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HIGH PERFORMANCE BWR ZIRCALOY-CLAD U02 FUEL 

RESPONSE TO AEC QUESTION 8.6 

The proposed fuel operating <;onditions for Units 2 and 3 reflect linear power generation rates and exposures higher than 
those experienced previously in BWR plants. A review of available experimental data* indicates inadequate justification to 
support the combinations of fuel linear power generation rates and exposures requested considering both normal and 
anticipated transient modes of operation. Please discuss this matter in detail including considerations for developing sufficient 
data and possible operating limits that may be included in the Technical Specifications for assurance of fuel integrity under 
normal and anticipated transient modes of plant operation. (* APED-5608 and Amendment 22 for the Oyster Creek facility.) 
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1. INTRODUCTION 

Water cooled reactor fuel experience and testing over the . 
past several years have provided the technology for 
continued evolution of fuel designs of increased thermal. 
performance and exposure capability. This increased fuel 1 

performance capability in conjunction with other techno- . 
logical advances has been applied to advantage in modern 
boiling water reactor plants by increases in the design core 
power density to the range of 40 to 51 kW/liter. The corre
spondent performance conditions for the fuel are a peak 
thermal power for normal continuous operation of 17 .5 to 
18.5 kW/ft (linear hea't generation rate) (LHGR) and a de
sign peak exposure of-45,000 MWd/MT. 

This report presents an up-to-date review of General 
Electric and non-G.E. experience and developmental data. 
It will be shown that the area of technology demonstrated 
by irradiations of Zircaloy-clad U02 fuel rods and pins in 
reactors, loops, and capsules goes beyond the combination 
·of fuel rod power and exposure that will be experienced in 
Dresden 2 and other modern boiling water power plants not 
only for normal continuous operation, but also for antici
pated power transients. A larger quantity of data at these 
combinations of fuel rod linear power and burnup wiJI 
become available in the future but the recorded successful 
irradiations demonstrate that not only safe but reliable fuel 
can be design~d for Dresden 2 and other modern boiling. 
water reactor conditions. 

The test irradiations which extend up to and beyond the 
proposed Dresden 2 (D-2) and Browns Ferry 1 (BF-1) fuel 
operating conditions are supplemented by a large volume of 
successful experience on Zircaloy-clad U02 production fuel 
operated in G .E. boiling water reactors. This experience 
forms an important base for current fuel designs. First, it 
demonstrates G.E. capability to manufacture production 
quantities of fuel with appropriate skill and quality control. 
Second, and technologically more important, all of this 
experience has been accumulated on fuel rods very similar 
in design to current fuel and operated in essentially the 
same coolant environmlfnt (pressure, temperature, and 
chemistry). The principal changes in fuel configuration 

· made betWeen the first fuel rods placed in service in 1960 
~d the higher performance fuel going into plants today 
have been conversion from segmented to full length rods 
and increased void volume in the rods for uo; expansion 
and fission gas release associated with longer design 
exposures and higher thermal pedormance. Additionally, it 
is inherent in the G.E. BWR, which operates at"" 1000 psig, 
that the coolant temperature does not exceed "" 550°F, 

even in the hottest channel at overpower; and increases 
achieved in fuel thermal performance do not result in 
increased coolant temperature. 

The proposed operating limits for fuel rod power are 17 .5 
kW/ft (LHGR) (in fresh fuel) for the Dresden 2 class of 
reactors (e.g., Dresden 2 and 3, Quad Cities 1 ~nd 2, 
Millstone) and 18.5 kW/ft (LHGR) (in fresh fuel) for the 
Browns Ferry class of reactors (e.g., Browns Ferry 1, 2 and 
3; Peach Bottom 2 and 3; Vermont Yankee; etc.). During 
worst anticipated transients, resulting from equipment mal
function or operator error, overpower linear heat genera
tion rate can reach peak local values as high as 20 to 22 
'kW/ft in fresh fuel (<18.0 kW/ft in highly depleted fuel). 

Fuel damage is defined for design purposes as perforation 
of the cladding which permits release of fission products. 
There are two primary mechanisms which may cause fuel 
damage in reactor transients: 

1. Severe local overheating of the fuel cladding caused by 
inadequate cooling. 

2. Fracture of the fuel cladding due to excessive strain 
resulting from relative pellet/ cladding expansion. 

Fuel damage due to local overheating of the fuel cladding is 
conservatively defined as the onset of the transition from 
nucleate to film boiling; i.e., minimum critical heat flux 
ratio (MCHFR) equal to unity. However, based on CHF 
data, fuel damage is not actually expected to occur until 
well into the film .boiling regime. The conservatism iii the 
definition of this damage limit is well documented in 
existing BWR safety analysis reports. 

A value of 1% plastic strain of Zircaloy cladding is 
conservatively defined as the limit below which fuel damage 
due to overstraining is not expected to occur. Available 
data indicates that the threshold for damage in irradiated 
Zircaloy cladding is in excess of this value. The linear heat 
generation rate (LHGR) required to cause this amount of 
cladding strain is approximately 28 kW /ft in fresh fuel and 
approximately 22 kW/ft at a local exposure of 40,000 
MWd/MT. 

Fuel and core design criteria are conservatively defined to 
assure that sufficient margin exists, between the steady
state operating condition and the damage limit linear heat 
generation rate, to accommodate the worst anticipated 
transient without experiencing fuel damage at any time in 
life; 



·• 

• 

Dresden 2,3 

The experience and data presented in the body of this report will 
demonstrate that: 

1. BWR Zircaloy-clad UO pellet fuel can be operated with a high 
degree of integrity at the proposed power 17.S or 18.S (kW/ft) 
and exposure 45,000 (MWd/MT) rating. 

2. There is sufficient margin between the steady-st~te operating 
condition (operating limits), and the damage limit linear heat 
generation rate to accommodate the worst anticipat~d G.E. BWR 
reactor transient without the occurrence of fuel damage. 

.~'v 
1-2 

3. The basic models employed in the design of G.E. BWR Zircaloy-clad 
U02. pellet fuel embody a. substantial degree of conservatism, 
confirming the inherent ~onservatism in the G.E. fu~l design. 

The. broad base of General El~ctric product~on experience supplemented 
by the extensive development data with Zircaloy-clad uo 2 pellet fuel 
reported in this amendment demonstrates the capability for not only 
safe but reliable operation of G.E. designed boiling water reactor 
Zircaloy-clad U02 fuel ai the power (kW/ft) and exposure (MWd/MT) 
ratings of the Dresden 2 class of reactors. However, additional data 
and experience will become available within the next five years from 
G.E. designed production fuel and from the continuing development 
programs described in this report • 

Additional production fuel operating experience will be derived from 
reload fuel operating in the Dresden 1, Senn, Humboldt Bay and Big 
Rock Point power plants as well as the initial fuel now operating in the 
KRB and Tarapur power plants and plans for the Oyster Creek, Nine Mile 
Point.and Dresden 2 ~lass of reactors. As in the past, G.E. will 
monitor the performance of production fuels. Continued detailed 
examination of selected ass~mblies will he perform~d to develop new 
information; for example, examination of "leakers" and assemblies 
which have operated at performance conditions beyond present production 
experience. The scope of examinations will be evolved on the basis of 
observation of plant performance and observation of individual fuel_ . 
assembly characteristics during normal refueling outages. Examinations 
will be contingent on the availability of plant facilities as influenced 
by plant operating requirements. Specific technical questions indicated 
by site examinations may have tq be resolved by destructive examination 
of selected £uel rods at RML facilities. 

Lead experience at high exposures and high power/exposure combinations 
on production fuel is expected to be obtained from reload fuel in the 
Dresden 'l, Humboldt Bay and Big Rock Point reactors. 

The operation of Types IIIB, IIIF and V fuel bundle is continuing in 
the Dresden 1 reactor. The performance of this fuel to date is 
described in this report. 
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The Humboldt Bay Type III reload fuel has been designed to operate. 
to 16.8 kW/ft peak linear heat generation rate at the beginning of 
life with peak end of life exposures as high as 40,900 MWd/MT. The 
warranted average exposure for this design is 20,500 MWd/MT with 
peak bundle exposures to 24,000 MWd/MT to be .achieved with approximately 
four years core residence. This fuel is loaded in the Humboldt reactor 
with initial oper~tion in July 1969. 

The Big Rock Type E (also EG) reload fuel design has been designed 
to operate to 17.7 kW/ft peak linear heat generation rate and a 
maximum local exposure of 34,000 MWd/MT (41,000 MWd/MT for EG). 
The expected average exposure for this fuel design is 16, 500 ~fWd/MT 
(22,000 MWd/MT for EG) to be achieved with approximately four years 
core residence. The fue 1 was ini ti ally loaded- ln July 19 6 8 '(EG loaded 
May 1969). Achievement of full power on this fuel is currently 
restricted due to high copper content crud deposition. ITradiation 
of this fuel will continue over the next four to five years. 

Developmental fuel capsule irradiations are continuing in GETR to 
investigate the effects of long-term irradiation and high power on 
fuel load characteristics to provide a basis for e~pected future 
extensions in fuel technology. 

The irradiation of the SA-1 fuel bundle is continuing andretailed 
examination, of ~elected fuel rods will continue to provide data from 
high exposure operation of a prototype fuel design. 

G.E. will continue to include in its analysis of fuel performance the 
information available from both G.E. and non-G.E. programs including 
experience obtained in op~rating water-cooled reactors. Appro~riate 
response will be ·made to any information which bec~mes available 
in the industry, which indicates that the present fuel design bases 
of the Dresden 2 class of reactors are not adequately conservative. 

The continµal monitoring of production fuels and conduct of development 
programs ar~ not required to confirm the safety and reliability of the 
present design, but are to provide the technological base for exp~cted 
future extension of fuel performance capabilities. 
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2. SUMMAR.Y-PROPOSED PERFORMANCE/APPLICABLE EXPERIENCE 

In considering the proposed fuel performance relative to 
available experience, it is important to recognize that the 
proposed operating limits do not represent the anticipated 
long term continuous operating conditions. It is expected 
that the peak operating limits of 17 .5 and 18.5 kW /ft for 

. the Dresden 2 and ·Browns Ferry 1 class of reactors, 
respectively, will be experienced by individual fuel rods at 
different times du~ing each operating cycle. However, the 
majority of the fuel elements in a reactor core will never 
achieve this condition and the long term average power 
condition for the peak power pellet will only be in the 
range of 7 to 12 kW/ft (LHGR) over the entire life of a fuel 
element. Less than approximately 1% of the fuel elements 
in a core will, at a given time, experience the design peak 
operating condition of 17.5 kW/ft (LHGR) for the Dresden 
2 class of reactor arid 18.5 kW/ft (LHGR) for the Browns 
Ferry 1 class of reactors. This point is illustrated by Figures 
2.1 and 2.2. Figure 2.1 gives total core cumulative 
distribution of the percent of fuel rods with a peak linear 
heat generation rate greater than a given value for a given 
point in time for the Dresden 2 reactor. 

