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11, POWER ESCALATION PROGRAM

1n order to implement the increase in reactor power and to maintain a

DNE ratic greater than 1.3 based on the W-3 correlation, which is the
presently accepted Westinghouse design criteria fov departure from nucle~
ate bolling, the reactor inlet temperature will be reduced as power isg
increased. This reduction in inlet temperature. coupled with a main cool-
ant pressure increase, will increase the subcooling sufficiently to keep
the calcilated resctor transients within acceptable W-3 DNB ratios.

Part of the scope of the proposed test is to simulate future water reac~
tor operating conditions. In order to do this, it is necessary to
increase the main coolant operating pressure above the present 2000 psi
cperating pressure, but to less than the 2500 psi design pressure. The
pressure which has been selected for the increased power operation is
2200 psi, @ pressure which can be achieved with the relief valves in the
plant, and one which is representative of the generation of pressurized
water rractors now being designed and built. The resulting mean clad
temperature at the hot spot (n the core is expected to be 713°F with the
veactor operating withiu the proposed license limitations for 19.1 kw/ft
and at 2200 psi.

The calculation of specific power has several uncertainties assoclated
with 1t. Each of these uncertainties is added to the calculated number
before comparing the specific power to the licensed value. Experience
has shown that this number is consistently high but is, nevertheless,
used for purposes of license compliance, If these uncertainties are all
maxiwized and combined by direct addition, the maximum calculated wmean
clad temperature at the hot spot would be 721°F,

During reactor operation at the proposed license level of 19.1 kw/ft and
2200 psi, approximately 107 fuel rods can be expected to operate with a
mean clad temperature at some point on the rod greater than 700°F. All
special test subassemblies shall be evaluated individually. In the worst
case (1f all of the uncertainties in che power calculation were consid-
ered to be maximum at the saze time) the same 107 fuel rods could be
expected to operate with a mean clad temperature greater than 707°F, but
vxt? the maximum het spot, mean clad temperature still not exceeding
721°F.

For a maximum overpower condition of 114X, the overpower trip set point
can be 107%. The 7% difference is caused by consideration of all of the
pertinent instrumentation errors and allowances. 1f calibration curves
of nuclear instrumentation errors versus rod positions are drawn and
power range channels are set intentionally high by an amount equal to

the maximum negative error that could occur during a rod withdrawal acci-
dent, then at the same maximum overpower condition of 114%, the over~
power trip set point could be increased to 109%.
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Moisture carryover through the moisture separators in the steam generator
to the turbine inlet will be evaluated during normal 23.5 MWt operation

and continuously during the initial rise to any nev power level, Primary
evaluation will be made by monitoring noise and vibration of the turbine.

:
} The primary coolant will be monitored for fission product activity dur~
‘ ing rise to any new power level,
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8.

REACTOP TR1P CIRCULT MODIFICATIONS

Loss of load

At the increased power operation, it is desirous to install two
independent reactor trip signals which would be sctivated on
complete loss of load. The pressurizer safety valves remain
available for relieving eystem pressure, but maintenance consid-
erations preclude their operation if 4t can be avoided. For
this reason, the following trip circuit additions are proposed.

a. Install two pressure switches (63/AST1 and 63/A872) in the
turbine auto stop oil system to sense decrease in auto stop
0il pressure whenever the turbine is tripped. Contacts
from these switches shall be added to the reactor trip brea-
ker circuits directly and via auxiliary relay contacts
(63AX/AST1 and 63X/AST2) as shown on Figure 1112, Cir-
cuitry shall be arranged such that actuation of one pressure
switch will trip one reactur trip breeker dlcectly via the
breaker's shunt trip coil and the other reactor trip breaker
via an auxil‘ary relay acting on the second breaker's shunt
trip coil, The second pressure switch circuitry will be the
same except it will trip the second breaker directly and the
firet breaker via the second pressure switch's auxiliary-
relay circuit, Both auxiliary relay circuits shall act upon
both reactor trip breaker undervoltage trip devices.

b. Install & multi-contact position switch assembly, adjustabdble
over full travel (3 3/4 inch PRV) on the four~inch pressure
regulating valve in the main steam line to sense closing of
the valve beyond approximately 504, Contacts from this
switch shall be added to the reactor trip breaker circuits
directly as shown in Figure 111-2.

Reactor Coolant Pump Power Supply

At the increased power operation, the reactor coolant pump will
be supplied with power from the variable frequency motor genera~
tor set (See Section 11I1-C). In order to assure that a loss of
coolant flow could not occur from a less than normal coolant
flow rate due to drift in the frequency control, the following
reactor teip additions are proposed.

Inttali two underfrequency relays . ./UFl and 81/UF2) in the
veriable frequency supply set to trip the reactor if the fre-
quency should drop to 60 cycles per second, (Normal Operating
frequency is 63 cycles per second.) Contacts from these relays
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shall be adued to the reactor trip breaker circuits via auxili-
ary relay contacts (B1X/UFl) und (81X/VF2) as shown in Figure
111=3, Circuitry shall be arranged such that actuation of one
underfrequency relay will trip both reactor trip breakers via
the auxiliary relays acting on the breakers' shunt trip coil,
The second underfrequency relay will operate in the same manner
as the first, Both asuxiliary relay circuits shall act upon both
reactor trip breaker undervoltage trip devices.

