis. Natural frequencies and amplitudes re-
sulting from flow induced vibration will be measureﬂ et various temperatures
and flow velocities, up to reactor operating conditions.

In the mecheanical design of the spacer grids, particular atten
the ferrule-to-fuel-rod contect points. Bufficient losd must 1

position the fuel rods and to minimize fuel rod v-b*et-cr, yet allow exiel
therﬂal differential expansion, and not produce fretting wear in the fuel rod
cladding. Static lcad and functional testing of the prototype grids will dem-
onstrate their adequacy to perform within the design requirements.

3.3.3.3.3 High Burnup Fuel Irracistions

The primary purpose of the B&W High Burnup Irradiation Program is to determire
the swelling rate of UO2 as & function of burnup using fuel rods of the sare
design as the core. In additicn to determining the swelling rate, the effect
of several other variables including the density, heat rate, and cladding re-
straint will be investigated.

The program consists of capsules some of which will cperate at & hest rate ef
18 kW/ft end otheis at e heat rate of 21.5 kW/ft. The pellets, other tha

U-235 content, will conform to the reactor fuel specificaticns. Tne burnup
will range from 10,000 to 80,000 MW4/MIU with eig*t capsules exceeding L%,000
MW3/MIU. The capsules will not operate with an external rrecsure. However,
two different cladding thicknesses, 0.015 and 0.025 in., will be used to vary
the restraint offered by the cladding. The fuel rods will operate with & clad-
dirg surface temperature of 650 F. The diametral gaps tween the pellets and
cladding will vary from 4-5 to 7-8 mils, to give erea densities cf about
92.3 and 90.8 percent, respectively. These gaps end red densities zre
consistent with the fuel rod specificatione. The inse ate for the first
capsule was September 5, 1967. GSee Tables 3-17 and 3-
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The tests are oriented toward the determination of the behavicr of rmaterisls
in an irradiation environment and to determine ‘he optimum geometric and rz-
terial properties fcr the specific application. The information is essential
for advancement of the art, but is not considered critical in the cense thst
all of the programs must be completed to insure safe orerstion.

L3030k Control Rod Drive Tests a: . ilapection
%.%.5.4.1 Control Rod Drive Develormentszl Tests
ThE Trototype roller nut drive is unier test A% the BLW Fecezrech Cernter,
alliznce, Chio.
P T
0072
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Wear characteristics of criticel components have ind t
patibility and structural design of these components wil
1ife cf the mechanism.

The Zevelopment program has been completed, and the

complete prototype cone-
trol rod drive is being subjected to environmental testing under simulated
reactor conditions (excepu ra*iatlon) in the Control ®od Drive Line (CRIL)
Facility at Alliance. Environmental tests include:
Orerational Tests
Operating speeds.
Temperature profiles.
Trip tires for full end partislly withdrawn control rod assecblies
(CRA) for varicus flcw-induced pressure ércrs across the CRA,
Life Tests
(With internals assembled to maximum misalignment permitted by
draving dimensions and tolerances.)
0. of Partial Stroke Span of Control Rod Stroke
Strcke Cycles Lergth, in, From "Full-In" Positicn, in.
1,550 £z Froz 56 Te 120
5,400 50 ¢! 121
8,500 25 114 130
8,500 13 126 139
No. of Trip
Cvcles
500 120 From 0 To 13°

Misslignment Tests

100 full strokes and 100 full stroke tri
altered to 1.5 times maximum allowable =

Coupling Tests

Check of cocupling creratione after testing.

Tne cycles above meet the total test requirements of 5,000 fmll strokes and
500 ¢trips. The assembly will be completely disesserbled and ii.spected at
vericus BLW facilities after completion of environmental tests.

3.%.%.5.2 Control Rod Drive Contrcl System Tevelormental Tests

R sortes]l rof Qrive ;:zer sutply unit has been built in group protctyre form.
i w2 the corbine? test of the power suprly and necranism, therzal, 1iTe
gwi gimgizted Tallure tests will be coniucied., Thne ¢ AYES YEIurelTesy- il
be designed to verify th~ salety snalysis.
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The control rod drive contrcl system will be tested in conjunction with the
control rod drive power surply to insure proper operaticn., CSimulated failure
testing will alsc be perfor-ed on the combined system to insure that pro-
tective requirements are being met.

The position indicator and limit switch subsystem has been built in rro
form and life-tested mechanicelly under expected envircnmental condit
Further testing, both'mecha:igal and electrical, will be done under ex
environmental conditions &t tre B&W Research Center. Characteristics
determined will include accurecy, repeatability, li-earity, short term stabil-
ity, and long term stability.

2.3,3.4.3 Production Tests
Prcduction tests discussed in this section will be performed either con the
drives installed, or on cérives manmufactured to the same specificaticns. Tre
finished control rod drive will be proof-tested as a complete system, ie,
mecnanisms, motor control, &nd system cyutr:l working as a system. Thise
procf-testing will be above exni beyond any develcopmental testing perficrmed
in the product development stzges.
Mechanism production tests will include:
a. Armbient Tests
Coupling tests.
Operating speeds.
Position indicaticn. !
Trip tests.
b. Operational Test
Operating speeds.
Position indicetion.
Pertial and full stroke cycles.
Partiel and full stroke trip cycles.
Contrecl system productici. teste will be performed eas cdescribed in the followe

ing psragraphs.

The finished hardware will be systematically operated through &ll of its cper-
atins modes, checked over the full range of all set points, end checked for

rover operation of all ratch Plugs. This will check completeness and prorer
ALn:t‘on‘ng of wiring and cczponents.

The cperating modes to be checked will include such things as automztic orera-
tion, a'aal group operaticr, itrim or single CRA operaticn, pesition indlcatic
af 511 CBA Travel 1imit cn 211 CRAy Trip cireuit opesstions, IR compaed O
cenmmant, ete.
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The trip circuit or circuits will be tested by repeated cperaticn. The over-
all trip time will be measured.

The accuracy and repeatability of the position indication and linit switsh syse
tems will be tested.

Power supply tests will be performed to determi-e the upper and lower operating
voltage and to prove immunity to switching transients,

Fault conditions will be simulated to prove that no Lrsa‘e action results from
defective components, circuits, or wiring. Ability detect unsafe fault
con@itions at the coperating console will be determined. Typical of faults to
be similated are:

g. o-efective limit svi
B. Izproper CRA group ;atch.

¢, Tefective ;;tcn Piugs.

d. Defective group seguencer.

e. Defective clock.

£. Defective automstic control signal.

€. Defective comrmand line,.

h. Defective fuses.

i. Defective single CRA control circuit or switch.
J» Defective power supply.