Figure 2.2 gives a similar representation for the maximum 
power assembly in the Dr~sden 2 reactor with. a peak 
steady-state linear heat generation rate (LHGR) of 17.5 
kW /ft. For comparison Figure 2.2 also · shows the 
anticipated peak transient performance and the average 
steady-state performance of the peak power pellet in a fuel 
rod. Both figures graphically illustrate . that a small 
percentage of fuel rods will experience the peak operating 
power level at any time. It can be seen from Figure 2.2 that 
even in peak anticipated transient condition only one-third 
of the fuel rods in the peak power assembly will have a 
peak LHGR ~17.5 kW/ft and more than three-fourths of 
these fuel rods will have a peak LHGR which does not 
exceed the limit of G.E. production fuel experience; i.e., 
less than "'16 kW /ft. On the average the peak power pellet 

will operate considerably below the design steady-state 
·peak (Figure 2.2) due to changes in power distribution 
(control rod pattern changes) and changes in power level 
throughout life. 

Figure 2.3 with overlays shows a plot of the predicted 
performance of the maximum power operating pellet in the 
core (both peak and average operation for the peak pellet) 
versus exposure. It can be seen that the peak and average 
power generation rate of the peak pellet decreases with 
exposure due to depletion. The operating experience with 
G.E. developmental fuel rods and non-G.E. fuel rods is 
'Shown for comparison on the two overlay plots. One 
overlay shows data for normal length fuel rods and the 
other shows data for capsules. The G .E. experience with 
operating production fuel and some of the non-G.E. data 
have not been shown on Figure 2.3 due to the great amount 
of data involved. However, all data are discussed in detail in 
Section 4 of this report. The G .E. production fuel 
experience covers the range of linear heat gener~tion rates 
up to "'16 kW/ft with maximum exposures as high as 
33,000 MWd/MT. When all G.E. production fuel types are 
considered a total of more than 218,000 Zircaloy-clad U02 
fuel segments have been operated. The comparison of 
Figure 2.2 graphically illustrates the fact that present 
available experience with high-performance BWR 
Zircaloy-clad U02 fuel is sufficient to support the 
feasibility of safe and reliable operation in the 17 .5 - 18.5 
kW/ft range. 

The anticipated peak transient power and the 1% clad strain 
damage limit are also shown in Figure 2.3 to graphically 
illustrate the margins between anticipated operation and 
damage and to demonstrate that the available 
developmental fuel experience spans the range of 
conditions of both anticipated operation and the damage 
limit. 
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3. CONCLUSIONS 

The experience and data presented in this report demon
i;trates that BWR Zircaloy-clad U02 pellet fuel can be, and 
G.E. fuel has been, designed to operate with a high degree 
of integrity at the proposed power (kW/ft) and exposure 
(MWd/MT) ratings. The current G.E. BWR Zircaloy-clad 
U02 pellet fuel design and operating limits have been estab
lished based on extensive experience as provided herein, 
using design models which are shown herein to exhibit a 
high degree of conservatism over the full range of antici-. 
pated performance conditions. It is further demonstrated 
that the calculated damage limit is a conservative repre
sentation of actual clad strain fuel damage which might be 
experienced in reactor. The margin between the proposed 
peak steady-state operating linear heat generation rate and 
the clad strain damage LHGR is shown to be great (-50%) 
and roughly constant throughout life. Comparison is made 
between the damage limit and the peak anticipated tran
sient Hnear power to further demonstrate the adequacv of 

the thermal margins. The reliability of production mate
rials, fabrication process, and quality control procedures is 
verified by the large volume of satisfactory production fuel 
experience in operating boiling water reactors. 

Irradiation of developmental fuel is continuing in order to 
provide a basis for expected future extensions in fuel tech
nology. The data derived from these programs, as well as 
the operational history of BWR 's placed in service prior to 
the operation 1967 product line plants, will provide addi
tional confirmation of the present design bases. However, 
sufficient experience and data are presented herein to sup
port the conservatism i.n the clad strain damage limit and to 
show that BWR Zircaloy-clad U02 pellet fuel of the current 
G.E. design can be not only safely, but also re~iably oper
ated to the proposed power (kW/ft) and exposure 
(MWd/MT) ratings for the Dresden 2 and Browns Ferry 1 
class of reactors with a high degree of cor · ·'Ice. 
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4. EXPERIENCE 

The fuel operating limits and the fuel damage limit for 
current G.E. boiling water reactor (BWR) · Zircaloy-clad 
U02 pellet fuel designs have been 'established based on 
operating experience and experimental data covering the 
complete range of design power and exposure levels. This 
experience has been used in establishing design features and 
in the analysis of performance characteristics. The 
following subsections (4.1, 4.2 and 4.3) present an up-to
date review of current and past experience with high 
performance BWR Zircaloy-clad U02 pellet fuel from both 
G .E. and non-G .E. sources which is considered pertinent to 
the support of the 17.5 to 18.5 kW/ft fuel operating limit 
and 28 kW/ft (fresh fuel) fuel dan.iage limit. 

4.1 GENERAL ELECTRIC EXPERIENCE WITH 
OPERATING PRODUCTION FUEL 

Table 4.1 presents a summary of G .E. boiling water reac
tor (BWR) experience with currently operating Zircaloy
clad U02 pellet fuel. Overall, more than twelve production 
fuel types have been designed, manufactured and success
fully operated in eight General Electric-designed power 
operating BWRs. When all G .E. production fuel types are 
considered,* a total of more than 218,000 Zircaloy-2-clad 
U02 fuel segments have been operated, with assembly 
average exposures as high as 22,800 MWd/MT and peak 
local exposures in excess of 33,000 MWd/MT. Out of this 
number of segments less than 0.5% have experienced failure 
due to wall perforation. Peak linear heat generation rates 
(LHGR), from approximately 10 kW/ft to approximately 
16 kW /ft have been achieved with this production fuel. 
Individual fuel assemblies have been successfully operated 
more than 9 years in-core residence. In comparison, the 
current designs have the following proposed operating 
characteristics: 

17.5 - 18.5 kW/ft maximum LHGR (operating limits) 
- 45,000 MWd/MT maximum local exposure 
30,000 MWd/MT maximum assembly exposure 
4 - 6 years in-core residence time 

*Only currently operating fuel is given in Table 4.1. 

The basic features ·of the current fuel design have evolved as 
a consequence of the satisfactory performance of the 
Zircaloy-2-clad fuel in general, coupled with data from 
General Electric development programs and data derived 
from the examination and analysis of the few failures which 
have been observed. Fuel rod diameters in the range of 
0.425 inch to 0.567 inch o.d .. with cladding wall thickness 
from 30 to 35 mils and pellet-to-clad gaps from 3 to 10 mils 
have been used in production fuel. Active fuel column 
lengths have varied from 59.8 to 130.0 inches with fission 
gas plenum volume per unit of fuel volume from 0.013 to 
0.100. ln comparison, the currently proposed designs for 
the Dresden 2 and Browns Ferry reactor types have the 
following design features: ' 

0.563 inch 
0.032 inch 
11-12 mil . 

· 144 inch . 
0.08-0.11 fraction 

. . . . . . fuel rod o.d. 

.cladding wall thickness 

. . . . pellet-to-clad gap 

. . . active fuel lengths· 
. fission gas plenum volume 

per unit of fuel volume 

The increa8ed pellet-to-cladding gap and fission gas plenum 
volumes have been provided to accommodate the increased 
fuel expansion and fission gas release attendant to the 
higher power and exposure performance proposed for these 

fuel designs. 

The range of performance conditions and .design features 
has been further extended in General Electric develop
mental programs to fully cover the range of proposed oper
ation for current designs (Section 4.?). 

Dresden Nuclear Plant (DNP) Unit 1 

Dresden Nuclear Plant Unit 1 provides the largest body of 
operating experience on Zircaloy-clad production fuel. The 
lead Dresden Unit. Type I fuel assembly has been operating 
in-core for more than 9 years and has accumulated an 
average exposure of 22,800 MWd/MT with an estimated 
peak segment exposure of 33,000 MWd/MT and peak 



Table 4.1 
SUMMARY OF EXPERIENCE ON OPERATING PRODUCTION FUEL 

ZIRCALOY-CLAD U02 PELLET FUEL 

Exposureb Fission 

MWd/Mt Peak Fuel Pellet-to- Active Gas Plenum Number 
Pellet/ Time Max Heat PeakLHGR Rod Clad Clad Gap · Fuel (Volume Seg-

Average In-Core Fluxa,f (kW /ft) Dia. Thickness (Nominal) Length Per Unit men ts 
Assembly (Years) (Btu/hr-ft) a, f (in.) (mils) (riiils) (in.) Fuel Vol) or Rods 

Dresden Tvoe lg 33,000/22,800c 9.0 350,000 15.2 0.567 30 3 106.5 0.013 144 
Dresden Type IDB 26,200/14,000 4.7 360,000 15.4 0.555 35 7.5 109.0 0.040 5,868 
Dresden Type IllF 23,900/13,800 3.7, 360,000 15.5 0.5625 35 10 108.25 0.048 3,360 
Dresden V 13,300/6,000 1.7 360,000 15.5 0.5625 35 10 108.25 0.048 3,816 
Garigliano Type I 21,000/11,000 5.7 252,000 10.3 0.534 30 5 105.7 0.031 25,276 
Garigliano Type II 3,700/2,290 0.5 320,000 14.6 0.593 37 li 107 0.030 3,456 

~ KAHL · ~0,500/14,5ooh 7.6 296,000 13.0 0.569 33 5 59.8 0.017 1,368 ~ 
QI) 

Humboldt Type II 19,300/9,500 3.3 325,000 12.1 0.486 33 10 79.0 0.043 8,281 Q... 
~ 
:s 

KRB 12,900/7,500 2.4 367,000 15.8 0.5625 35 10 130.0 0.058 13,140 ~ 
JPDR 7,600/3,520 0.52 205,000 13.0 0.557 30 5 56.75 0.100 5,400 w 
Consumers 

BRP-B 26,500/17,000 3.0 434,000 15.0 0.449d 34 8 70.0 0.048 3,630 
BRP-E 7,200/3,450 0.75 410,000 17.7 0.5625 40 11 70.0 0.048 3,630 

Tarapur 0.1 365,000 15.8 0.5625 35 10.5 144.0 0.059 27,832 
Current SWRe 45,000/30,000 5.0 428,000 18.5 0.563 32 11 144.0 0.11 18,032 

a At rated power 
b As of March 31, 1969, except where noted otherwise 
c Lead Type I Assembly 
d 109 rods with 0.449 inch diameter, 12 corner rods with 0.344 inch diameter 
e Typical design as opposed to proven performance in preceding entries 
f License Limit 
g 100 assemblies (14,400) segments discharged January 1, 1967, with average exposure of 12,600 MWd/Mt. 

h As of August 31, 1968 
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LHG1'Cof 15.2 kW/ft*. At the 1967 refueliiig of DreSderi; 
14,400 segments of this type fuel were discharged with an 
average exposure of 12,600 MWd/MT. 