This arrangement will prevent reactor trip for normal emall fluc-
tuations in frequency while assurang that a loss of flow could
not occur from a significantly reduced flow coudition.

Pernissive Svitch

In order to over-ride the above reactor trips during low pover
operation or during startup, install a menually actuated per-
missive switch (69). This switch is under etrict administrative
control and would be used to oves-ride the above trips only when
the reactor is to be operated at a power of less than 23.5 MWt.

111-3

k

N - R N S T TS e e e ———
- D - S - SR | NS PO I, RS- TR, SORRR B e e L L S e | =Y W R g R e Y 2



VARIABLE FREQUENCY MOTOR GENERATOR SET MODIFICATIONS

During the incres- = power operation of Core 11, the reactor jool=
ant pump will be supplied with power from the variable frequency
motor-generator set. A description of the motor-generator set 's
given in Section 218 of the Saxton Final Safeguards Report. The
motor-generator set will be used to assure an increased flow coast~
down of the reactor coolant pump in the event of a loss of AC vower
to the plant. The modifications to be made to the plant electrical
system to provide the increased coastdown are described below,

Trip circuit additions to assure normal motor-generator set fre-
quency are described in Section IlI-B-2. A one~line diagram of the
modifications is shown in Figure 111-3a.

Measurements of the reactor coolant pump flow coastdown with the
coastdown energy of the generator have been made at Saxton and are
the basis for the curve used in the loss of flow accident analyses
presented in Section VI=C., In order to assure that the generator
coastdowt inertia will be available in the event of loss of power
to the motor-generator set, the eiciter field supply of the genera-
tor will be automatically transferred from the A-C driven exciter
to the 125V Station Battery Bus., The tranefer will be accomplished
using a live transfer scheme in which the generator exciter field
supply will be connected to the station battery prior to the open-
ing of the tie to the decaying normal exciter field supply.

The signal to accomplish the transfer will be initiated by u loss
of voltage to exciter field control (See Figure I11-3b). Redundant
under voltage relays (Item 27-1 and Item 2 -2) are provided to ini-
tiate the transfer signal to the transfer equipment. Redundant
transfer equipment (ltems T-1 and T-2) are also provided to assure
the completion of the transfer. The connection of the generator
exciter to the battery bus is paralleied through the transfer equip-
ment and the connection to the normal AC supply is in series
through the equipment so that either set will perform the necessary
transfer functions. The power required to operate the transfer
equipment will also be taken from the 125V battery.
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A.

1v. NUCLEAR AND THERMAL AND HYDRAULIC EVALUATION

NUCLEAR EVALUATION

1.

Summary of Core 11 Farameters

During the initial scartup and low power operation of the
Core 11, a series of measurements were made to determine
the operating chaiacteristics of the core and to compare
the experimental results with the design values, The
following table presents some of the parameters measvred
for Core 11 and compares them to the design values pre-
sented in the Safeguards Report for Core 11,

V-1
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Table IV-]

Core Nuclear Parameters
Parameter Experimental Design Value
Reactivity Coefficients -4 bk/ & Bk/
Power Coefficient - 0.99 x 10 k/% power - 0.8 x 10 k/% power
at 20 MW at 20 MW
« 1,08 x 107 %y s sovsr - 1.0 x 107 2% ysg cover
at 12 MW at 12 Mw
Noderator Cosfficiont . 3.0 x 2074 OR/p pe - 3.3 x 1074 8K/ pe
at 507°F, 800 ppm at 507°F, 800 ppm
- 2.6 x 1074 AR/ pe - 3.0 x 107¢ 8%/ pe

Pressure Coefficient 30 % 10

Installed Excess Reactivity C.106 -

2,

at 520°F, 1250 ppm

-6 bk/ 6 ok/

k/psi 3.5 x 107

w/
hot clean at power

Section 2 gives more details on the measurements to b.
taken during t'e pover esczlation to evaluate any changes
in the core parameters that might be caused by the
increased power level.

Zore 11 Nuclear Hot Channel Factors

Hot channel factor measurements have been made for Core 11
to verify the core design and to assure compliance with
the technical specification limits., Figure IV-1 presents
thﬁ utinaud change in the nuclear hot channel factors,
Fq eand ’A , a8 a function ot hours of operation at 23.5
MWt, The E... point for the curve is based upon measure-
ments on March 1, 1966.

1v-2

at 520°F, 1250 »om
k/psi
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The only change in the thermal and hydraulic criterias is
the minimum DNB ratico for core operation and design tran-
sients., The minimum DNB ratio for the W-Z correlations

was 1.25 and the nevw minimum ratic for the W-3 correlation
is 1,30, These ratios correspond to the sorce statistical
point in both correlations: that is, at this DNB ratio,
there 48 a 953 probability that DNB will not occur with a
confidence level of 958, The Ligher minimum number for

the W~3 correlation is due to & liitle wore scatter in

the experimental data upon which ihe correlation is based.