¥, Iefective motor translator.
1. TDTefective motor cable.

n. Defective positicn transmitter.
The finished hardware will be visually inspected for guality of workmanship.
Trie inspection will include an examination of the enclosure, cabdle entrances,
dust-tightress, maintenance features, drawers and cable retractcrs, fasteners,
ptiffeners, module mounts, wire harnesses, and cocther similar details.
3.3.4 INTERNALS TESTS AKRD INSPECTION

The internels upper anéd lower plenux hydreaulic design will be eveluated and

guided by the results froz the 1/€-scale model flow test which is éescribei in
detail in 3.3.2.1. These test results will indicate areass cof gross flow male
distributicn and allow verification of vessel flow-pressure 4drc c::cutaticns.

In adcéition, the test results will provide messured pressure pilses st specific
locations to aid in assessing the vibration responee characteristics of the in-
ternzle cosronents.

The effects of internals risalignment will be eveluated on the basis of the
test results from the CRIL tests described im 3.3.3.4., Thnese test results,
when correlated with the internsle guide tube finsl design, will irnsure that
tre CRA will have the capab‘l ity for a reactor trip or fast insertion under
a8ll zodes of reactor operetion in the reactor ccclent envirorzent. Trese
2este will not include the effects of neutron flux exrosure.
With regard to the internals surveillance specizen holdler tubes, the nsterial
irraiietion surveillance prograz is descrided im L.L,3
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All internals components can be removed from the resctor vessel %o ellow
inepection of all vessel interior surfaces (see L.L.l). rrale come
porents surfaces can be inspected when the internsls are te the
cansl storage location.

The internals vent valves are designed to relieve the pressure generstei by
steaming in the core. following the 1OCA so tna~ the core will remain suffi-
ciently cocled. The valves are designed to withstand the forces resulting

rom rupture of either a reactor coclant inlet or cutlet pipe.

a. A full-size prototype valve assembly (velve disc retaining rmech-
enism and velve body) bas been hydrosteticelly tested to the
meximum pressure expected to result during the blowdown.

B. Sufficient tests have deen conducted &t zero pressure to determine
the fricticnal loads in the hinge asserbly; the inertia of the
valve cover; ang the cover redbound resulting from impact of the
cover on the seat so that the valve response to cyclic blowdown
forces may be determined analjticelly.

¢. A prototype valve assembly has been pressurized to determine the
pressure differential reguired to cause the valve to begin to
cpen. A determination cf the pressure differential regquired to
cpen the valve to ite maxisum copen positicn will be simulated by

mechanical means.

d. A prototype valve assezdbly has deen instslled and r
in a test stand to confirm the adeguacy c¢f the vent
tool.

zoved remotely
valve handlirg

An enelysis indicates that the vent valves will no
2 result of vibration caused by trenszissiocn of co

-
t cpen curing
»
-

cre
e suppert shield vi

Tc verify this analysis B&W hae performed vibration tests on f-ll sczle

rrototype vent valve. The prototype valve was mcunted in & test fixturs

which duplicated the method of valve mounting in the core su}p:rt ghield.
~-e test fixture with velve installed was attached to & vibration test

p.chine and excited sinuscidelly through a rarge of freguencies which encoz-
vassei those which ay reascnably dbe anticipated for the core support shield
Surisg reactor operation. The relative motion beitween the valve &isc and
seat was monitored and recorded during test, The tec’ results indicate that
+tere vas no relative motion of the velve to ite seset for conditicons simu-
lating cperating conditions.

ring refueling ocutages after the reactor vessel head and the internals rl
nuz assexbly have been removed, the vent valves will be sccessible for visu
and sechanical inspection. A hook tool will be “'cv*‘ei to engage vwith the
previcusly menticned valve disc hook or eye. With the aid of this tool, th
valve disc can be manually exercised to evaluste the diec freedcm. The hir
gegign will incorporate special feslures, as de tbed in 3.2.4,1.2.h, 1O
minicize the possibility of valve disc motion i

1ife.

-

N

ircent curing ite service

.~
~

-———
-
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With the e&id of the sbove described hock tool, the valve QIsc can
-~ s d sam - g & &Y 2 -~ 2 A P - =

and & visual inspecticn of the valve bPoldy ana QIisSC SeS.ilg fsces &

o -~ o sva Ysraad 4 &£ » - < P — ) | we d e

rormed for evaluation of cobserved surface irreguiaritiles,

Remote installation and removal of the ve
formed with tre aid of vent valve handling
néd operating features for the retaining

The valve disc, hinge shaft, shaft journals (bushings ), disc Jjournal
cles, and valve body journal receptacles »il]l be designed to withsta
failure the internal and external differentisl pressure loadings res
from & loss-cf-coolant accident. These valve materials will de nond
tested and accerted in sccordance with the ASME Code 1II requirerent
Class A pressure vessels.

The hinge rzterisls will be selected on the dasis of their corrosi
surface rariness, antigalling enaracteristics, and corpatibilliny
rateriale in the reactor coolant envircnment.

A remote irnspection ¢f hinge parts 1s not planned until such tine &s
assesbly is removed because its free-disc motion has been icpalired.
unlikely evert that & hinge part should fail during normal overatic
gignificant indication of such & failure would be & change in the §
rotion a8 & result of sltered rotational clezrances.

3
& =5

. REFERENCES

tw

8 )
m oy b ¥y
[ s ®
”$ 0
£y - o

O ¢

L~
§ e

m

(1) Putnes, G. E., TOPIC - A Fortran Prograz for Calculating Transpo

Particles in Cylirders, ID0-16068, April 196L.

————

(2) Avery, A. F., The Prediction of Neutron Attenust
AEEW-R129, April 1962,

(3) Bokl, E., Jr., et el., PAGL, A One-Dimensional Multigroup P-3 Fr

- B e =

for the Phileco-2000 Computer, WAPD-TM-272.

Jr. a2 Hemphill, A. P., MUFT-5, A Fast Deulrorn Stect
the Philco-2000, WAPD-TM-Z1C,

g a ~3 * 3 3+ - P
() Arceter, K. J. ené Callaghan, J. C., KATE-1l, A Frogrez Zor Caleul
Wigrer-Wilkins end Maxwellian-Averaged Thermal Ccnetante on the
- -
020, WAFD-TM-232.

{6) Marlowe, O. J. and Suggs, M. C., WANDA-5, A Cne-Iirer

- b

m

&
fusion Eguation Frogram for the Philec-2000 Computer, WAFD-TM-2-1

(7) EHoreck

.
- -l - -
or lattices, ENL-3326.
Zai=otel

.