Overall the Dresden Type I fuel experience has been very 
successful. Extensive "sipping"** and visual inspection of 
indicated "leake.rs''** have shown failures*** in only 22 · 
segments out of the total 77 ,184 Zircaloy Type I segments 
operated in Dresden 1 since 1960 (< 0.1% failures). Ten of 

· these failures occurred during the first two operating cycles 
(4-60 to 4-64) and 12 occurred during the fourth operating 
cycle (5-65 to 2-67). 

Five of the failures in the first two fuel cycles were due to 
accelerated local corrosion. The Type I fuel 1tladding was 
not stress relieved. During reactor operation, the relaxing of 
the residual stress permitted the corner fuel rod to bow and 
touch the channel wall. Coolant flow was locally restricted 
and the cladding temperature increased sufficiently causing 
the cladding to fail due to accelerated local corrosion. 
Stress relief of the cladding and use of .the through-rod 
instead of the segmented rod design in subsequent fuel has 
prevented the reoccurrence of this type of failure. 

The second set of five failures in the first two fuel cycles 
was due to cracking of the cladding from internal corrosion. 
If a fabrication defect is initially present in a fuel rod, water 
will penetrate the rod leading to internal corrosion of the. 
fuel rod. The corrosion products by their volume can strain 
the clad to cracking after extended periods of operation. It 
is believed in the case of these five Dresden Type I seg
ments, that water entered the fuel rod through stringers in 
the end plugs. ·Improved end plug bar stock quality and 
discontinuance of the end plug design susceptible to 
stringers (female screw connector) has eliminated this par
ticular type of clad perforation. 

The failures in the 12 segments that were observed after the 
fourth cycle appear to be similar to earlier ones. These 12 

'tion of the core to ahoui iWlce design exposure. The tail-. 
ures are attributable to features which have been improved 
and corrected in present designs. The fuel was beyond de
sign e~posure; inadequate void space for fuel expansion and 
fission gas release for the service conditions experienced has 
been deduced as the cause of most of these failures. The 
effectiveness of the design changes made to eliminate the 
failures observed in Type I fuel has been demonstrated 
by the absence of failures in Type III and Type V fuel, 
which is operating to longer average exposures at more de
manding thermal performance conditions. Dresden Unit 1 
fuel Types IIl-b, III-£ and V are essentially prototypical of 
current BWR fuel. Type III fuel assembly average exposures 
up to 16,700 MWd/MT with peak linear heat generation 
rate (LHGR) of 15.4 kW/ft have been attained. Type V fuel 
assembly, average exposures of 9,200 MWd/MT, with peak 
exposures in excess of 13,000 MWd/MT and a peak LHGR 
of 15.5 kW/ft have been attained. Operation of the Type 
ID-b, 111-f and V assemblies is continuing. 

Out of nearly 400 Type IIl-b, III-£ and Type V Zircaloy
clad U02 pellet reload fuel assemblies operated in Dresden, 
five have been classified as leakers. Underwater inspection 
of four of these ~vealed no fuel rod failures. The fifth was 
found to have cracked at the bottom endplug weld in one 
of the rods. Manufacturing defects was concluded to have 
caused these leaks. The five leakers in 400 assemblies could 
result from imperfections in five out of 13,000 fuel rods(< 
0.1% defects). A few manufacturing defects should not be 
unexpected in any production quantity fabrication process. 

. Based on experience. with intentionally defected rods in the 
BWR, the fission product activity released during operation 
from a manufactu~ng type imperfection is so low as to be 
of virtually no con8equence. However, extended exposure 
in the defected condition may lead to further clad perfora
tion by splitting. The incidence of manufacturing leakers in 
other fuel loads has been even lower. 

* The peak linear heat generation rates (power) indicated in the text and Table 4.1 are the license allowable values. They 
do not represent average operation, but probable peaks during continuous operafutg conditions. 

. ** 

*** 

A "leaker" fuel assembly is identified by "sipping," or sampliiig the water surrounding an individual fuel assembly. If 
analysis of the sipped water indicates fission products are leaking from one or more fuel rods, the assembly is classified 
as a "leaker." 1\ failed fuel assembly, on the other hand, is a "leaker" in which the source of fission product release has 
been located and identified as a clad wall perforation. 

A "failed" fuel assembly, as used in this report, is one which contains at least one fuel rod with a perforated clad wall. 
When used in this sense, a "failed" fuel assembly can even be one which has been operated beyond design exposures or 
power generation rates. 
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Garigliano (SENN) 

There are a number of fuel types currently operating in the 
Garigliano reactor. The Garigliano Type I fuel has accum
ulated the highest exposures with 25,276. segments 
currently operat.ing with an ayerage exposure of 11,000 
MWd/MT and a peak local exposure of 21,000 MWd/MT. 
The peak operating LHGR for this fuel was 10.3 kW/ft. The 

. SENN or Garigliano plant has operated since 1963 with an 
excellent record. One· failed fuel assembly was discovered 
and removed during the summer 1968 shutdown. The 
failure was due to dad fretting caused by ~ broken in-core 
chamber and thus unrelated to the fuel performance. The 
Garigliano Type II reload fuel was loaded in 1968. 
Currently, there are 3456 fuel rods operating with an 
average exposure of - 2300 MW d/MTU and a peak local 
exposure of - 3700 MWd/MTU. The peak LHGR for this 
fuel is 14.6 kW/ft. No failures have been observed in this · 
fuel. 

RWE-KAHL 

As of August 31, 1968, the General Electric designed fuel 
remaining in the KAHL reactor had attained an average 
exposure of 14,500 MWd/MT for 1368 segments with a 
peak segment exposure of 30,500 MW d/MT. The peak oper
ating LHGR for this fuel was 13.0 kW/ft. The RWE-KAHL 
record has been excellent. Only two leaker assemblies have 
been reported,· but visual examination did not reveal any. · 
cladding perforations. 

Humboldt 

There are 8,281 Humboldt Type 2 fuel rods currently oper
ating in the Humboldt Bay reactor. The average exposure of 
these segments to date (March 31, 1969) is 9500 MWd/MT 
with estimated peak rod and peak pellet exposures of-
16,100 MWd/MT and 19,300 MWd/MT, respectively. The 
peak operating LHGR for this fuel was 12.1 kW/ft. No 
known failures have occurred in the Type. 2 fuel and no 
leakers have been detected. 

KRB 

Of the 368 fuel assemblies (13,248 fuel Zircaloy rods 
·initially loaded in 1966), 365 assemblies (13,140 fuelrods) 
are still operating. The fuel has obtained an average ex
posure of 7 ,500 MW d/MT with peak rod and .. peak pellet 
exposures estimated at l0,800 and 13,000 MWd/MT, 
respectively, for a peak operating LHGR of 15.8 kW/ft. 
Puring a scheduled outage in July 1967, for a .Planned 
equipment modification, almost the entire core was sipped. 
Approximately 10% of the assemblies gave some indication 

of leaking; i.e., a signal higher than background. Three of 
the assemblies with high readings were removed for horo
scope· and ultrasonic inspection in the fuel pool, and 
replaced with fresh fuel. The other assemblies were 
returned to the reactor for continued irradiation. Failure in 
one rod of each of these assemblies has been located. These 
failures were determined to. have been caused by fretting. 
wear of the fuel cladding caused by the presence of foreign 
material (i.e., wires) found in the assemblies. The wires 
came from the wire demister section of the steam separa
tors; the steo/" separator design has now been changed for 
Dresden 2 and other modem BWRs to eliminate the use of 
wires in the demister. The Dresden Type V fuel was fabri
cated by G.E. at essentially the same time as the KRB fuel, 
and by the same procesii as indicated above. This fuel has 
operated to an average exposure slightly in excess of 6000 
MW d/MT with peak exposures in excess of 13,000 
MWd/MT without failure. The absence of "leakers" in the 
initial operation of this fuel contrasts with the experience 
at KRB and is consistent with the apparant cause of the 
problem at KRB b~ing unrelated to the fuel design or 
performance. · 

. Consumers (Big Rock Point) 

A number of fuel types have operated in 'the Big Rock 
Point reactor (BRP) since initial startup in 1962. The Type 
B Zircaloy-clad U02 pellet fuel design has accumulated the 
highest exposures of the currently operating designs in BRP 
with 3,630 fuel rods currently operating with an average 
exposure of l 7 ,000 MWd/MT with peak rod and peak pellet 
exposures estimated at 22,100 MWd/MT and 26,500 
MWd/MT, respectively, and peak operating LHGR of 15.0 
kW/ft. Prior to April 1969, there were no known failures 
and two suspect leakers out of all Type B fuel. 

The Type E reload fuel loaded in July 1968, has accumu
lated an average of 3,450 MWd/MT on 41 assemblies (3157 
fuel rods) with peak rod and peak pellet exposures esti
mated at 6,000 and 7,200 MWd/MT, respectively, and peak 
operating LHGR of 17.7 kW/ft. 