Engineering Hot Channel Factors

A description of the engineering hot channel factors is
given in the Section IIl1 of the Core 11 Safeguards Report,
Evaluations performed on Core 1I after the submission of
the Safeguards Report have shown that a roductign in the
enthalpy rise engineering hot channel factor, F H is
pogsible, The heat .lux engineering hot channof factor

F ', has not bee~ :hanged and remains 1.045 as defined in
tHe Core 1" safegusrds Report.

The changes to Fi are as follows:

H

a. Statistical subfactor for pellet diameter density,
enrichment and eccentricity and for fuel rod diameter,
pitch and bowing: The previous Aesign number was 1.14,
Based upon measurements of the as-built Core II, this
factor has been reduced to 1,08, The major improvement
is realized through the use of the new, improved spring
¢lip prid design described in the Core 11 Safeguards
Report.

b. Inlet Flow Maldistribution Subfactor:
This factor is based upon previous analyses of in-core
measurements and remains the same as before, 1.07,

¢. Flow Redistribution Subfactor:
Thie factor is changed from & previous value of 1,05
te & new value cf 1,02, The change is based upon re~

vised computer code calculations which determine the
effect of fiow redistribution out of the hot channel.

V-4
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Table IV-2

Thermal & Wydraulic Design Parsmeters
Jotal Core
Total Heat Output 35.0 Mt
Tital Hest Output 119.5 » 10‘ Btu/hr
Heat Generated in Fuel §7.4
System Pressure - Nominal 2200 pata
System Pressure - Minimum - Steady State 2150 psias
Svetem Pressure - Minimum - Transient 2050 psta
Tot 1] Flov Rate® 3.21 = 10° 1o/nr
Effective Flov Rate for Heat Transfer 2.7 x 10 1b/he
Flov Ares for Heat Transfer Flow*# 2.5) lt’
Average Velocity Along Puel Rode## 6.01 fr/nec
Soplant Temperatures
Nominal Inlet 480 ¥
Maximum Inlet Including Instrument
Errors and Deadbend 4B5 ¥
Averuge Rise in Vessel kP
Average Rise in Core iy
bverage in Vessel ‘e r
Average in Core W r
Hegt Jransfer
Active Heat Transfer Surface Area . 2
of Fuel Rods $10.8 f¢
Average Heat Flux 228,000 Beu/br fr’
Average Therma' Output 6,83 kw/ft
Max/wua Clad Surfsce Temperature
&t Nomina) Pressure U

* Assuming constant volues pump.
** Assuming all cootrol rods out, followers iu.

v-é



Table IV-2 (Cont'd.)

Central Core Region (o, = PUO, Puel)
lq Heat Flux Hot Chamnel Factor 2.81
'AH Enthalpy Rise Hot Channel Factor .30

Nominal Outlet Temperature of Hot Channel 578 F
Maximum Outlet Temperature of Hot Channel 583 F

Maximum Outlet Enthalpy of Hot Channel $90.5 Btu/lb
Ssaturation Enthalpy at Minimum Steady

State Pressure 689 Btu/lb
Haximum Heat Flux 640,000 Btu/hr (t2
Maximum Thermal Output 19.1 kw/ft
W-3 DNB Ratio at 100X Power

Nominal Conditions 1.52
We3 DNB Ratio at 2050 psia, Ttn max,

114X Powver 1.5

-7



Fuel Central Temperatures

Maximum fuel central temperatures for the core with a power
level of 35 MWt and & maximum linear heat rating of 19,1 Kw/ft
have been calculated. With the core loading of Core 1I, the
hottest fuel rod is a zircaloy clad, pelletized Pu02 - Uo2
rod. The maximum central temperature would occur for 19.1 Kw/ft
condition and 35 MWt operation combination at the start of the
high povwer operstion, Using the basis outlined in the Core 11
Safeguard Report, a maximum central temperature of 4465°7 {g
calculated which {s below the fuel melting temperature. At

the maximum over power condition of 114% power (39,9 MWt) the
~inear heat rating is 21.8 Kw/ft and the associated maximum
central temperature is 4825°F which 1s also below the fuel
melting temperature.

Fuel Clad Temperatures

At 19.1 Kw/ft (the maximum linear heat rating for 35 MWt) and
2200 psi, approximately 107 fuel rods can be expected to operate
with a mean clad tempersture at some point on the rod greater
than 700°F. 1In the worst case, (4f all of the uncertainties

in the power calculations were considered to be maximum at the
same time) the same 107 fuel rods could be expected to operate
with a mean clad temperature greater than 707°F but with the
maxitww hot spot mean clad temperature still not e‘iceeding 721°F,

- IV-8 ~
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Experience to date with Zirceloy=-clad fuel rods operaiting in the bor-
ated ervironment shows:

a) Satisfactory in-pi.e performance of 2ircaloy-clad rods. A lus~-
trous black oxide was present in all cases, and there were no
adverse effects related to exposure in the Saxton chemical-shim
environment,

b) Good agreement of weight gain values with published out-of-pile
results. There is no adverse effect on thg corrosion rate due
to irradiation or to the borated coolant.(¢)  Hydrogen absorp-
tion by the cladding also agrees well with published out-of=-pile
results and anticipated pickup levels. '