(8) Caiwell, W. R., Buerger, P. F., and Ffeifer, C. v.. Tre PIQ-°
Prcgrams for the Solution of the Two-Dimensional lNeutrsn Diffu
Teclesicr Probdlem, WAPD-TM-LTT,

boe i el et B

K. C., THER40S, A Thermalizstion Transport Thecry Code for Rea
3



b o o e b e e S s e e aa e aa e  a SRA s —

(25)

(27)

(3%)

(35)

(36)

(37)

(38)

(39)

(40)

(L1)

Owen, D. B., Factors for One-Sided Tolerance Limits ani for Variable
Sampling Plans, SCR-607, March 1963.

s |

Bowring, R. W., Physical Model, Based on Bultble Detact-e
tion of Steam Voidagi- in the Subcocled Regicrn of & Heated
10, OECD Halden Reactor Project, December 1062,

Zuber, K. and Findlay, J. A., Average Volumetric Concent n
Phase Flow Svetems, Presented at the ASME Winter rKeeting, 1966, T
published in the ASME Transactions.

Maurer, G. W., A Method of Predicting Steady-State Boiling Vapor Frac-
tions in Reactor Coclant Channels, Bettis Technical Feview. WAFD-BT-1G,

Baker, 0., Simultanecus Flow of 0il and Gas, 0il aznd Gas Jeursal, Vel 53,
pp 185-195, 1954,

Rose, S. C., Jr., and Griffith, P., Flow Properties of Bubbly Mixture
ASME Peper No. 65-HT-38, 1965.

Haberstroh, R. D. and Griffith, P., The Transition From the Annular to
the Slug Flow Regime in Two-Phase Flow, MIT TR S003-28, Derartment of

Mechanical Engineering, MIT, June 196k,

Bergles, A. E. and Suo, M., Investigation of Boiling Water T
at Figh Pressure, NY0-3304-8, February 1, 1356£.

Notley, K. J. F., The Thermal Conductivity of Columnar Grains in Irradi=
ated 002 Fuel Elements, AFCL-1822, July 10963.

Lyons, M. F., et al., UOp Fuel Rod Cperstion With Gross Central Meltirng,
GEAP-L26L, October 1963.

Notley, M. J. F., et al., Zircaloy-Sheathed UO» Fuel Elemente Irraiiates
at Values of Integral kd® Between 30 and 83 w/em, AECI-167 ecezber

Pl ™ o

azci-l67C, T
1962.

Bain, A. S., Melting of U0, During Irradiations of Snort Duration, AECLe
2289, August 1963,

Notley, M. J. F., et al., The Longitudinal ani Dismetrsl Exrare: s of
UO2 Fuel Elements, AECL-21L3, November 196€L,

Lyons, M. F., et al., UGy Pellet Thermel Conductivity Frem Irradiations
With Central Melting, GEAP-LE2L, July 196k

McGrath, R. G., Carclinas-Virginia Nuclear Power Associz*. s, Inc,., Re-
search and Develcpment Program, Quarterly Progrees Repcrt “or the Pericd
April - May - June 1965, CVia-2L6,

Ross, A. M. and Stoute, R. L., Heat Transfer Coefficiente Between uc,
and Zircaloy-2, AECL-1552, June 1G€2, -

Q07 /R

A
1
Pt
-
=




N (8) Marlcwe, 0. J., Nuclear Reactor Depletion Programe for the Phileo-2000
Computer, ﬁAPr M-221.

(10) Lathrop, K. P., DIFT-IV, A FORTRAN-IV Program for Sclvi
Transport Equaticon With Anisotropic Scattering, LA-%

(11) Joancu, G. D. amd Didek
for the Calculsaticrn of
GA-1850,

J. 8., GAM-1: A Ccnsis:ent P Multigro
t Neutron Spectra andé 1tigr ns

’
-
ras

(12) Baldwin, M. N., Pny

ysics Verification Experiments, CORE I, €8 and Initiel
Conversion Ratio Ieas

urements, BAW-TM-LSL,

(13) Clark, R. H. and Pitts, T. G., Phyeics Verification Experiments, Core I,

WeTHLES

(1) Clark, R. H. and Pists, T. G., Physics Verificstion Ex;érir&::s. Cores
11 and III, BAW.TM-LSE,

(15) Spinks, N., "The Extrapclation Distance at the Surface of & Grey Cylin-
drical Control Red,” Nuclear Science and Prngireering, 22, pp 87-93, 19€5.

(16) Neuhold, R. J., Xencn Oscillation, BAW-305, 1966.

(17) Randall, D. and St. Jchn, D. S., Xenon Spatisl Oscillations, lNucleonics,
March 1938, e

(18) Randell, D. and St. John, D. S., Xenon Spatial Oscillations, Nuclear
Science and Engineering, 1, No. 2, October 1962.

e e L o

. {(18) Control of Xenon Instabilities in Large PWR's, WCAP-3630-L, July 1967.

(20) Poncelet, C. G. and Christie, A. M., The Effect of a Finite Time Step
Length on Calculated Xenon Stability Characteristice in large PWR's, ANS
Winter Meeting, Novemier 10967.

(21) Clerk, R. H., Batch, M. L., and Pitts, T. G., Lumped Burnable Peison
Program - Firal Repcrt, BAW-3Ls 2.1, i

(22) Tong, L. S., INB Prediction for an Axially Ncruniform Heat Flux Distri-
bution, WCAP-S58L, September 19€5.

{23) Tong, L. 5., Ar Eveluation of the Deperture Frcz BNucleate Boilirng irn
Bundles of Reactor F :1 Rods, Nuclear Science end Engineering, 33, pp T7-15,

1968.

(24) U.S.-Burstom Joint R&D Program, Burnout Flow Inside 9cund Tubes With
YWorunifcrn Hest Fluxes, The Babcock & Wilcox Company, EAW -3238.9, May

e e e L e e e e

r
(25) Jens, W. E. and lottes, P. A., Aralysis of Heat Trainsfer Burncut, Pres-
s cre Drop, and Dersity Deta for High-Preseure 1:1:?, ARL-L627, May 10%1.
S

0o/

.

E

:

T

]

3

;

)

1

| L )
'
[ B
(=
n

Pk b i, e S S b A e o e g



Roffman,
Uraniut

Sertermbe

Spolaris, C. K. and Megerth, F. H.,
From Uranium Dicxide, GEAP-L314,

Rebertsct, J. As L., et al., Behavior of
Fuel, ABCL-£0%, 1958,

Parker, G, W., et al.,
ture Diffusion and Melt

Duncembe, E.,
in Oxide Fuel

Balfour, M. G., Post-I.:adi
WCAP-3£850-2, March 1968.

Daniel, R. C., et al., Effects «f
Plate Fuel Elemernt Samples, WAPD-2€3, Septer

Fracture of Cylin 1 Fuel Red Cladi
¢4

indrica
WAPD-TM-651, April 106
Duncan, R. K., Rabbit Capsule Irr

Duncan, R. K., CVIR Fuel Czrsule Irradist

Frosi, Bradbury, and Griffiths (AERE Earwell),
Fissile Oxides and Carbides at low and High Burmun:
of IAEA Syvposium on Radiaticn Demage in Sclids and
Venice, Italy, May 1962,

~ 2

Merchanical Prodérties of Zi

Burgreen, D., Byrnes, J. J., and Benforado, D. M., "Vibration of Rods
Induced by Water in izrallel Flow," Trans. ADME 80, p 901, 1358.