During the refueling outage of April 1969, a portion of the 
fuel assemblies in the core were checked by the dry sipping 
technique to find leakers. The sipping revealed four Type B · 
leakers and three Type E leakers. Further inspection of two 
Type B and two Type E leakers revealed five and nine failed 
rods, respectively. In addition, there were eight failed fuel 
rods observed in the centermelt development fuel assembly. 
D-50 (Section 4.2). The observed failures were of the same 
character in all fuel types inspected and were limited to no 
more than 20 inches of active fuel length in any given fuel 
~d~. Observations and analyses made to date indicate that 
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the fuel rod failures resulted from the heavy buildup of 
crud scale that caused the cladding surfaces to overheat to 
abnormally high temperatures and corrode at the high rates 
expected at those high temperatures at the peak power lo- · 
cations. The crud resulted from the materials in the 
feedwater-condensate system. The design selection of mate
rials in the feedwater system and the design of condensate 
demineralizer equipment for the Dresden 2 reactor and 
other modern BWR 's has been based on the requirement to 

. stringently limit impurities in the reactor water to preclude 
the occurrence of this type of failure. 
JPDR 

The Japan Power Demonstration Reactor (JPDR) has been . 
operating since December 1963, with a core load of General 
Electric-designed Zircaloy-clad U0 2 pellet fuel. 
Seventy-five fuel assemblies of the initial core load (5,400 
fuel rod · segments) are continuing to operate with an 
average exposure of - 3,500 MWd/MT and a peak local 
exposure of"' 7,600 MWd/MT. Peak operating LHGR for 
this fuel was 13.0 kW/ft. The operation of this fuel has 
been very succes.5ful with no reported failures. 

Tarapur 

The Tarapur twin reactors achieved initial operation in May 
ofl969. A total of 568 fuel assemblies (27,832 fuel rods) 
are operating at this. time with no apparent fuel problems. 
Exposure and power information for this fuel will become 
available after the first cycle of operation. The design peak 
LHGR for the fuel is 15.8 kW/ft with design exposures of 
15,000 MWd/MT average and - 33,000 MWd/MT peak. 
This fuel will provide a source of additional information on 
production fuel experience in the near future~ 

4.2 GENERAL ELECTRIC DEVELOPMENTAL 
IRRADIATIONS 

In addition to the operating BWR experience with pro
duction fuel types, G.E. has irradiated a large number of 
prototype fuel rods and capsules* under a series of develop
ment test programs since 1957. A great deal of this develop
ment experience is pertinent to the support of the 17.5 -
18.5 kW/ft operating limits and the 28 kW/ft (fresh fuel) 
damage limit. Tables 4.2 and 4.3 present a summary of 
design details and performance conditions for some fuel I 

· rods and capsules, ~espectively, irradiated under· G .E. I 
development test programs. This data is intended to compli
ment the G.E. production fuel experience (Section 4.1) by 
providing additional data ~t high power and ·exposure. The , 
range of peak performance conditions covered include: 1 

L500 - 75,000 MWd/MT .. . 
13.0 - 58.0 kW/ft . . ... . 
W0,000 - 1,355,000 Btu/h-ft2 

.... exposure 
linear heat generation rate 
. . . . . . . . heat flux 

Vallecitos Boiling Water Reactor (VBWR) [1,2) 

Several prototype fuel rods were operated in the V allecitos 
Boiling Water Reactor (VBWR) at thermal performance 
conditions slightly exceeding the design conditions for 
current BWR Zircaloy-clad U02 pellet fuel. Nine fuel rods 
were operated at about 19.9 kW/ft,· a heat flux of 460,000 
Btu/h-ft2 , just prior to the termination of irradiation at 
about 9,500 MWd/MT average and 12,000 MWd/MT peak. 
Subsequent detailed hot cell examination of these fuel rods 
show completely satisfactory performance. · 

Under the AEC Fuel Cycle Program [USAEC Contract AT9 
(04-3) · 189 Project Agreement 11] 144 fuel rods were 
irradiated in VBWR at just slightly lower linear heat genera
tion rates, 16.6 kW/ft maximum, and in some cases, even 
higher surface heat fluxes, 509,000 Btu/h-ft2 , to an 
average exposure of 7,400 MWd/MT and a peak exposure of 
13,800 MWd/MT [1]. The fuel rods for the SA-1 assembly 
were taken from this group of fuel rods when the VBWR 
operation was terminated. SA-1 is composed of 98 of these 
rods which have continued to operate satisfactorily in the 
Dresden Unit 1 reactor to very long exposure, - 40,000 
MWd/MT peak. Maximum linear heat generation rate in 
Dresden 1 operation was 13.0 kW/ft. Ten of these fuel 
rods were removed for detailed hot cell examination in 
1967 [2]. The results of these examinations indicate very 
satisfactory performance for this fuel. It is a point of 
interest that fission gas measurements and rod profile 
measurements indicate lower fi.Ssion gas release ( ~ 1.0%) 
(Section 5.1) and lower fuel expansion, (Section 5.2) than 
are allowed for the current G.E. design models for this fuel. 
Eighty-eight fuel rods are continuing in SA-1 in Dresden 1 
at this time. 

General Electric Test Reactor (GETR) [3,4) 

A large number of test fuel rods and capsules have been 
irradiated in the General Electric Test Reactor (GETR). 
Extensive experience with 3-foot long Zircaloy-2 clad U02 

solid pellet fuel rods operating with gross central U02 

melting, including the effects of BWR environment, power 
cycling, and irradiation up to 14,000 MWd/MT, has been 
obtained under US~C Contract AT (04-3)-189, Project 
Agreement 17, High Performance U02 Programs. [ 3,4] 
Twelve fuel rods were irradiated to about 1,500 MW d/MT 

* A capsule, as used in this report, refers to a test fuel rod, or group of rods combined, with all features similar to production 
fuel rods except for having reduced active fuellength (as low as approximately 6 inches). 



Table 4.2 
GENERAL ELECTRIC DEVELOPMENTAL IRRADIATIONS 

ZIRCALOY - CLAD 95% TD U02 PELLET FUEL RODS 

No. Oad Wall Pellet-to· Peak Heat , 
of Fuel Rod Thickness Clad Gap Flux Peak LHGR 

Name Reactor Rods Dia.(in.) (in.) (mils) (Btu/h-ft2
) (kW/ft) 

.Dresden Prototype VBWR 9 0.565 0.030 3.0-16.0 460,000 19.94 
Fuel Cycle (R & D)a VBWR 144 0.242 0.022 2.0-8.0 509,000 16.6 
Dresden Prototypes VBWR c 52 0.565 0.028 5.0-8.0 407,000 17.64 
High Performance GETR 12 0.565 0.030 4.0-6.0 630,000 27.0 
U02b I, I :!6.000 49.0 
High Performance GETR 2 0.565 0.030 4.0-11.0 I ,:t)::i,000 58.0 
U02h 
SA-lc Dresden 1 98 0.424 0.022 4.0-8.0 400,000 13.0 
D-1, 2, 3d Consumers 363 0.424 0.030 7.0 434,000 14.2 
D-5of· Consumers 36 0.570 0.035 12.0 507,000 22.0 
D-52, 53 Consumers 58 0.700 0.040 13.0 525,000 27.0 

a USA.EC Contract AT (04-3) - 189 Project Agreement 11 
b USAEC Contract AT (04-3) - 189 Project Agreement 17 
c USAEC Contract AT (04-3) - 189 Project Agreement 41 
d USAEC Contract AT (04-3) - 361 
e Hollow Pellet 
f USAEC Contract AT (04-3) - 189 Project Agreement 50 
g Eight fuel rods failed during second operating cyc~e due to abnormal crud and scale deposition 
h One rod failure@49 kW/ft. 

Peak 
Exposure 
(MWd/MT) Status 

12,000 Completed 
13,800 Completed 
10,000 Completed 

1,500 Completedh 
Sf' 

14,000 Completede 
~ 

"' i:i... 
~ 
:::: 

40,000 88 H.ods Cont 'g ~t-.:> 

30,000 Dl & 2 Comp. U-3 Cont'g 
CJ,; 

15,400 Under Evaluationg 
4,600 Under Evaluation 
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Table4.3 
GENERAL ELECTRIC DEVELOPMENTAL IRRADIATIONS 

ZIRCALOY _- CLAD 95% TD U02 PELLET CAPSULES 
GENERAL ELECTRIC TEST REACTOR 

CJad Wall Pellet-to-
Number Fuel Rod Thickness CJad Gap 

Capsule Of Rods Dia. (In.) (In.) (mils) 

A 3 0.425 0.024-0.032 1.4-10.2 
1 0.488 0.032 11.2 

B 5 0.489 0.034 11.6 
c 5 0.557 0.036 0.0-15.0 
D 5 0.557. 0.036 0.0-1.2 

·a One rod complete @75,000 MWd/MT 

average exposure with maximum linear heat generation 
rates of 27 to 49 kW/ft (630,000 to 1,126,000 Btu/h-ft2). 
A single rod failure was believed to have . occurred at 49 
kW/ ft as. evidenced by an increase in noble gas activity 
detected just prior to shutdown of the reactor. However, 
subsequent detailed examination of the subject fuel rods 
did not uncover the suspected clad. perforation. Two 
additional Zircaloy-2 clad hollow U02 pellet fuel rods were 
operated to a peak exposure of about 14,000 MWd/MT and 
a peak linear heat generation rate of 58 kW/ft (1,355,000 
Btu/h-ft2

). Detailed post~irradiation examination indicated 
completely satisfactory performance for these fuel rods. 

To investigate the. effects of exposure at high power genera
. tion, several (4) capsules containing 6-inch loiig Zircaloy
clad U02 pellet fuel rods with characteristics similar to 
current BWR fuel designs are being irradiated in GETR to 
exposures as high as 75,000 MWd/MT and peak linear heat 
generation rates up to 29.5 kW/ft (Table 4.3). The detailed 
design features of the Zircaloy-clad U02 pellet fuel rods 
within the subject capsules are given in Table 4.3. Capsule 
A contains four Zircaloy-clad U02 pellet fuel rods with an 
average exposure of ap'proximately 50,000 MW d/MT and a 
peak exposure of approximately 75,000 MWd/MT. Con
tinuous operation for extended periods at peak linear heat 
generation rates as high as 24.5 to 29.5 kW/ft has been 
achieved at high exposure. The peak rod in Capsule A was 
discharged after 75,000 MWd/MT. The remaining rods have 
a peak exposure in excess of 60,000 MWd/MT at this time. 
Three Zircaloy-clad U02 pellet fuel rods originally in Cap
sule A were discovered to have pin hole leaks at approxi
mately 26,000 - 27 ,000 MW d/MT. These fuel rods have 
received detailed RML examination, hut the cause of the 
pin holes could not he determined. Two typical per
formance histories for fuel rods in GETR capsules are given 

Peak Heat Peak 
Flux Peak LHCR Exposure 

(Btu/h-ft2 ) (kW/ft) (MWd/MT) Status 

750,000 24.5 75,000 Continuing8 
704,000 29.5 32,000 Continuing 
503,000 18.8 36,000 Continuing 
404,000 17.2 33,000 Continuing 
540,000 23.0 36,000 Co.ntinuing 

in Figure 4.1. The histories shown are for the highest power 
and highest exposure fuel rods in Capsule A, respectively. It 
is quite significant that very high power generation rates 
(18.0 - 29.5 kW/ft LHGR) have been achieved at high 
exposure (25,000 - 75,000 MWd/MT). 