The possible extent of Zitca%zy—é corrosion and hydriding can be com-
puted using the RB-COM code, a combination of models representing
forced convection (RUST) and nucleate boiling (BROIL) heat transfer
conditions. Predicted curves for hydriding and corrosion for Saxton
as a function of time agree well with actual in-pile data from this
reactor, Based upon predicted values for similar or even more severe
conditions than scheduled in the Saxton Power Escalation Program,
increases in corrosion weight gains and hydriding of the Zircaloy
clad will easily be within tolerable limits.

SUMMARY AND CONCLUSIONS

The performance and integrity of the Saxton core fuel elements under
increased power conditions have been analyzed from a meterials stand-
poirt. The major possible problem areas of fuel performance, Zirca-
loy clad creep, and Zircaloy corrosion and hydriding have been
examined. No problems are expected during operation of the Saxton
fiel elements at the proposed power levels. The relatively modest
magnitude of the proposed increase in specific power together with
the initially conservative fuel element designs will permit expected
changes in fuel behavior. Increased clad temperature and heat flux
will not introduce problems of creep or corrosion and hydriding in
the cladding.

These conclusions are substautially supported by Westinghouse irra-

diation exper‘ence with high power density fuel elements in pres-
surized water reactors.
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containment. The parameters used with Sutton's equation were deduced
from measurements at the site and are r1:presentative of stable wind
conditions. This model and the parameters are discussed in Section
103 of the Saxton-Final Safeguards Report. Two and twenty-four hour
thyroid doses are computed based on inhalation of air containing the
meximum (plume centerline) activity concentration.

Figures VI-9 and VI-10 show the two and twenty-four hour direct gamma
dose and the two ard twenty-four thyroid dose as a function of dis-
tance from the reactor containment.

The following table summarizes the computed doses.

Time in Distance
Which from
Dose ~Dose Accumulated ~Sontainment
25 Rem-whole body 2 hrs. 270 M
25 Rem-whole body 24 hrs. 375 M
300 Rem~thyroid 2 hres. 240 M
300 Rem-thyroid 24 hrs. 720 M

The doses from this hypothetical accident comply with the limits set
forth in 10 CFR 100 and dv not represent undue hazard to the general
public. The doses in any credible accident would be substantially
lees than those reported abovc.
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VIII. CONCLUSION

The plant modifications in conjunction with the changed operating condi-
tion and protection device setpoints will prevent core damage in the
credible incidents. Analysis of a hypothetical accident much more severe
than the credible incidents has shown that the plant design and the avail-
able separation distances result in off-site doses which comply with the
siting regulations (10 CFR 100) when the operating power is 35 Mwt.
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IX.  APPENDIX

WLSTINGHOUSE EXPERIENCE WITH HIGH POWER LEVEL FUEL RODS

Westinghouse experience with high power level fuel rods is illustrated
in this section. Emphasis is given to the experiments developed with
Zircaloy clad fuel rods. The main experiments with stainless steel
clad fuel rods are only briefly summarized.

A, IRRADIATION OF SIX CAPSULES CONTAINING SAMPLES FROM THE CVTR CORE
IN THE WESTINGHOUSE TEST REACTOR (MARCH AND NOVEMBER 1960)

1. General

As part of the CVTR Research and Devs}opmnnt Program, a series
of capsule irradiation experiments (3) was devised to define
more clearly the the. il performance capabilities of sintered
002 pellets contained in Zircaloy-2 cladding.

The philoscophy of the program was to carefully control irradia-
tion test in order to obtain unambiguous thermal performance
data for use by reactor designers. The parameters to be
evaluated at various fuel rod power levels included the effect
of the initial cold diametral fuel-to-clad gap on U0, surface
and center temperatures anl on the cladding stress, aue to the
fuel-clad duifferential expansion,

The capsules were designed to minimize errors and potential
problems which would lead to difficulty in interpreting the
experimental results, and to minimize variation in both radial
and axial thermal neutron flux.

2. Description of Experiment

Six capsules denoted R-1, R-2, R-4, R-5, R~6, R-8 and R-11,
each containing three fuel rods, were irradiated at fuel rod
power levels of from 11 to 24 kw/ft (360 to 785 w/cm).

The fuel rod configuration used was a Zircaloy-2 tube contain-
ing a column of UO, pellets, having a fuel length of about 5
inches. All UO pillets used were right circular cylinders

0.430 {iches in"diameter with a nominal density of 10.3 ;/cu3

IX-1



3.

(94% of theoretical). The inside and outside diameters of
the Zircaloy~¢ cladding were varied to obiain the required
cold diametral gape; however, the cladding wall thickness was
maintained at 0.032 inches in all cases. A 0,080 inch axial
plenum was provided in all fuel rods to accommodaie axial
thermal expansion of the UO2 pellet column relative to the
Zircaloy-2 cladding.