P

Large Closed-Cycle Water Reactor R&D Program, Progress Report Tor the
s - -
Period January 1 to Margh 31, 196,, nun?°*“}-;c.

Clark, R. E., Physics \erification Zxperiments, Cires

178, Sertecter 1968,




(59)

(60)

(61)

(62)

(63)
(6k)

Clark, R. B., Phyeics Verification Experiment, Core VI, BAW-TM-179,

December 1966,

Clark, R. H., Physics Verification Experiment, Axial Fower !

Core IV, BAW-TM-255, Decemter 1966.

Swenson, H. W., Carver, J. R., and Kakarala, C. R., The Influence of

’

v i
..

pping on

Axial Heat Flux Distribution on the Decarture From Nucleate Boiling in a

Water Cooled Tube, ASME Paper €2-WA-Z,|.

Burnout for Flow Inside Round Tubes With Nonuniform Heat Fluxes, BAW-

3238-9, May 1966.

Nonuniform Heat Ceneration Experimental Program, BAW-3238-13, July 196€.

Wilson, R. H. and Ferrell, J. K., Correlation of Critical Heat Flux for
Boiling Water in Forced Circulation at Elevated Pressures, The Babeock

& Wilcox Company, BAW-168, Noverber 1961.

211k

— o e LR NS .

USE )

el _i EaR Bl il



Axial Power Profile for
95% insertion s shown on

Figure 3-3. S ——

T, 3 !

1T 1A ™

Peak to
P/P

Average Powerl

Maximum Axial

\

i

20 30 40 S0 50 70 80

Rod lasertion %

AXTAL PEAK TQO AVERAGE POWER
VERSUS XENON COVERRIDE ROD INSERTION

007N i



P/P

Axial Power Profile,

0.

0.6

0.

4

bl |1
P S B I |
/ h | F ]
y. | |
/ e N
/ By
i \
N
\\
\
144"
10 20 30 40 30 60 70 B0 SO 100 110 120 130 140 150

Distance from Bottom of Active Fuel,

AYIAL POKER PROFILE,
RODS S5 PER CENT

n

00757

XENON OVERRIDE

INSERTED

Figure 3-3



X

X

X

X

X

X

X

Xl X [ X] [X

XX (X] [X] (X

X1 IXE (X X (X

X1 X X (X X

X (X X[ X

XX (XX [ X X

x| Ix[ X Ix] Ix] [x

X X X [ X

X IX] X [X] [X] |X

XX [ XIX[X[X[X] (X

X| IX] XXX XX

BBLIES CON

LOCATION OF FUEL ASSE

0075



e

i

Negtron Power |
(Beginning of Lite)

110

100

80

60

40

20

i |
. + Lt
: {
% | i !
\ | 1
\ |
| | |
‘ 1
‘ i
\ |
\ |
\ {
p !
L
\ { 4
\(— 2 4500 i
\ ]
\ i
\ i
i .
; '.
§ &ah/k \ |
\ |
b SV 1
‘-_-’-‘ 3
N e i a
S— l ......
|
{
9
|
' : ¢ : € ? 8
Time seg

PER CERT NEUTRON POWER
VERSuS TIME FOLLOWING TRIP

Firure 3-5

00785



Lower Core o 7’

pe M
o g -
st o .8 Rk C \ )

ore ~ P \ / |
= 2 n M ~— N \AY
. - —
+ e -8 S

-_{} ”m O
': ’ " . 4

g ¥ B

x

“ X 0 1 I 1 e __T__J

L} Laal

= 0 [ 2 3 ' 5

. Time (7). days

:rn “OIES

": :E | Power Ratio taken 36 in  from top and boltom of active fuel

® Case 1 No temperature iteration, Yy o\ 1 4gp F
= Case 2 - Temperature iteration with Ty . 0 1 400 F
g Case 3 - Temperature iteration with Ty, =900 F
» i

N
~

Oscillation initrated at T . 2 days



P/P

2
0 Lower Core
8 -
—— o=t
B - \\
‘. \
2 4
‘(
o
0 - <
8 D
B -
b
4 - \s ey @
N S Upper Core
0 T T T
0 ! 2 3 4
Time (7)., days
Notes
1. Power Ratio taken 36 in. from top and bottem of active fuel
Case | Temperature Itetation with ?fuel - 1.400 F
Case 2 - Temperature Iteration with T,u: « 800 F.
2. DOscillation initiated at T o 300 days.
‘.=“ CT OF FUEL TEMPERATURE (DOPPLER) O™

OK'

{ON OSCILLATICNS -

o
Figur

&

(%)

NEAR END OF LIFE

.
{



Core

Upper

Time (7)., days
NOTES

1. Case Divergent escillation (without temperature 1teration)
Case 2 - Power ratic variation with contro! (without temperature teration)
2. Osciltation initiated at T « 200 days,

CONTROL OF AYIAL OSCILLATION
WITH PARTIAL 700§

()(}f’?1f§



(suoijrpuogy uEisag

1€ §END wnuIUIN) B
\ Ll 1= MENC — ' ‘ y

: —— 1000 0

- ‘ —
- l .
— = ' N .__/' ]
885 0 | 0t | BEND 7:‘ 100 9
- pa1J310:ig UDHIE(NCOY %28 66 ; 4
I‘ —
b ! e
§5 0 f t : 100
| . r
! l
| 1
b | | £
{ !
‘ |
palaajodigd uotle, “t 16 2 h
-— ‘ -

e ] ! T ! = o SRS T
£ 0 & t | | i
- ZEL 0 ™ udiletasg piepuels -

866 0 = aNIEA URAN
608 * Siuitqg BlEQ O JIQUNN ‘ h
-
01 C




.'/ .

p/P

t Il B 1
o NN | X |
jrens ‘ - g
/ I/-P/P= L. tEaetial
i —  Rod Insertion)
; ! | | l l
~ 11 3 -
|\ /£ k)
}, | X | (Modified Cosine)
- . \
[ 7‘ | E
/ \
i ! : .
! & ‘ ]
| L |
/ 1 l\ i
/ l i i ;
7 1 |
/ : \
r X
) : \\> \
4 X
|
/ \ \
/ |
/ |
1 y | \
\ ! =
JAN » |
”1 ! ‘ \ ~ 4
l 3 N\
| ! \
| l
L"‘F:,ei Midplane \
g
Core
Core ‘ Top \\
- Bottom -
144"
i &
0 20 40 60 | 80 100 120 140
10 30 50 10 ag 110
Distance from Bottom of Active Fuel,
FOWER SHAPE REFLECTING INCH £ED
AXIAL POXER PEAK FOR 144-1! CGRE
113
QU750 s Al



Fah (Nuclear)

Fue! Rod Peaking Factor,

20 30 40 50 60 70 80 90

Percentage of Fuel Rods with Higher
Peaking Factors Than Point Yalues, %

DISTRIBUTICK OF FUEL RGO PERKING

(FLEMAS S | Figute 3-11




=

-

[ ]

~

~

>

=

o

.