Capsules B, C, and D contain five Zircaloy-clad U02 pellet 
· fuel rods each with peak exposures of 33,000 - 36,000 
MWd/MT ·and peak linear heat generation rates from 17.2 
to 23.0 kW/ft. The results of nondestructive examinations 
performed to date indicate very satisfactory performance of 
all the fuel·capsUies. Fuel and cladding dimensional changes 
are in general less than would be predicted by current G .E . 
design models demonstrating that these models exhibit ade
quate conservatism (Section 5). 

Dresden Unit 1 (2) 

A limited number of what would be considered high per
formance (high exposure or power, or both) deV'elopmental 
fuel assemblies have been irradiated in the Dresden Unit I 
reactor core. The SA-1 fuel assembly with a peak exposure 
of approximately 40,000 MWd/MT is continuing to operate 
after approximately 5 years in the Dresden reactor [USAEC 
Contract AT (04-3)-189 Project Agreement 41]. [2] Initial 
operation of these fuel rods at a peak LHGR of 16.0 kW/ft 
was achieved in VBWR. The maximum LHGR achieved in 
Dresden operation was - 13.0 kW/ft early in life. Eighty
eight of these rods are continuing to operate in Dresden at a 
peak LHGR of - 6.5 kW/ft. As described above, the per
formance of these fuel rods has been very satisfactory. 
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e f.onsumers (Big Rock Point)[ 5,6] 

A number of high performance (high exposure or power, or 
both) developmental fuel assemblies have been operated in 
the Big Rock Point (BRP) reactor cure. The highest 
exposure developmental assembly currently in BRP is 
bundle 0-3 with a peak exposure of - 30,000 MWd/MT. 
The maximum linear ht:at generation rate at any time dur
ing life was 14.2 kW/ft for 0-3. Bundle 0-3 is one of three 
BRP developmental fuel assemblies with Zircaloy-clad U02 

pellets being. irradiated under USAEC Contract AT 
(04-3)-361.[ 5] Bundles 0-1 and 0-2 were previously dis
charged in 1968 with - 18,000 MWd/MT average exposure. 
Bundle 0-2 was detected as a "leaker" at the time of dis
charge during the February/March, 1968 BRP outage. How
ever, no positive visual evidence of failure wa,s uncovered 
during detailed visual examinations at the site. With the 
exception of this "leaker" indication, all evidence indicates 
very satisfactory performance of these fuel assemblies. 

The highest power developmental assemblies with Zircaloy
clad U02 pellet fuel which have operated in BRP are the 
centermelt bundles 0-50, 0-52 and 0-53 irradiated. under 
USAEC Contr~ct AT (04-3)-189 Project Agreement 50. [6) 
Maximum LHGR's of 22.0 to 27.0 kW/ft were achieved by 
these bundles. The peak burnups were - 15,400 MWd/MT 

-for 0-50 and "'4,600 MWd/MT for.0-52 and 0-53. Fuel 
assembly 0-50 operated for two cycles prior to being dis
charged at the April 1969 refueling outage as a consequence 
of failure. The number and character of the failures within 
0-50 are similar to the failures observed in the Type B and 
E reload fuel discharged at this same time, and is described 
in detail in Section 4.1 under Consumers. It is sufficient to 
note that these observed failures resulted as a consequence 
of abnormally high crud deposits and are not indicative of 
·the performance capability of BWR fuel operated in the 
Dresden 2 reactor and other modern BWR plants. To the 
contrary, when the performance of bundles 0-50, 0-52, 
and 0-53 are considered as a whole, they serve to demon
strate that BWR Zircaloy-clad U02 fuel can be designed to 
operate for extended periods at very adverse conditions. 
Fuel assemblies 0-52 and 0-53 op.crated successfully with
out faiiure for one cycle and then were discharged for 
inspection. 

4.3 PERTINENT NON-G.E. EXPERIENCE 

'~:1 .• ;·: UKAERE BWR Fuel Irradiations in Halden 

The British have irradiated ten five-rod fuel bundles in 
Halden; most with Zircaloy-2 cladding, but some with Zr-4 

A and Zr-Nb (Table 4.4). All of the fuel was sintered pellet 
W U02 with an overall fuel column length of 60 inches. The 

cladding is 9/16 inch i.d. with 14 and 18 mil wall (500 psi 

coolant pressure). The most suet·<'~.,rul test was lF A-29 
which has op1:ratf'd lo 12,000 MW 11/ MT average bundle 
burnup al a peak heal rating of 24 kW/ft (Lll<;R). Bundle 
IF A-22 up.,ralt'.d lo 6,600 MW if/MT awragc hurnup (8,400 
peak) at 17.:i kW/fl, but tlwn f'Xpt·ricrwnl a rod failure 
from internal lrydriding.l 26] TlrrtT otlin 1111111111,s liad 
similar rod failures. All failun·s lrav1' b1,e11 attributed tu 
internal contamination of the tub1·s with fluoride coupled 
with excessive moisture in tlw ll02 • From the standpoint 
of fuel thermal performance attairwd with a Zircaloy-clad 
uo~ pellet ful'I design this t'.Xpt,ri1:nce is significant. The 
only failures ohscrved w1·re d1w lo a mechanism which is 
understood and prevented Ly control of impuriti1·s in tlw 
fuel rods of Dresden 2 and other modern BWR's. 

· OECD Halden Reactor Project Experience [12,13,14,15) 

Over 50 bundles have been irradiated to dat1·. rwarly all 
with Zircaloy-2 cladding an'd sintcrl'd pl'llct ll02 fud. Each 
bundle usually contains five rods in a cluslt'.r with tlw rods · 
having about 0.600 inch o.d. and 60 inches fuel column. 
length. The Halden reactor uses heavy waler as the coolant 

. with an operating pressure of 400-500 psi. At least 20 
bundles have exceeded 5,000 MWd/MT and two have 
passed 10,000 MWd/MT. UKAERI<: bundle lFA-29 is the 
star performer, but Halden project bundle lFA-4 also has 
reached 12,000 MW d/MT with a peak rating of - 8 kW/ ft 
(LHGR). IFA-l l (Swedish) has reached,..., I 0,000 MWd/MT 
with a peak rating of 15 kW/ft (LHGR). Table 4.4 sum
marizes the high power pellet fuel Zircaloy-clad fuel tests. 

The Halden irradiations have successfully demonstrated fuel 
rod operation at a peak LHG R of 24.5 kW /ft at a peak 
exposure of 16,500 MWd/MT (IFA-24). A few rod failures 
have been experienced recently, but almost all have been 
traced to inadequate control of moisture during fabrication; 
i.e., not related to the fuel thermal performance. 

Plutonium Recycle Test Reactor (PRTR) (25) 

Approximately 1,200 compacted powder fuel rods plus 36 
fuel rods containing hot pressed pellets ·and two fuel rods 
containing cold pressed and sintered pellets have been 
irradiated in the PRTR at peak powers up to 21 kW/ft 
(LHGR) and peak exposures of 10,000 MWd/MT. All of 
these fuel rods contained U02 -Pu02 fuel. The pellet fuel 
assemblies have operated successfully without the 
occurrence of failure. One of the bundles containing pellet 
fuel rods did give an indication of a pinhole leak; however, 
sipping tests failed to locate any defect. The PRTR pellet 
rod tests are summarized in Table 4.5. 



• 
Table 4.4 · 

HALDEN TESTS OF ZIRCALOY CLAD, P~LLETED U02 FUEL 

HEAVY WATER-BOILING WATER REACTOR 

"'400 PSI COOLANT PRESSURE 

Pellet-to- Wall Peak Peak Peak 
No. Clad Gap Thickness o.d. Length Heat Flux LHGR Exposure 

Source Assy. No. Rods Mils In. hi. In. Btu/hr-ft2 kW/ft MWd/MT Comments 

UKAEA(14) IFA-6 5 3.5-6.5 0.019± 0.002 0.613 65.7 350,000 17.7 4300 Failed 
IFA-7 5 i 4500 
IFA-8 5a 4840 Failed 
IFA-19 5a 3.5-6.5 

8.5-11.5 3500 Failed 
IFA-20 5a 3.5-6.5 5600 

0 IFA-22 5 3.5-6.5 0.019 .... 
~ 

"' 0.014 370,000 18.9 8400 Failed 
Q.. 
~ 

l l 
::3 

IFA-23 5 3.5 0.019 6300 t-:1 

0.014 w 

IFA-28 5a 3.5 0.020 5300 
0.015 

IFA-29 5 3.5 0.019 495,000 24.8 . 16,500 
IFA-41 5 3.5 0.017 0.61 370,000 18.9 800 

0.020 
Norway(l4) (15) IFA-4 14 4.3-10.0 0.018 0.54 ·31.4 160,000 8.0 15,400 
Sweden<14) IFA-10 6 6 0.025 0.547 67.5 314,000 14.l 4200 

· Sweden<14) IFA-11 5 2.0-6.0 0.021-0.025 0.55 67.5 365,000 16.4 9900 
Sweden<12) IFA-21 5 2.0-7.0 0.019-0.025 0.55 67.5 300,000 15.2 12,200 Failed 
Gennany<14) IFA-26 :7 5.5-12.0 0.024 0.596 43.5 435,000 2L5 6600 
Italy(l3) IFA-137 21 0.020&0.039 0.786 281,000 16.9 320 Failed 
a Assemblies contain some (1 to 4) Zr-Nb clad rods. 
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Table 4.5 
BATTELLE NORTHWEST LABORATORY 
PLUTONIUM RECYCLE TEST REACTOR 

1050 PSI COOLANT PRESSURE 
PELLET FUEL ROD TESTS-ZIRCALOY CLAD 

Source .......... . 
No. of Rods ....... . 
Active Fuel Column'Length 
Wall Thickness .... 
Clad to Fuel Clearance 
O.D. 
Peak LHGR .. 
Peak Chgr 
Peak Exposure 
Comments .. 

.. BNW 
~ .. 38 
58.5 In. 