Cold diametral gaps of 0.006, 0.012 and 0.025 "pulic; were
se.ected. Three fuel rods, each with & different :cold
diametral gap, were irradiated simultanecusly "¢ eliminate
possible variations in fuel rod power level. Different fuel
rod power levels were obtained by using UJ, .ellets of differ-
ent U-235 content, )

An irradiation time of 40 hours was chosen to allow fuel
redistribution due to either = atering of the U0, or other
time and temperature depsivi/eat phenomena. Gross thermal
cycling of the U0, fue) “.as not des’'red. The 40 hours irra-
diation time was ihoat encugh te praclude the possibility of
& major change i{n “heraal neutron .lux because of a reactor
trip or significany _nanges ir control rod pesitions.

Table 1 summarizes the babic fuel rod parameters used for
the six rabbit capsule icradiations,.

Post Irradiation Examination

After irradiation, the rabbit capsules were examined in the
WIR hot cells. The capsules were disassembled and the fuel
rod samples removed. Length and diameter measurements were
taken on all the fuel rod samples to detect any deformation
of the Zircaloy-2 cladding which may have occurred because
of interaction with the U0, or because of internal gas
pressure buildup as the tczult of excessive fission gas
release.,

a. Fuel Rod Dimensional Changes

The diameter and length of all the fuel rods were
measured after irradiation to establish whether swelling
or other defermation of the cladding had occurred during
irradiation.

1X-2
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" NOMCWAL

Table IX-1

[.
RARBIT coLL INERR FLUX AT
CAPSULE Furl HOD AUEL T IAMETRAL POWET, FOWER FUEL ROD
| suvpER ¥ MBER ENEICHMENT CLEARANCE LEVEL UTPUT 9.D.
$ 0-235 Inches S wre ——
ik T He, P22
R-1 1-1 2.6 0.006 286
1-2 2.6 0.012 1.0 ¢ 0.5 60 283
1-3 2.6 ©0.025 217
R-2 2-1 2.6 0.006 286
2-2 2.6 0.006 11.0 ¢+ 0.5 360 286
2.3 .6 0.02% 277
Bk 51 3.8 9.906 w17
4-2 3.8 0.012 16.0 « 0.8 525 %12
b-3 3.8 2.02% 02
86 61 5.2 0.006 10 :
6-2 5.2 0.012 18.0 + 1.0 590 W5k
63 5.2 0.025 ush
R-3 8-1 5.2 0.c12 Wi
8-2 5.2 0.0i2 18.¢ ¢ 1.0 590 Kk
8-3 5.2 0.012 whi
R-11 11-1 1.6 0.006 €24
1-2 1.6 0.012 26.0 1.2 85 618
il-3 7.6 «.02% 602

Sote: U0, pellets 0.k30 Inch 2lameter, nominal 94% dense, 0/U ratic £:99:2.91
Zir~aloy ~l+dding dimensions varied to give uired cold diametral clearance:
Irradisted 40 hours in the WTR rebbit tute facilitiss.




The following measurements were made:

~Overall length: two readings for each measurement;
~Diameters at the following positions:

One-inch from top: two measurements, 90° avart,
Center: as above,

One-inch from bottom: as above.

The diameter measurements taken 90° apart were in
agreement with each other within the recognized pre-
cision limits (+ 0.0005 inches).

Tavle 2 summarizes the pre- and post-irradiation
measurements for the fuel rod samples from the rabbit
capsules,

No significant dimensional changes occurred during
irradiation of the fuel rod samples. In some cases;
i.e., fuel vods with initial diametral gaps of 0,006
inches opera.ted at the higher fuel rod power levels
(fuel rods No. 4~1, 6-1 and 11-1, as listed in Table
1), the radial thermal expansion of the U0, fuel
relative to the cladding should have resullfed in a
zero diametral gap during irradiation. No significant
diametral changes were noted on these fuel ~ods
indicating that the interfacial pressures between the
U0, fuel and the Zircaloy~2 cladding were not suffi-
cignt to plastically deform the clad.

Metallography of Fuel

Selected cross secitions of UQ, samples taken freom all
fuel rous were pressure mountéd in an epoxy resin for
subsequent metallographic preparatioa. The radii
corresponding to various microstructural features such
as equiaxed grain growth, columuar grain formation,

and changes associated with the solidification of molten
U0, were measured to establiss radial temperature pro-
files. No fuel rod (0.006, 0.012 and 0,025 initiel
diametral gap fuel rods) exp:rienced center melting
while operatiag at .1, 16 aud 18 kw/ft. Only the fuel
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rod with 0,02% inches initial diametral gap expeitience’
melting in the central region. But no significanc diam-
etral change was measured, as shown in Table 2. The

fuel rods with 0.006 and 0,012 inches initial diametral
gap and which operated a: 24 kw/ft experienced no center
melting. 1t can be concluded that the surface and

center temperatures of sintered U0, fuel can be lowered

by decreas.ng the initial diametral ga and thus allow-
ing reactor operation at 24 kw/ft without central melting.