~ 60

o

b

[, -3

- =4

—

~

pai

o 40

(=]

(= 4

-

-

Fo)

s

3 20
0

'

I
|
|

|
1.3 DNBR Limit

114% QOverpower

e

Line 2
100% Flow

0o

110

Rated Power (2,452 £31), §

(o8]




Nomber of Rods That Have a Possibility of a DNB

40

30

20

-

| Jax imum
/ Overpower (114%)

i 1

100

29 130

Rated Power (2 452 wat)




~
..

(1-P) (P)
0.1 1 e P e ————
T - : R am
| ] |
i |
- i | ! |
0 01 et et e
1 1 1
i i
T [ s e L L L
, - 1 1 -
| |
< | |
! |
| ‘ :
0 001 - - 0
- 1
5. 1 k| !
A\ g | .
LW
+\ i % |
F
130% 1
|
\
0.0001 N \ * 0
= B -
- 1
. R | ] :
1145 fF— \\
| TN
' | 4 !\\!
i ot | | \\
0 PoamM | ? { | 0
0 10 20 30 40 50 60 i g0 g0 100

Percentage of Rods with a Lower Vziue of P %

~
-
-

98

oy
wr
w

8899

oy
o
w>
oy
w



99% Contidence Basis

]
1

y
|
|
!
!

|

N\

Predicted 0" gy Actual Q"

N\

Design Overpower
(1147%)

o
<
=
~
(&)
—
v
@
-
-
o
=
=
o
-
-
o
o
=
(=1

110 120 |

Rated Power (2 452 Ewt) %




Vo ki

L T —

Thermal Conductivity (k) Btu-ft hr-fF-112

3 00

8

UGZ ¥elts —-»-

!

Data Baseo On MOD
GEAP-4524

|
f(f- d6 = 93 '/c:',)

N3

2000

Temperature

{) (‘i ,\‘ ‘.—:_,':.;

|
1
3000 4000 5000

F

THEREAL CONDUCTIVITY OF 40,



85

Srsd 0z1z e (uidual aat)oy wiul ppi-0) suidag Ayrpenp yoryy e
jang Jo puy Jam0] wos| yydua

116
127
144

87
— 108

L=

ne
¥a

183

4 g0
—
: BRS. T *--ﬁ 103

150
UALITY

C"

CRAMNSEL EXIT

130
MAXIMUN EOT ©
00297

———— w—————— e ————

RN / ‘
1IN
AN

Design
Overpower (114

Rateo Power (2 432 wwt)

120

110

e

b

.20

w w -r o4 © w w - o =] o ~
+ . . * * -+ + + + 1 J
< Ayryenp

100

(—



F

Fuel Center Temperature,

3000

2000

1000

U0, Melting

Temperature ; \
—_ ? SERGI

]
:p.._____.
|
|
{

" 15
' | l
| | |
100% Power . l |
N
| |
e R
| | ;
114% Power — l |
T |
1 L |
| ||
I P
| ||
- I
it ||
10 15 20 75
Linear Heat Rate, kW/ft
FUEL CENTER PERATURE AT THE KOT §
vERSUS LINEAR FUSER



Number of Points

10 4
Gaussian Distribution
60 <
S0 4
70 <
30 4
20 |
10
U r? - - - - ' 'h ]1——1 T_m
06 08 1.0 1 4 6 1 8
&
tE C
NUI'BER OF DATA PQOINTS VERSUS ¢/
00 9




tiot Channel Factors

0 985

0 980

D sS85

0 60

0.975

£8l0

0 985

0.960

FaiWail Buncie Cel!

Rt

~
v

pulaticn Protected

nterior Bundle Cell)

HOT CHANNEL FACTORS VERSU

PER CENT F

Q000

aApIte

vhuL

ATION PROTECTED

Figure 3-20



.
!bb

| l ‘ I
Intinite Sample -
g 100% Configence

80 :
=
-
o
= 80 Finite Sample- |
Py 80 Confidence i

/ : | |
- Finite Sample -
é 10 il 98 Confidence
o
) |
1
60
i
50 |
10 1§ 12 13 1 4 15 1.6 17
Burnout Factor ONB Ratio(¥-3)
BURNDUT FACTOR (W-3) VERSUS POPULATION
FOR VARIOUS CONFIDENCE LEVLLS
Figure 3-21
A
Ny

v 2

T e N e R R



B

o

e e e

5 vt W e v—— &

o

)

Quality =

.18

+16

W14

| |
| | | :I '
e - | m—_te —— - - - -—— = - ——y
’ Ii; i f ! ' |
! | e (¥ 4
| ! | | { !
| I l | | |
| | D LR G ) T
1 ] ] ' B = T {
I: Het Channel With § —
1 ++ Flow Distribution \ T P o
|1 Factor
| I &s |
i ]‘ | ¢cmina! Channel
H A B
i | : - T.
)/' / | | | Quality l
: y’/’ , | |  Subcooted |
L A | |
' ! i B
l//rfr | | ||
i o 8 T il
/ 'A"Des'gn Overpower ! | !
: i P T T T v T i
T e R |
lw : | ]
100 110 12¢ 130 140 150 160

Rated Power (2 452 Mmt,

DESIGN HOT CHANNEL AND NOMINAL CHANNEL EXIY
QUALITIES VERSUS EEACTOR FOWER (WITHOUT
ENGINEERING HOY C=inNEL FACTORS)

Figure 3-22



o nr-1t2 x 10°6

Mass Velocity,

(PN
=

25

~
L]

15

10

e Bundle Burnout Test Conditions Where Stable Operations |
Were Dbserved g
Worst Conditions, 1145 Power i
B %orst Conditions, 13C% Power |
@ Norminal Conditions, 114% Power
@ Nominal Conditions 130% Power i
. "
2 * e . ..
.
~
=] . | T |
° ; l
A P ® - & 2 . 1
. * {
LY
-
. -
e o Lol - - o |®® . . . pe
-
I
. .
. o ®
» Ne . e P e |
Bubble Tg Annular
(Bakrer)
.
- i .
. = . ..C . - .-
e .
| > ]
F il
t | —’//)r
Bubble To Stug ! :
(Baker) 3-‘/—
0 5 10 15 20 23 30
Quality (1!b vagor total ib)
FLCE REG:RE VAiF R TRE %07 oNIT CELL



tbhe-112 x 1078

Mass VYeloct ty,

3.0

2.%

2.0

1.9

10

+ Bundle Burncut Test Conditions Wnere Stabie

Bere Qhserved,

A Warst

Conditions,

114% Power

B yorst Conditions, 130% Power
@ Nomina! Condi*vons, 114% Power

n a 4
Operations

& Nominal Congitions, 130% Power
+ . ’Q +
-
-
= eincatnciid
| ]
Jg LA - W * .
L +
A
%
-
+
- - + +
+* * +¢ " +
-
1 4+
segdtes ¢ L o ? b+ 4| Butble To
- Annular
¥ (Baker)
’
!
4 + 4et e + *q +4 -00", ,ﬂ.
+
+ i' .
1 1’ *e +* | 2 g
|
|+ 9 }
Bubble To NS
Slug (Beker %
-8 10 15 20 3 3C
Quality (!b vapor total 18}
FLOW REGIKE uAP FOR THE WOT CONTRIL R
Q0 (¢ :