.0.030 Jn. 

. .12 mils 

. 0.565 in. 
. 485,000 Btu/h-ft2 

. ..... 2lkW/ft 

... 10,000 MWd/T 
. U02 -Pu02 Pellets -

Indication of a possible 
pinhole failure 

Ref. (25): M.D. Freshley ,T. B. Busley, S. Goldsmith, 
"Plutonium Recycle Fuel Evaluation at PNL" 
BNWL - SA-1979 Nov. 1-68. . 

A Westinghouse Commercial Atomic Power Tests 
wsaxtoni[ 19,20,21,22) 

The regular Saxton Core II operation was terminated on 
October 18, 1968, and a special test begun to evaluate the 
ability of mixed oxide (U02 -Pu02 ) to withstand short 
duration overpower operation after moderately high 
burnup; The Zircaloy-4 clad, mixed oxide fuel in Saxton II 
had reached a core average burnup of 17,400 MWd/MTM; a 
peak rod burnup of 25,250 MWd/MTM and a peak pellet 
burnup of 33,800 MWd/MTM (Table 4.6). 

Two sintered pellet, Zircaloy-4 clad rods with average burn
ups of 13,400 and 13,800 MWd/MTM were selected for the 
overpower test. These rods were 0.392 o.d. with 23 mil 
thick cladding and had operated previously at 10-11 kw/ft. 
The fuel was preconditioned by operation for ,..., 7 days at 
19 kW/ft and then removed for examination. The rods 
showed some increase in ovality (0.2 to 0.6 mils) from that 
prior to conditioning. The overall conclusion was that there 
was some additional creepdown (creep collapse) of the clad 
from the conditioning operation. After reinsertion, the rods 

··~:o/:;:'Were restabilized at the,..., 19 kW/ft level and then subjected 
to rapid power increase (2 minutes) to 21.5 kW/ft and the 
high power held for 5 days followed by reactor shutdown. 
Subsequently, the same rods were subjected to three similar 

a>verpower steps without difficulty. Post-irradiation evalu
WL.tion shows no apparent damage to the rods from the 

transients. 

Westinghouse Test Reactor (WTR) Tests [ 19) 

Three full length rods and four short pins were irradiated in 
the WTR lo 5,700 MWd/MT pt,ak t'Xf1tJs1m:. at linear heat 
generation rate;; up to 22 kW/ft (Talilc 4.6). Tlw perfor
mance of these fuel rods was "ntirdy satisfactory (Table 
4.6). 

Carolinas Virginia Tube Reactor (CVTR) Tests [ 16,17,18) 

The CVTR irradiation experience with Zircaloy-clad U02 
pellet f'.uel is summarized in Table 4.7. A total of 1 368 
standard fuel rod.s have attained peak exposure of 19:800 
MWd/MT with a peak LIJCR of 13.6 kW/ft. Two special 
fuel assemblies achieved LIJCH.'s in exc1,ss of 20 kW/ft with 
peak exposures in excess of I 0,000 MWd/MT. Only five 
fuel rod failures have been detected out of I 390 total rods 
( < 0.5% failures). Three special assemblies' each had one 
fuel rod fail. Two of these rods had freestandin;r Zr-4 clad 
and one had thin wall Zr-4 clad. In addition, a single rod 
failed in each of two standard assemblies .. The failures 
generally are characterized by multiple clad defects, with 
localized internal hydriding, but no correlation could be 
found in terms of design or irradiation performance to 
account for them. Westinghouse analysis of these failures is 
as follows: "The evidence suggests that the failures were 
caused by internal sources ~f hydrogen which led to local 
hydriding. of the Zircaloy clad. The combination of clad 
stresses and· local hydrogen cmbrittlcmcnt then produced 
the observed failures. The internal hydriding is most likely 
the result of contamination of full rod components during 
fabricatiOn." 

AECL (Chalk River) Irradiation Experience[23,2.4] 

Essentially all the AECL work has been concentrated on 
Zircaloy-2 or Zircaloy-4 clad, U02 sintere'd pellet fuel for 
Pressurized Heavy Water Reactor (PHWR) or Boiling Light 
Water Reactor (BLWR~ application. The fuel rods are 
generally about 20 inches long; from 0.6 i.nch to 1 inch in 
diameter with non-freestanding clad thicknesses between 15 
and 22 mils. The rods are arranged in clusters of 7, 19, 28, 
or 18 rods to fit the pressure tube i.d. of the particular test 
facility and spaced by either spiral wire wrap or more 
recently, brazed split spacers. Table 4.8 summarizes the 
AECL experience with bundle irradiations. 

Substantial irradiation experience (335 bundles, ,..., 5282 
rods) has been developed under pressurized water con
ditions in the CANDU class PHWR reactor. This fuel has 
operated up to ,..., 13 kW/ft maximum LHGR and out to 
20,000 MWd/MT in the maximum exposure first charge to 



. Table 4.6 

WESTINGHOUSE - LOOP TESTS 

AND SAXTON PRESSURIZED WATER 

REACTOR TESTS (2000 PSI COOLANT PRESSURE) 

ZR-2 '& ZR-4 CLAD 

Fuel 

Column Clad Pellet-to-

No.of Length Thickness o.d. Clad Gap Peak Q/A 

Source Reactor Rods In. In. In. Mils Btu/hr-ft2 

Westinghouse . WTR(19) 3 38 0.032 0.500 2,6, & 12 495,000 
WTR(l9) 4 6 0.032 0.500 2,6, & 12 576,000 
Saxton(20) 58 36 0.023 0.391 6.5 550,000 

Saxton<21 • 22) 600 36 0.023 0.391 7.0 550,000 

,. .,, 
Saxton<22) 2 36 0.023 0.391 7.0 . 740,000 

" 

Peak Peak 

LHGR Exposure 

kW/ft MWd/MT 

19.0 3,450 

22.2 6,300 

16 17,050 

16 33,800 

21.5 -13,800 

Comments 

Zr-2 and Zr-4 clad 

three intentionally 

defected rods per- · 

formed well 

Mixed Oxide 

(U02 -Pu0 2 ) 

Fuel. Most rods 

have powder fuel 
Mixed Oxidt: 

(U02 -P110 2 ) Fuel 

0 ... 
('!) 
en 
·~ 
:s 
Nl 
w 

~-
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· Table 4.7 
WESTINGHOUSE - CAROLINAS VIRGINIA TUBE REACTOR 

ZIRCALOY CLAD 2000 PSI HEAVY WATER 

Clad Pellet-to- Peak Peak 
Thickness· o.d. Clad Gaps Peak Q/A LHGR Exposure 

Source Material Assy. Rod No. In. In. Mils Btu/hr-ft2 kW/ft. MWd/MT Comments 

Westinghouse (Zr-4) G-1 33.831 0.0222 0.4839 6.6 "'475,000 -17.6 -8,800 
Wl3.831 

l l 
6.6 "'475,000 "'17.6 -8,800 

44.731 7.8 570,000 21.2 10,600 
44.732 7.8 570,000 21.2 10,600 Failed 
29,732 7.8 570,000 21.2 10,600 
33.833 6.6 "'475,000 "'17.6 "'8,800 

G-2 13.836 0.0222 0.4839 6.6 430,000 16.0 12,500 
13.834 

l l l l l l 
·13.833 
13.831 
i3.835 
13.832 

e G-3 53.831 0.0222 0.4839 6.6 465,000 17.2 6,800 Failed 
13.837 

l l 
6.6 465,000 17.2 6,800 

64.761 7.8 560,000 20.6 8,100 
64.762 7.8 i i i 24.734 7.8 
53.862 6.6 465,000 17.2 6,800 

G-4 83.832 0.016· 0.4855 6.0 475,000 17.6 12,800 
13.838 0.0222 0.4839 6.6 i ~ i 13.839 0.0222 0.4839 6.6 
83:831 0.016 0.4855 6.0 475,000 17.6 12,800 Failed 

Standard 1366 Rods 0.02575 0.4875 6.0 -370,000 "'13.6 "'19,800 1366 Rods 
Assemblies ! ! ! No Failures 
502-2-31 1549 330,000 12.3 18,900 Failed 
502-1-18 1475 374,000 13.6 19,100 Failed 

Ref. 16, 17, 18 
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Table 4.8 
CANADIAN -AECL BUNDLE IRRADL\TION TESTS 

ZIRCALOY CLAD 

Source 

AECL(23) 

Experiment 

Pressurized heavy · 
, watera (NPD) 
1150 psi · 

i . . 

Pressurized light 
water NRU reaetorb 

(1450 psi) 

Boiling light 
water - BLW 
NRU rcactorb 
(820 psi) 

No. of 
Rods 

38 
19 

4940 
19 
19 

247 

228 
532 

342 
114 
llO 
270 

90 

PeUet-to- Wall 
Clad Gap Thickness o.rl. 

Mils In. In. 

-2-7 0.0 l!i 0.60 

0.023 0.78 

~ t 

1'1~ak Peak. 
P1~ak 0/ A l.IH;ll Exposure 
Blu/hr-l"l 2 kw /1'1 MWd/MT 

21"1.001) II 19,HOO 
260.000 I~ 12, 100 
I 7'i.00fl II 12,IOO 
29'>,000 1:u, 11,000 
160,000 7. ~. !i,!iOO 
.305,000 I ~ 11.000 

!i00,000 ~:1 8,600 
'>20,000 :n !i,!iOO 

!i20,000 2·l !i,800 
:191u100 IB !i,000 
:=120,000 .~~ I 1,000 
485,000 29 6,000 
420,000 2"" .) 1,200 

Five defects in NPD tests due to mal-operation of fuel loading equipment. 
"Number of defects" have occurred in the NRU test<; because ~f "internal contamination of or 

gross overpower" resulting in greater than 1% cladding strain.( 4) 

NPD. Only five fud failures have bc1~n detected in NPD, 
and all of these have been attributed to mal-0pcration of 
fuel loading equipment. 