IRRADIATION OF TWO CAPSULES CONTALNING SAMPLES FROM THE CVTR CORE
IK THE WESTINGHOUSE TEST REACTOR (MARCH-JULY 1962)

>

2‘

General

Capsule {rradistions (4) of U0, fuel rods were performed to
evaluate tne effect of fuel roi power level on cladding
dimensional changes and fiesion gas release.

Two capsules, designated A-2 and A-4, were irradiated in the
Westinghouse Test Reactor, On capsule contained three fuel
fuel rods with & 38 inch fuel length and wae irradiated at
peak fuel rog power levels of 19 kw/ft to & maxiwum fuel burn-
up of 3,450 = . The other capsule contained four fuel rods
with 6 inch FEE: lengths. Peak fuel rod power Jgvels of 22.2
kw/ft were measured with drradiation te 6,250 ML

Description of Experiment

To evaluate the effect of the initial cold dismetral fuel-i--
clad gap on the radial and aexial thermal expansion of the Uo2
fuel relative to the cladding, a range of gaps was selected

s0 that high interfac.al pressure would exist during operation
in some of the fuel rods while a finite hot gap should exist
at all times in others when operated at the same power level,

Cold diametral gaps of 0,002, 0,005 and 0,0.2 inches were

used, The Zircaloy-2 cladding dimensions were veried to obtain
the desired diametral clearances while keeping the wall thick-

ness constant at 0,032 inches and the UO2 pellet diameter con-

stant at 0,430 inches.




The various initial cold diametral gaps used in the fuel
rods also resulted in different UO, fuel surfaces and
center temperatures allowing the fFactional fission gas
reseane from U0, te be measured at different average U02
fuel temperaturds.

Two capsules, A2 and A-4, were irradiated in the WIR,
Table 3 summarizes the parameters used for the design of
the fuel rods for the two capsule irradiations.

b |

8. o 1

Capsule A-2 was designed primarily to evaluate UO,
thermal expansion relative to the Zircaloy-2 cladding
with different initial pellet-to-clau gaps. The three
fuel rods contained a 38 inch long colums of U0
pellets. The fuel enrichment was varied along Ehe
length of the fuel rods to maxi~ize the length of fuel
operating at high temperatures,

All VO, pellets used were right circular cylinders 0.&;0
inches“in diameter with a nominal density of 10.) g/em
(94% of theoretical). The inside and outside diameters
of the Zircaloy~2 cladding were varied to obtain the
various teld diametral gaps; however, the cladding wall
thickness was maintained at 0,032 inche« in all cases,

b. Az4 Cepsule Design

Capsule A-4 was designed primarily to evaluate the
fission gac release from sintered U0, in fuel rods
operating with high Uo2 cenier temperatures.

The various initial cold diametral gaps used would result

in different V0, fuel surface and center temperatures.
The fuel rod co&!i;utation used was a Zircaloy-2 tube
containing a column of seven U0, pellets, 0.860 inches
long, giving a fuel length of uiout 6 inches. A 0,100
inch axial gap was provided in the fuel rods to accom~
modate any axjal expansion of the UO2 pellet column
relative to the c¢ladding.

Capsule A-4 contained four fuel rods with fuel of the

same entichment. The fuel rods had the same initial
pellet-to-clad gaps as the A-2 capsule fuel rods.
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Table 1x-3
SUMMARY OF FUEL CAPSULE TRRADIATION EXPERIMESNT PARAMETERS

8-XI

Eominal
Inftial Peak Puel Bod Fuel Rod Maximus Surface Heat
Capsule Puel Rod Puel Column Puel Diametral Power Leve] Sominal Flux et Fuel Rod
Fumber Fumber __lLeagth Enrichment  Clesrance {Actual } 0.9. 0.D.
By 3
x 10
inches $ U-235 inches  Kw/ft  W/esm Inches  hr re°
A2 2-1 38 Variable 0.002 i9.0 626 2.456 98
Along
0.006 .0 k -
2-2 ¥ Length 19 62 0.500 w55
2.3 8 5.7 to 0.012 19.0 62% 0.506 wBR
'c”
A-b LB s b5 0.c02 2.2 27 0.406 s50
k.2 [ bS 0.006 2.2 727 0.500 5T6
a3 . .S 0.012 2.2 ™ 0.506 s6R
Lok [ S, 0.012 22.2 127 0.506 568

Bote: uoz pelliets 0.430 inch Aisseter, nominal 0T dense, 0/U ratioc 2.00 - 2.0}
ir-? clasdding dimensions varied toc give icitial diametral clesrances




Post lrradistion Examination

After irradistion the A-Z and A-4 capscle fuel rods vere
examined Iin the WIR hot cells.

The capsules were dissssembled and the fuel rod semples
removed., Dismeter and overall length measurements wer:
taken on all the fuel rod samples to detect any deformation
of the 2ircaloy-2 cladding which may have occurred becausc
of interaction with the UO2 or because of internal gas pres-
sure a8 the result of high“fiesicn gus relesses,

o Capsule A-2 FPuel Red Dimensiopsl Measuresenzs

The post irredistion dismeters of the three A-2 capsule
fuel rods were measursed st various positions along the
lengthe of the fuel rode. The averall fuel rod lengths
vere aleo measured, Teble & summarizes the diameter
snd length messurements made on the A-2 capsule fuel
rods.