B -—w-h——-db.-- -

PE——

g et . S e gt

o hr-112 x 10°6

Mass Velocity,

ay

® 6 ">

Bundle Burnout Test Ccnditions Where Stabie QOperations

tere QObserved

worst Congit ions,

worst Conditions,

114% Power
130% Power

kominal Conditions, 114% Power

Nominal Conditions, 130% Power

“

Ll . =l

1.
|
|

-4

“ m
- -

L]
m

¢
=4
L=
o™
o
o

-
w

o

1S

10 15
Quality (1D vapor tot

v <

al 1b)

LS §
oy




1o he-1t2 x 1076

Mass Velncitly,

® Bundle Burnout Test Conditions Where Stable Qperation
Were Qbserved

Ayworst Conditions, 114% Power
®worst Conditions, 130% Power
@ Nominal Conditions, 114% Power

Q'Nm:xnat Condi tions, 130% Power

S

3 0 ;T + . Sl
. .
.y * o . .«
.
9
25 o | o
1
|
. . . - . |
A ' o
| | .
2
L ..
e o - - . o | ™ . . . s
«
. -
15 Bubble To
Annuylat
(Baker)
. .
. ~Q - - ..b ”
i
‘ i
. i
. .
.
g Bubble To
Stug (Baker)
-5 5 10 .19

Quality (1b vapor’total (b),

FLO® REGIME pip £0P




Hot Channel DNB Ratio (W 3)

L ]
~

) !
| !

1.0

———

| ‘ ' .
\ | r/— Design QOverpower (114% |
: ' + . o SIS SES— 4
| |

|

|

s0)

{

NN T T

N i

NN Dz

LS EEEE

1.80 Cosinkg

P o il o
| |

110 120 130

Rated Power (2 452 MW1) =

HOT CHANKEL DNB RATIO (W-3) V¥
S y

'_:¢."

[ LI

£

AX1AL

150
ERSUS P
CHAPES

Figure 3-27



Ihs ht x 10 6

iotal Reactor Flow,

wn
Lo ]

[~ k]
| | |
. { |
i 1
| | / |
140 L i
Design Flomrate i
; (13t 32 1 108 1b7hr) |
| r ‘
130 gt M T -,A__Q._L i
{
120 ’ e | |
1e ]
OESIGN OVERPOWER |
(114% x 2452 wat) |
100 b [ : |
F F ! '
[ |
. | | | |
: 8 '
| | Bc LS |
N i i ONBR (¥-3) = 1.30 :
| | l N | |
2400 7600 2800 3000 3200 3400 3500
Reactor Core Power MWt
ALT0R o SYSTEX § ER5US
Fli&.’fﬁ



Het Channel DNB Ratio (W-3)

Laal

¥IXING
FLOW COEFFICIENT
110 02
100° 02
g0 02
100 05
100 01

| | |

130




4 00 * -

i BEW Desion Value
= — = — [VNA-24
== co== QGEAP-4524

300

U0y Melits —
| 2 _ \

=
o i
- v
: e
- - CVNA 248 /
% /
g o
o
\

- \ /
e 2 00 3 £
z X /

— /

\\ BEW Design Value
L \
\ /,//
1\’ /
g \*\\\\\\ﬁ‘.z;::::—"’Jr’///
GEAP-4824
1 00 | 1 TR e TP [
0 1000 2000 3000 4000 5000

Temperature, F

THERWAL CONQUCTIVITY 0F 83
DENSE SINTERED Ufa PELLE

IERED .J...‘ Feoit!

3070

Figure 3-30




Temperature, F

Center

Fuel

6000

5500

5000

4500

4000

3500

3coo

2500

it
|
|
|
—-4

bl
BL¥ Design VYalue

—— e GEAP-4024
—— e [V¥NE-24B

|

PN S| S —

R el

8 0

12 14 16 18

~
©

22 24 26 28 30

Linear Heat Rate kW ft

EUEL PELTER TIRETRETHR: PLR BRIGIUNIKE-

»»»»» A g

OF - LIFE CONJITIDNS

y Figure 3-31
00.2; gore 3



f

Fuel Center Temperature

60C0

N 0—t——
. |
UD; Melting Temperature
5000 # —{ 1 -
Design Overpower
(114%) ]
4500} . Tt 4/
| o - f
1
£000 Brelrniia | !
N 100" Pomer
1500 f ST SIS NSRS SRR IO SERS: AR e
3000 1 1
i e GEAR- BN
BL¥ Design vaiue
— e = o a= CYNA-24C '
2500 [~ A TS T S |
b & 10 12 14 16 18 20 22 24 26 28 30

Linear Heat Rate kW 1t

FUEL CENTER TEWPERLTURE FOR END-OF-

>

s ARLAITI
4 \, e

el 1 U

- b

00112

Figure 3.32



P - ———

F

Fuel Temperature,

3,300

2,800

2.500

2.100

1.700

1.2%

N\

N

20 40

60 80 100

Vol Fraction of Total Fuel
(at or above Fuel Temperature)

FUEL TEWPERATURE VERSUS TOTAL

FUEL vOLUME FRACTION FOR

EQUILIERIUM CYCLE AT END OF LIFE
e n 5o



N- - PRI, e .. IAII-.—I_-II - -
S

e e
3
E

3 -»2 ‘pj ""2—'—"""""3 <»3 2

g _E30 K 0 B38 1. 043 g cg8 0.995 1.008
i

] 3 3 2 3 ] 1
0 537 0 738 0 784 1 054 ! 005 1 3il 0 870

3 2 2 3 i ]
0.704 1.087 1. 182 1 §23 1 082 g 78

2 2 2 1
1.202 " 1 148 1.081 | 034

1 043 121 0.798

|~ Numbe: Cycles Burneg

o8N ~
Asscmbly PP

TYPICAL REACTOR FUEL ASSEWALY POWER
LiSTRIBUTION AT END-OF -LIFE EQUILIBRIL®
CYCLE CONDITIONS FOR ) E CORE

Figure 3-34

00



|
i
SN S SE— |

Fuel Rod Radius

580 F Tavg Coolant AR Y

0 bovv-ou-ououd e

4 ‘dinjeiadwa)