The remainder of the Chalk River experience is from full 
scale bundle tests in loops in the NRU at Chalk River at 
both PWR and BWR conditions. They report 31 bundle 
tests (760 rods) at heat ratings up to 24 kW/ft (LHGR) and 
exposures out to 8,600MWd/MT at PWR conditions. Under 
boiling water conditions, they have tested 54 
bundles-1,000 rods at heat ratings up to 29 kW/ft (LHGR) 
and out to 6,000 MWd/MT. Some of these irradiations are 
still continuing. The highest heat ratings were reached dur
ing sho~t-term tests to investigate CHF in-pile. Most of the 
test work is concentrated close to nominal Gentilly plant 
rating of 18 kW/ft (LHGR). A number of defects have 
occurred in the NRU tests. The defects were determined to 

:;have resulted from three causes: (1) improper handling, (2) 
internal contamination, and (3) gross overpower resulting in 
greater than 1% plastic strain of the cladding.[24] The 
occurrence of these defects docs not detrad from the con-

•

usion that the AECL experience demonstrates successful 
peration at the Dresden 2 and Browns Ferry-I 

performance conditions. 

t· 

Bettis-LSBR/LWBR Development Tesls I 7,8,9,10,11). 

The LSBR fuel tests conducted by Bellis consisted of 
approximately 140 fuel rods containing ll02 fud, 
UOrZr02 fuel, and ll0i-Zr02 -<:aO fnd irradialf'll in loops 
in the MTR, F:TR, and NRX. U11ri11g tl11·s1· tests, tlwy had 
approximatcly 14 failures. Tal1l1: 4.9 summarizes llw results 
of the long:term irradiations of ll02 fnds ( 19 f ud pins) of 
which seven had cladding faihm·.s and two ollwrs, which 
were bowed or l.nlged, wl'rc dassific<l as failun~s (Table 
4.9). 

· The failures were generally attributed to 1:xeessivc clad 
strain caused by the combined effects of dilforcnlial 
fuel/clad thermal expansion and fissio11 produd indncc·d 
fuel swelling. 'nw LSBR Lest rods wm: ir1Lcntionally 
fabricated with a very tight gap, < 1 mil diametral, in order 
to accentuate tlw in-sl'rvicc cladding strains to facilitate 
deduction of fuel expansion. The lifctirrie of these fuel rods 
could possibly have been extended hy having a. larger 
clad-fuel gap to at:l'ommodatc the fud swc:lling. IL wa~ 

observed that inlcrnal voids in the fuel in the form of 
sintering porosity or geometric voids such as dishing as used 
in Dresden 2 and other modern BW H. fud gt'nerally 
increased the ability to achieve high1:r exposur1:s.[8] 
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• Table 4.9 
WESTINGHOUSE-BETTIS ATOMIC POWER LABORATORY 

LSBR/LWBR TESTS OF ZR-4 CLAD U02 FUEL RODS 
2000 PSI PRESSURIZED WATER LOOP TESTS 

6.0-INCH LONG FUEL RODS 

Clad To 
Wall Fuel Peak 

Rod Thickness o.d. Oearance Peak Q/A LHGR Exposure Pellet .%T.D. 
Number Reference (In.) (Inch) (Mils) Btu/hr-ft1 kW/ft MWd/MT Shape Stack 

79-16 11 0.033 0.562 0.0004 -400,000 17.6 19,300 Solid 82 Failed 
79-18 10,11 0.017 0.284 0.0004 486,000 11.0 52,300 Solid 84 
79-22 7,11 0.017 0.284 0.0004 524,000 11.4 ' 28,000 Solid 96.5 Failed 
79-163 7,11 . 0.017 0.284 < 0.001 464,000 10.5 ' 24,000 Solid 97.0 Bowed 
79-121 11 0.0183 0.252 0.0036 - 550,000 10.6 . - 22,000 Solid -82 
79-205 11 0.034 0.5623 0.0004 -390,000 16.8 19,200 Solid 82 
79-206 11 0.016 0.285 0.0004 -430,000 9.4 26,900 Solid 84 
B4-2 11 0.410 0.001 "'; 15,400 Solid -95 Failed 
B4-2A 11 0.410 0.001 - 52,800 Solid -95 Failed 

·B4-4A 11 0.410 0.001 - 56,100 Solid -95 Failed 
79-19 9 O.Ql5 0.2816 0.0004 454,000. 9 . 44,000 Annular 83 Failed 
79-83 11 0.0183 0.2525 0.0004 - 20,600 Annular -83 

·e 79-207 11 0.015 0.2822 0.0004 -380,000 8.2 33,100 Annular -83 
79-209 11 0.033 0.5611 0.0004 -612,000 26.3 6,500 Annular -83 
79-21 8 0.016 0.281 0.0004 -550,000 12.2 47,900 Dished 85 Failed 
79-25 8 0.026 0.302 0.0004 -510,000 10 60,700 Dished 85 Bulged 
79-105 11 0.019 0.252 0.0038 -20,900. Dished -85 
79-208 11 0.029 0.3062 0.0004 - 380,000 8.9 31,100 Dished 85 
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5. COMPARISON-PREDICTED/OBSERVED PERFORMANCE CHARACTERISTICS 

The design of nuclear fuel in general is a complex process 
which is reliant on the ability to predict the interaction 
between predominant thermal/ mechanical. mechanisms and 
then to incorporate design features which will allow for 

. accommodation of resulting dad loading without sustaining 
damage during normal steady-state operation and antici
pated transient. operation. The current G.E. BWR 
Zircaloy-clad U02 pellet fuel design and operating limits 
have been established using design models which conserva
tively predict the effects of the predominant 
thermal/mechanical mechanisms which result in clad load
ings. The fuel cladding has further been designed to accom
modate the attendant loadings with significant margin to 
any fuel damage condition through application of con
servative cladding design stress limits. The design stress 
limits are committed to public record in existing G .E. 
safety reports; e.g., Dresden 2/3 FSAR, Section III. 

The rriost predominant' mechanisms affecting clad loading 
can in general be related to two basic considerations: 

1. Release of gaseous fission products from the fuel pellet. 
2. Relative axial and radial expansion between fuel and 

cladding. • 

The release of gaseous fission products from the fuel serves 
to increase the fuel rod internal pressure. The relative ex
pansion between fuel and cladding also affects internal gas 
pressure (axial expansion) and can result in strain of the 
cladding due to pellet-to-cladding interaction (relative radial 
expansion) in the maximum duty fuel rods. 

A value of 1% plastic strain of Zircaloy cladding is conserv
atively defined as the limit below which fuel damage due to 
overstraining is not expected to occur. The linear heat gen
eration rate required to cause this amount of cladding strain 
is calculated to be approximately 28 kW/ft in fresh fuel and 
approximately 22 kW/ft at a local exposure of 40,000 
MWd/MT. 

It is the purpose of this section to show: (1) that the basic 
.considerations of fission gas release and fuel/cladding rela
tive expansion are conservatively represented in existing de
sign models for. prediction ·of fuel pedonnance, thereby 
supporting the inherent conservatism in these models, and 
(2) to illustrate the conservatism in the definition of the 
cladding strain damage limit. 

The combination of conservatism in the design models for 
prediction of fuel performance and in the definition of 
cladding mechanical capability guarantee that more than 
adequate margin is maintained between operating limits and 
the damage limit. Additional support for the damage limit 
is provided in the form of operating data at high power 
generation without failure (5.4). 

5.1 FISSION GAS RELEASE 

Fission gas is generated within the fuel at a rate of 1.35 x 
10-3 gram moles per MWd. Fission gas release is calculated 
according to the following model. 

4% release for T <3,000°F 
100% release for T ;;;a.3,000°F 

That is, 4% of the generated gas is released for fuel temper
atures below 3,000°F, and 100% of the generated gas is 
released for fuel temperatures above 3,000°F. This model 
yields a conservatively high amount of fission gas release 
when compared with fission gas release data. Figure 5.1 
shows a plot of calculated fission gas release percent for an 
entire fuel rod versus average fuel temperature as compared 
to actual data obtained from selected prototype fuel rods 
containing U02 pellets which have been irradiated in G.E. 
facilities under the AEC Fuel Cycle Program and other AEC 
programs [2, 27]. Fission gas release data from these tests 
are of particular inte~est since the design of the prototype 
fuel and the irradiation environment to which this fuel was 
subjected were reasonably close simulations of those 
encountered in c~rrent G.E. BWR deslgits. The data given in 
Figure 5.1 do not represent all previously reported data, 
but do represent the data considered most applicable to the 
fuel design and operating conditions to he experienced by 
currently proposed G.E. designs. It can be seen that most 
data falls in the range of 2-30% release. It was .noted that 
for a maximum centerline temperature ~,800°C (U02 

melting) for the fuel rod the release was no greater than 
30% [27]. By comparison, the design model would predict 
maximum release rates as high as 60% for similar conditioi1s 
with a maximum centerline temperature of 2,800°C. Re
ported data for conditions of gross centermelt, indicate a 
maximum release of only 60% [3, 27}. 

Within the exposure range covered by the data of Figure 
5.1, there is no discernible effect of burnup on the release 
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rate. The highest exposure data included on Figure 5.1 is 
from the SA-1 fuel assembly with rod average exposures 
estimated to be in the range of 20,000 to 31,000 MWd/MT. 
The band on the SA-1 data point indicates the estimated 
range on average fuel temperature. All data for SA-1 has 
less than 1 % release fraction [ 2]. The lack of apparent 
burnup dependence. in the in-pile fission gas release data has 
been attributed to the large temperature dependent releases 
masking the small amount of low . temperature time de
pendent gas release [27]. 

5.2 FUEL/CLADDING RELATIVE EXPANSION 

Adequate free volume is provided in the fuel pellets and 
between pellets and cladding to·assurc that the relative fuel 
and cladding expansions in a diametral direction will not 
result in excessive cladding strain, and in an axial ·direction 
will not result in excessive cladding stress due to plenum 
volume reduction. The fuel (U02 ) pellet expansion due to 
irradiation swelling and thermal expansion as well as clad
ding thermal expansion are considered in the design calcu
lation. 

The thermal expansion and irradiation swelling models used 
by General Electric in design have been described in the 
Dresden 2 and Browns Ferry 1 Safety Analyses Reports. 
The fuel irradiation swelling model is based on References 
[28] and [29]. 

The G.E. design model for determination of relative 
fuel/clad expansion has been compared to available experi: 
mental data from irradiations of Zircaloy-clad U02 pellet 
fuel covering a wide range of power and exposure. _From 
these comparisons, it has been found that the design model 
predicts predominantly conservatively, that is, predicts rela
tive fuel/ clad expansions which are higher than inferred 
from post irradiation measurements, for Zircaloy-clad U02 

pellet fuel designs similar to current G.E. BWR designs. The 
degree of conservatism associated with the overall fuel/ clad 
expansion. model, incorporating both thermal expansion 

~ and irradiation swelling, is illustrated by the plots of 
Figures 5.2 and 5.3. These two figures show the ratio of 
predicted pellet diameter change to the pellet diameter 
change (P/0) inferred from measured cladding strains, with 
calculated adjustment for clad thermal expansion and elas
tic spring-back .. Figure 5.2 gives a representation of the 

._,., ~1ratj9 .. of predicted to "inferred" pellet expansion (P/O) 
versus exposure and Figure 5.3 shows the same par~meter 
as a function of linear heat generation rate of the test fuel 
rods. The bands on the data points for Bett 79-21 and 
79-25 indicate the range of P/0 for a number of measure
ments taken at different axial locations on the fuel rods at 

, each exposure. 