Within the accurscy of the measurements no significant
diameter or length changes occurred during the irradia-
tion of fuel rods A~2-2 and A-2-3 which had initial cold
diametral clesrances betveen the UO, pellets and the
Zircaloy~2 cladding of 0,006 and 0.612 inches, respec-
tively.

in the case of fuel rod A-2-1, which had an initial cold
diametral gep of 0,002 inches, fuel rod dismeter increases
vere found near the lower end of the fuel rod and some
elongation of the fuel rod has occurred.

The Zircaloy-2 cladding used to fabricete this fuel rod
had an inside diameter of 0.432 inches and 0,032 inch
nominal wall. The VO, pellets used in all fuel rods vere
0.430 inches in diameler.

These diameter changes are attributed to deformation of
the 2r-2 cladding by the UO, pellets as they thermsliy expanc
radially against the claddt&;.
Puel rode with an initial 0,006 inch coid diametyal gap or
greater showed no measurable diameter change when irindiated
at comparable powver levels.
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Table IX-4
DIAMETER AND LENGTH MEASUREMENTS OF FUEL ROD SAMPLES FROM CVIR CAPSULE A-2

Uai
Length Ower Entire

Post

Irftial

Cold
Dismetral

_Lengths ¢ 0.0C2

Puel Rod
Pre-

of Leagth
In. = 3073

(3} Ower 20-

Ia.

Oweraill

Poet-

Irredistion Irrsdistion Change  Lengts

Change
in
Dismeter

e ——

200005

2)
Pre Precision

9

I

m.g

a9”"
of leagth Io. of leagtk

Ie.

(in.)

{iaches)

mils inches ({inches)

{1a.)

(3n.)

(taches )

I1X-10

o.%7

0.%3

«5.017

50960

A-2-1
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k0. 959

85955

BREt
799 ¢

o N

T49¢

gail

b

L . »
coon

T

- c.o0f

2.15

0971

&0 95

ik
2¢¢°
- N

iqge

i

L

4 4 4 "

A-2-3

1141

1333
TE%%
BEss

333:
it

“2RAR

Wi

I

oo &

measuresent both pre- and post-irradistion, two readings were taken 90% spart.

listed ie the average of bdoth sessuresents.

()
(2)

1lets and Tircalcy-2 cladding in fuel rod A-2-1 vas great ancugh to
formation over about 20 inches of length.

-

e-trl:l-dcw:‘
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b. Capsule A-4 Fuel Rod Dimensional Measurements

Table 5 summarized the diameter and length measurements
made on the A~4 capsule fuel rods.

Within the accuracy of the measurements, no significent
dimensional changes were noted except in the case of
fuel rod A-éel which had an initial 0.002 inch cold
diamet.al pellet-to-clad clearance. The diameter of
this fuel rod increased slightly due to the radial
thermal expansion of the uoz pellete againat the clad~
ding.

¢. Metallography of Puel

Selected cross sections of U0, samples taken from the
A-2 and A~4 capsule fuel rode were pressure mounted in
an epoxy resin for subsequent metallographic preparation.
The radius corresponding to various micro-structural
features of the V0, such as equiaxed grain growth and
columnar grain 1n13r|atlon vas measured to establieh
radial temperature profile.

No evidence of melting in the V0, can be seen in any of
the samples irradiated in the A-i and A-4 capsules.

Conclusions

The results from the A-2 and A-4 capsule irradiation experi-
ments enable some general conclusions pertaiiing te the dosign
of sintered UO2 fuel rods.

The results obtained from the examination of the Zircaloy~
2 clad VO, fuel rods indicate that extended operation &t
fuel rod power levels of 18-22 kw/ft can be achieved with-
out failure or fuel rod dimensional changes if the initial
fuel-to~clad gap is large enough to accommodate the
relative radial expansion of the U0, fuel against tre
cladding. The initial diametral gaP between the UO, and
the cladding selected for the Saxton rods will not ic.ult

in cladding diameter increases due to thermal expansion
of the V0.,
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c.

LRD IN-PILE TESTS PROGRAM IN THE SAXTON REACTOR

1. Genersd

The purpose of this program has been:

a) To perform in-pile proof tests to verify technical
feanibility of prototype designs, materials, and fabrica-
tion variubles proposed for use in a large plant chemical
shim environment, and

b) teo perforu fuel and cladding experiments aimed at
reducing overall fuel cycle and plant costs.

A series of subassemblies, which in most caser vepresents a
combination of these chjectives, has been iremdiated in che
Saxton Reactor. The present status of each vxperiment and
significant results to date are detailed in Teble 6.

In the subsequent oocttgs)tfs)por!er-onco of Zircaloy clad
fuel rods is examined,

2

Teble 7 summarizes the Zircaloy pouction of the LRD irradie-
tions program,

The type of Zircaloy used as cladding material, the peak
power level and the peak burtup are reported {or each
experimental fuel rod.