Sz = |
. o B il |
4 ‘@inirisdea abwieay Diuijewn|0) - ~ o
“8 a |
0096 OO  OOZE D0OOE 00  009Z OONZ  OOZZ 000Z 0081 0091  OON  OQZ! R Vi |
A - A A & P A a e A e n\l. »
. Dl o el moo Mh V.‘
—— 4 (w80) Mi-21-09-4) w o (e i -~ L
—— €09 - MV 4 = = o o e
NIEN - 410 e ¥ d il ~ o 05
9650 - 4¥19 O < <
o _... 0
v S .
* N M H
, . v ok z U
e el
"; ﬂb

1
Y 3
= S.M
‘ >
+ .Mﬁ g
A »
:
-
4

00°S

d 4. ad
h’
z

g *




PP
80U BU

11 T T
3 | i
- ™ '/E = 1.70 (Partia! Rog
/ \ 1 Insertion!
/ N |
) LY ol - #[? - 1.50
A Jl | (“05'!'06 Cos-ng)
[ 17 I T DA
L4 \ 1] | N\ M0 D2yseEU BU i
/ S /Tt
¥ / / ‘ . 300 Days-8U BU |
I /’f } = '—*’;;‘+g“ﬂ—1 -4
/ e | o o 0 Days-
/[ L [+ wE |-
/ 3 TR \\,\' ™\
i ENEENN
q_L... ?".‘
/ | \ | jﬁ} iﬁ\ }L
’ 7 + : < i
/ | i \
/ | \ \
| \ \
/ | \
. l \ \<\\
?n 7 + -
f BNN
i —
o Tt —_— - ] L
i [ Fuel Midplane \ &
CO'Q 11 -" — 4 4._.J;_ 2 1
Eottom !1 i Core 4\
- l TOP \ |
{ ] + : -
194" Y’ .
. | 1 1 ) ! 1 1 ¥ 1 i | i | JI j'
e w €0 80 700 % T
o 30 50 70 90 110 130

Distance from Bottom of Active Fuel. in.

AL~ RAGE SUSRUP AND
iﬂsfd(’.l‘gé{,‘zj%'FOlEP CONPARISONS
LR

Figure 3-37



| |
_Design Limit
!

> S,

§
!
|

T T R

1 30 BU And ' .50
Axi1al Shape

i
i
|
1 50 BU And 1. 70
Axial Shape

830-Dzy BU And 1 70
Axi1al Shape

%
=
@
v
T
@
o
(=
el
s
w
=
o
v
wv
e

|
}

il
2 3 B - £ 1

inttial Cold Diametral Clearance, n

FISSION GAS RELEASE FOR 1 S0 &ND 1 70

A
MAX AVG AXIAL POWER SHAPES

007 Figure 3-38

¢
e




Ps

Gas Pressure Inside the Clad,

2500

1000

Design Limit |
1 50 Axial lower
- And 1 50 Burnup Shape
/ {
Open PoOres
1.70 Axial Power And
830 - Day Burnup Shape
| | 1 J 1 J | 1
0 2 4 B 8 10

initial Cold Diametral Clearance, in. x 10‘3

GAS PRESSURE iNSIDE TH
AXIAL BURNUP A0 POWER
EXPANSION MODELOO ¢

i -4 » -
Jel Vv Vi

Fig

-

g .
-

-
~

'¢®tS FOR IDEAL ThERMAL

-~



Fuel-To-Clad Gap Conductance, Btu/hr-ft2-F

1600

1400

1200

1000

800

600

400

200

e EREe .

/

"0 Contact" Cracking ffeE?\‘\\y// ; 1//4
| | !

— )| — o —

e [ v c—— dp— { /

/

A

2.5-M11 Cracking

-

ftfect 7
o ideal Thermal
P’/’/‘ Expansion
Pt
e
2 4 ) 8 10 12 14 16 18 20 22

Linear Heat Rate kW ft

SENSITIVITY ANALYSIS OF THE EFFECTS OF FUEL

c_:l‘yv.a c“ 'Lri .A'ﬂ AL:H prm Ay ,,".r

LIl ¥ - - wiiiv UL v

=4 Figure 3-40
30220



ps |

Gas Pressure Inside The Clad,

2000

1500

1000

500

T A

T

Design Limit

ldeal
Expansion

Thermal

2.5-Mi 1 Cracking Effect Fa——
——//
"0 Contact"
Cracking Effect
. 1 J

Initial Cold Diametral Clearance in.

2

©

&

(aa ]

e 4 IR #5 |
[ s
v .
— v
>

s

- -
) -
9K =

8

x 1073

10




Gas Pressure Inside The Clad, psi

3500

3000

2500

2000

1500

1000

500

T T
Design Limit
|
ldeal Thermal
| Expansion \
| |
100% —-.{ 114%
Power l Power |
I
2.5-Mil Cracking =g
| Effect _:::::5;__-
| —
i ;
| "0 Contact”
Cracking Effect :5
l/\//,l‘
! |
| |
I
I 1
| |
| |
2000 2200 2400 2600 2800 3000

Reactor Power, MW

Qo2 Figure 3-42



HOT UNIT CELL
HOT wALL CELL

CORNER CELL ‘OMINAL FUEL RCD POWER PEAKS &n0
CELL EXIT ENTHALPY RISE RATIOS
HOT CONTROL ROD CELL

CECRONS)

Frgure 3-43




-
-

e
3 -
- i
“r e -3
- -
-t @
) -
B e =2
v ol
o .- -
oo e
e
€3
=] “.o o
- -
“ £33 -
~ ' - &
- -
£
e . -l sl
c L =) s
_ o T e
- w LA —
" ~ -~
- . X
LR 4
@ > -
v iy
. - L e
- o -t >
o
“r - [
] ca -
- -t
.~
& &
-~ o
£
.
—
-l
-
<
ol o
b <
- . as o
—t - w
- e e
W @ [
s o
P — r P
= - «x x
z - [~} «
- - w W
— - - -
(=} L o ©
T x x b 4
O OE
. w0

02



Local Heat Flux, Btu/ne-ft2 x 1076

o ] |
{ |
S SO — |
\ 6. 255 x 108 1o/nr-ted
TR W 1 i R N
At CF 4
¥-3 DNE Keat Flux -
\\\\ (Design Limit)
S ’
| |
’ i
|
Minimum ONBR « 1. 87 '
)|
‘\\I
|
/ \
. /
Calculated Surface
Heat Flux
|
540 S60 S80 600 620 640 660 680 700 720