Pl koo Lo Sauen Senties 0 lulenst

Evaluation of the in-pile performance of the Zircaloy clad
fuel rods irradiated as part of 3x3 subasssembly No. 503-4~
23 was completed in the period April-June 1965. Two as~
pickled and three autoclaved pre-oxidized Zircaloy clad

fuel gods designed to operate ar 1o kw/ft (530,000 BTu/
hr=ft") were irradiated. The rode operated as part of the
Saxton core for & total of approximately 58 effective full
power days at a maximum clad surfuce temperature of 640°F,
During this time the rods achleved a hurnup of approximately
3000 MWD/MTU.

1X~13
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The main purpose of the experiment was to determine the
effect of preirradiation surface tieatment on Zircaloy-
clad fuel rods when exposed to nucleate boiling heat

transfer conditions in & chemical shinm PWR environment.

The post irradistion examination indicated satisfactory
in-pile performance of both the pre-oxidized and as~
pickled fuel rods irrespective of surface treatment prior
to irradiation, No dimensional changes or abnormalities
were observed on the fuel rod surfaces,

Visual examination of the intentionally defected
Zircaloy clad rods war completed at the Post Irradistion
Facility hot cells. The examination yielded the follow-
ing observations:

1 No fretting was observed,
2) Crud deposition was very light.

3) No indication of attack of the cladding or
fuel was observed in the vicinity of the defect.

Therefore, even if a defect were to occur no further
undesirable problem, such as defect enlargement, clad
bursting, etc., is expected.

Saxton Special 9x9 Assembly No. 503-10-1

The operating characteristice of this assembly are shown

in Table 7. In-core examination was succesnfully performed
with the aid of a boroscope upon completion of the crud

test, The assembly has experience approximately 8000 MWD/
MTU. No indication of failure, cracking, or attack of

either the Zircaloy or stainless steel cladding was observed,

-ht

The operating data are shown on Table 7., The present
general appearance of the subassembly is satisfactory. No
fretting, cracking, or attack of the grid or cladding mate-
rial was observed.

1X~16
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SAXTON SPECIAL 2xi STAINLESS STEEL FUEL RODE SUBASSEMBLY
NO. 503“9”1

Four fuel rods have operaved wuccessfully in the Saxton core at a
peak power rating of 2% “w/ft to a Lurnup exceeding 6500 MWD/MTU,
There was no indicatien of cracking or ewelling of the clad and
the overall appesmiance of the rode wvas excellent.

NFASA-PLUM BROOK REACTOR-MIGH POWER<HIGH BURNUP~IRRADIATION PROGRAM

U0, fuel capsules ave eing irvadisted in the NASA - Flum Brook
Redctor as part of the High-Power, High-Burnup Irradistion Program,
Fuel pins containing 0,300 inch diameter pellets 962 dense with &
& inch fuel column are clad in Type 304 stainless steel. The cap-
sules ore being {rrailated at mean linear heat ratings of 20 to &7
kw/ft, to a mavimum burnup of 80,000 MWD/MIU. Four capsules have
been irradiated to 10,000 MWD/MTU st & peak power rating of 49.6
hw/ft. Three of these capsules experienced no clad deformation
even though \hey were exposed [or a long time at a very high power
level causing large fragmentation in some fuel pellets end center
cavities with a diameter as large as 20X of the fuel diameter in
others. All of the tvel nellets had experienced center melting.

(7)

In the fourth capsule, over 75% of the cross sectionsl area of the
pellets melted due to exposure at extremely high power levels.

Fart of the clad melted (possible because molten uranium was momen-
tarily in coatact with the cladding). The center of the pellets
shifted about 13% ol the fuel radium toward the molten clad zone
and an internul cavity, whose diameter was about 45% of the fuel
diameter was ‘ormed. However, nu expulsion of uranium into the
coolant or excessive clad deformation occurred.

Three other capsules were irradiuted in the Plum Brook Reactor in

@ progrem decigned to unaoy" the thermal conductivity of U0, at
tanperatures up to 2300°C, The U0, fuel columns were 6-1;2 inches
leng and 1-1/4 inches in diameter, Tﬁoy were successfully irradiated
at rod powers of 22-25 kw/ft.

FUL PIN IRRADIATION IN THE GETR

Four vibratory compacted and two pelleted fuel pine veEs successfully
irradlated in the GETR at peak rod power of 21 kw/ft. The pins
weie 5,2 inches long, had an active fuel Jiameter of 0,56 inches and
wei o J04 stainless steel cladded. The pelleted UO2 was 885,31 dense
vii. the vibratory compacted UO2 was from 80.4 to"86.7% of thecreti~
¢l density, Residual diametral“expansion was observed in both
pellet rods, which had extremely small diametral gaps of 9,001 inch,

I1X-17



However, no diametral increase was observed in the vibratory
compacted rods, operating at comparable power ratings., The
difference is attributed to the ability of the vibratory compacted
fuel to utilize internal volume space to compensate for thermal
expansion,
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