Local Enthalpy, Btu’lb

CALCULATED AND DESICGN LIMIT LOCAL HEAT FLUX VERSUS
ENTHALPY IN THE KOT UKIT CELL AT THE NCTINAL CONDITICN

00225

Figure 3-45



108 1o/hr-112
' 1.4 1\\
| \
‘ |
; » ' -3 ONB Keat Flux
: T (Design Limit)
1.1 Jr
: y | 1.0 N\\\\
? . g 3
o~ 0.8 \\X
.é Minimum DNBR . 1.71
= 08
‘) =
S % \\j
s 06
=
s 4
> 4//,/ r\\ “\u
A b
0.3 \

0.2 /// Calculated Surtface \\\

Heat Flux
U/ | \v

540

560 580 600 620 640 660 680 700 720

Local Enthaipy. Btu/Ib

CALCULATED AND DESISH LIXIT LOSAL SEAT FLUX ¥S
ENTHALPY IK THE KT UNIT CELL AT TAE DESIGN
CONDIT 10N

Q056 igure 308




|
% A |
Curve Leakage (% of 131.3 x 108 15 nr)

0

2 (Design)

5

10

6.6 (Design Plus One Vent

|

2

3

4

)
\ Valve Disc Removed)
A\

E——

—_—

ol 1.8 \\ -~ S
=
o \
x
S 1.8
< \ \
=
()
g NN
SLoriin R 2 ) 1.30 (¥-3)

2 LN

100 10 120 130 140 150

Rated Power (2 452 WWt), %



LonTan, 00

v

Pilagw aastepLy
Tt
r |

SurLEY ol it

COMT MAOREL e

BLACION 1SSEYL

Subel L aall WL mEe
»0L008 TuRt

ey Talmay Se(L0

— 870% poins

fLle TN IO

isioel altEmiaY
WLST TeREl




-~ FUEL ASSEMBLY

w
(&)
&
«
-
=
w
>
o
d
w

SPECIMEN
HOLDER TUBE

__—— CONTROL ROD

ASSEMBLY (49)

o

W)
x©
A
2z
W=
g5
038
<3
|

/

THERMAL SHIELD

— CORE BARREL

XENON CONTROL

ROD ASSEMELY (8)

e




CORE FLOODING




SECTION Z-2

k’ INTERNALS VERT VALVE

o Q0238 Figure 3-51

e e e
amE e et e e e S e S



UPPER END FITTING~ |

i

SPACER GRID —\‘!

TOP ViEW

S INSTRUMENTATION TUSE

CONTROL ROD
GUIDE TUBE

CRCSS SECTION

LOWER EXD FITTING

~NSTROMENTATION TUBE COWELTION

FUEL ASSENELY
>

00:3: ]
Figure 3-52




COUPLING —

ORIFICE ROD —

o
N
oy
) \\‘__)""{
j !
PA
TOP VIEW



iG-g 2inb) 4 ———————————H

1)

w3SSY CO¥ NOSI104 378VYN¥NS

D

—d

A A
|
|

ST,

IVIMILYA
NCSIOd ITEVYNENR

; . R3IA 404
wr T
- }-—- — — -
T
F‘V‘ €35 £ \
T} aoy
. 728 :;/A H NCSI0d 378YNNNS

L \; N
.=J - , t?// | LJL\————— ¥301d5

ORITEN0D

00234




MOTCR TUBE

STION INDICATOR ASSEMBLY ~—-

PC

>
|
@
3
i
"
w
-t
'S
o
[
-
e
v

REACTOR VESSEL KEAD

~COUPLING ASSEMBLY

.-Vea

-
g

(8]

-

-t
-C
-1

-
i
o

005



N ~ POSITION WIXCATOR ASSFWBLY

£ —
Sl momareran
- P
A~
-~
< -
N vO.
N o~ e S VENT VY AftSTeRLY
~ - ’

~ROTOR ASSEMPLY

- ey

. et .
N e
“‘i
-

* - ﬂ“ e et g gy gy~

: vE

e STATOR ASSEMELY

PN —- D SIS — e
3 ’ '?'

FUN T NOICHTION BELD SWITER

wALNLT

—

I3CToN 22

SECTION vy

BBl ks B D R it et

p A=t 4 Hha-ewer ' P LR j£8
B | PEneti it Rulabbtatl -
¢ ::_,__ qu ‘~mwvm“wwb‘ e

SOTOR TuRE

&\ ]
e . 73 S

Yk e

~ ROLLE™ ASSEwBLY

SECTION 13

07 0y




R —

P "~
e 2 W
[ 1
vy oo %
> €9
W =t “.
L g L
W Q0 09 QO - 0W O == =
p wa ki w3 et *Ee » =¥ jps — il
£ ”.:_ Sy il el Yt 2“_;;~ T DBMV
\ \ e \\ ~. . & o A~
o // o\ o—\! |/ =
.n-..- / -1 \ \ () .*\ nWTO
$ [ f\ (=) &> /.\ i
! /i - M sl -
) LER ] { () - _
Ly o=y
| ! * J | o
! |
_nl_l_ __LJ _ﬂlr, D, oo
i LS | ¥ | §F T. “_ _u‘_
:._ ,_v :.,__ "~, _M ‘ g1 16y £
Ly- THASE %r R N TP N A R i .
£ - & u« “.m
[ 5 4] ‘;: i ﬂ S I AN
M _.l.Tu— | _IJL _ { -
T | m: MZ ti
| 7 g H - 4
B SR RSO

F——1+-

oTE
L IRC
!“é—

|

G

) ' i ! I
w..f Sttt &
hes 3
LM
=
H -
3\ : =3

R ——




LY

(TR ]
(S 5} 1
— it |
ad
(%] us
S .-
-l |
td
P
= ] L
T « - m. o e 4 — -
] == | e e
N S SRREY & ISR R =
m -
ai.“w ~ — R h N S—— _— ﬁ S — S rl‘w o
NN o NN A (e e -l PRSI A - : o &
sy | _ | x
- =T S
L | “
SRR RROONN NS ) —e ‘ - - - -
f., : I aﬁ s wﬁ _ e [ q 3
\ —— A|< — - —— ——————— — S ccamiimasall [ e —— G —— . - T —— V..
\
|
\ Fee S e = —_ RS TR et P bk i
| 1t S PRI [ P R T AT [ 1>
6 P A o P — e S— 4 o il - e e B bl l|.|> a
o SN - b ™
: === e w2 -
2 \ \ \
o _ 4 ,_
@ - |
“ @ 4
& 'y x
z » -
o3 °
EE v
D0 z
oW o
w0 v

TOP VIEW




=

-~
- 3 o
CouPLING — Py
: ,

i
-~ N :‘
SPIDER — | [
I H
"“‘\—l..;_L s
e ol Bt S § N 1
L& 7 "'-”\"T
!
4,
T1
TOP VIEW
-
LIt |
- r i
NEUTRON PO'SON —
SECTION
d [ | ;
Py ER T 1|
XENON CONTROL —  }. , toge |
ROD = i :
pree

XENON CONTROL ROD ASSEMBLY

Figure 3-5¢

e
“»re.
L

Q0