One of" the most significant sources of data on 
post-irradiation fuel measurements is the 
Hettis-LSBR/LWHR Development Program [7, 8, 9, 10, 
11 ] . In particular WA PD-TM-629 [8], provides a large 
amount of ddailt!d data from pre-interim· and 
post-irradi{ltio11 cxami11atio11s of rods lktt 79-21 and 79-25. 
The linear ht!at gc11cration rate for these test rods is as high 
as is predicted for end-of-life product line HWR fuel and the 
fuel exposures arc even higher. Besides confirming the con
servatism of the C.E. design model (sec Figures 5.3 and 
· 5.4) .. the data in this report also show the effectiveness of 
the use of dished ends on U02 pellets as used in Dresden 2 
and other modern BW R's, to reduce diametral growth due 
to fission product swelling. 

The highest exposure fuel assembly to date in G.E. designed 
BWR 's is the SA-1 fuel assembly, which has reached an 

. average assembly exposure of -30,000 MWd/MT in the 
Dresden Unit 1. Post-irradiation data are bring reported in a 
series of USAEC Research and Uevclopnu:nt Program re
ports· [2]. Application of the G.E. design fuel/cladding ex
pansion model to the SA-1 performance predicted that 
some pellet-to-cladding interactions would have occurred, 
but from the post-irradiation measurements, it was not pos
sible to conclude that any clad strain had occurred due to 
pellet expansion. In fact, the measured post-irradiation 
dimensional variations in the ciadding diameter were of the 
same order of magnitude as initial tubing tolerances and 
oxide thickness on the fuel. 

In general, the predicted-to-observed ratio (P/O) based on 
comparisons to applicable data can be seen from Figures 
5.2 and 5.3 to be greatly in excess of 1.0, illustrating the 
high degree of conservatism inherent in the overall fuel/ clad 
expansion model used in the design of G.E. BWR 
Zircaloy-clad U02 pellet fuel. 

5.3 CLADDING MECHANICAL CAPABILITY 

Mechanical property tests have been performed on samples 
taken from actual irradiated, Zircaloy-2 fuel cladding. They 
include samples from DNP-I fuel, AEC fuel cycle cladding 
and DNP-III F fuel. Total plastic elongation values in all 

·instances is 1% or greater. 

DNP I Oadding , 

· Dresden 1 fuel cladding was tested in the form of full tube 
segments in which the fuel had been removed and in the 
form of miniature tensile coupons machined from tube seg· 
ments. Testing in all cases was in the longitudinal tube di
rection. The fuel rods from which the clad samples were 
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removed had exposures ranging from 13,800 to 15,800 
MWd/MT. All clad samples were from nonfailed fuel rods. 
Results are shown in Table 5.1. 

AEC Fuel Cycle Program Cladding 

Of all the above tests, the burst results on DNP III-F clad
ding are considered the most representative data on strain 
to fracture for current product line tubing. 

The DNP 111-F burst tests provide a measure of tube proper
ties, under compliant loading, in the transverse or circum
ferential tube direction thereby eliminating the uncertain
ties caused by anisotropic nature of zirconium. 

The DNP III-F cladding was produced to the requirements 
of the current cladding specification. Minimum acceptable 
elongation in this specification is twice that of the min-

Detailed examinations were performed on Zircaloy-clad 
fuel rods that had been operated in the VBWR to calculated 
average exposure as high as 10,000 MWd/MT. Tensile spe
cimens having integrated fast fluxes ranging from about 
0.56 to 1.6 x 102 1 NVT were machined from fuel clad 
segments. Specimens were all oriented such that testing was 
in the longitudinal tube direction. Results are shown in 
Table 5.2 [1]. 

- imum elongation in the DNP I cladding (16% versus 8%). 

DNP IIl-F Fuel Oadding 

Elevated temperature burst tests were performed on 'tube 
segments from DNP III-F reload fuel cladding. These tube 
segments. had end plugs welded after irradiation, one of 
each per segment having a special fitting for pressurization 
of the tube. Burst hoop stress and plastic circumferential 
elongation were measured. Results are shown in Table 5.3. 

This is primarily because of improvements in the produc
tion process. DNP I and AEC Fuel Cycle Program cladding 
were produced from an extrusion by several reductions 
through the tube reduction process followed by a drawing 
operation of 10% to 20% reduction in area (draw-to-size) 
plus a final stress relief anneal. Current production practice 
is to tube reduc.e with 3 to 4 steps to final dimensions 
(rock-to-size) with a last reduction in area of 50% to 70% · 
followed by a stress' relief anneal. This process results in 
tubing with greater ductility and finer grain size than the 
draw-to-size process. 

Temperature 

RT 
RT 
650 
650 
650 
750 

65oa 
65ob 
800 
800 

a Average of 10 Tests 
b Range 

Table 5.1 
NDP TYPE I ZR-2 FUEL CLADDING TENSILE TESTS 

Yield Strength 
(0.2% Offset) Ksi 

99.1 
87.8 
60.3 
56.9 
50.9 
48.8 

68.9a 
6.12-76.~ 

58.6 
59.6 

Full Tube Specimens 
NVT = 1.8 - 2.7 x 1021 (> 1 Mev) 

Ultimate Tensile 
Strength (Ksi) 

112.1 
109.9 
74.8 
74.5 
71.9 
68.2 

Coupon Specimens 
NVT = 1.7 - 2.2 (> 1 Mev) 

71.7a 
66.6-80.~ 

61.0 
61.9 

Uniform 
Elongation (%) 

4.8 
4.0 
2.0 
2.9 
2.3 
2.6 

l.6a 
l.2-l.9b 

0.9 
0.9 

Total 
Elongation (%) 

6.8 
5.4 
3.2 
4.6 
2.8 
3.9 

3.98a 
2.7-7.~ 

4.6 
4.3 
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Table 5.2 
AEC FUEL CYCLE PROGRAM 

ZIRCALOY FUEL CLAD TENSILE TESTS 
NVT = 0.56 - 1.4 x 102 1 (> 1 Mev) 

Temperature Yield Strength 
(0.2% offset) Ksi 

80.6a 
58.7-104b 

56.7a 
51.4-66.oh 

Ultimate Tensile Uniform Total 

(oF) Strength Ksi Elongation,% Elongation,% 
76.4a 0.98a 3.17a RTa 

RTb 
65oa 
65ob 

86.2-107.4.h o.38-2.8h l.4-5.3b 

57.7a - o.26a l.67a 

52.0-66.5b 0.13-0.8oh l.0-2.3b 

a Average of 21 Tests 
hRange . 

Table 5.3 
IRRADIATED DNP III F CLAD BURST RESULTS 

Strain Rate 2.4 x 1Cf2 in./in.-h 
Circumferential Elongation 

Temperature NVT(> 1 MEV) CFE% Hoop Stress psi 

650°F 0.8 x 1021 6.22 92,700 psi 
650°F 0.8xl021 7.35 94,900 psi 
900°F 1021 13.56 69,300 psi 

Improved Quality Control in the form of nondestructive 
testing techniques with greater reliability and sensitivity has 
minimized the defect levels in DNP IIl-F and other current 
specification tubing. The DNP I cladding was tested using 
eddy current techniques prior to the development of supe
rior ultrasonic methods. Subsequent ultrasonic testing of 
sample DNP I cladding revealed multiple small defects 
which had gone undetected and which are expected to have 
a deterimental effect on available ductility. 

The integrated neutron fluxes of the samples tested were 
less than the expected end-of-life integrated flux of about 
102 2 NVT, but the test properties are considered repre
sentative of end-of-life due to saturation of irradiation ef
fects. Figure 5.4 shows the effects of fast flu~ exposure on 
elongation for the fuel cycle tests. This shows saturation 

· occurs at 0.3 - 0.4 x 102 1 NVT (> 1 Me V) whereas all test 
data are greater than this lev.el of irradiation. 

The results of all the G.E. tests on irradiated cladding in
dicate total plastic elongation greater than 1%, illustrating 
the design conservatism in defining the Zircaloy cladding 
damage limit as 1% plastic strain. · 

5.4 DAMAGE LIMIT 

Up to this point, the discussion in this section has centered 
on the G.E. design models and cladding damage limit and 
the inherent conser'Vatisms in the definition of each. Em
ploying these models, the linear heat generation rate 
(LHGR) required to cause fuel damage (1% plastic strain of 
the cladding) can be calculated. Because of the demon
strated conservatisms, the LHGR for foel damage deter
mined in this fashion is also a conservative number. The 
damage limit linear heat generation rates have been calcu
lated and are given in Table 5.4 as a function of fuel expo
sure. The damage limit corresponding to 1% plastic strain in 
the fuel cladding is calculated to be -28 kW/ft in fresh fuel 
(0 MWd/MT exposure). 

For comparison, the anticipated peak steady-state and tran
sient conditions are shown for both the Dresden 2 and the 
BF-1 class of reactors. It can be seen that both the antici
pated operating conditions and the damage limit decrease 
monotonically with burnup. The power generating capa
bility of the fuel decreases due to depletion of fissionable 
isotopes as burnup increases. Partially depleted fuel assem
blies will operate at a decreasing heat generation rate as 
fresh reload fuel is inserted each cycle. Due to long-term 
irradiation effects, including U02 swelling, the damage 
limit corresponding to 1% plastic strain also decreases. 
These effects are illustrated in Table 5.4. Also shown in the 
table is the wide margin to fuel damage that is maintained 
throughout life. 

The inherent conservatism in the .design models and the 
cladding strain damage limit of 1% plastic strain has been 
demonstrated. Confirmation of the conservatism in the cal
culated linear heat generation rate required to achieve clad
ding damage is available from actual operating experience 



Dresden 2, 3 5-5 

Table 5.4 
FUEL LINEAR HEAT GENERATION RATES 

Exposure Peak Steady State 

D-2 BF.I 
0 17.5 18.5 
22,000 MWd/MT 16 17 
44,000 MWd/MT 14 15 

already discussed. A number of development fuel rods pro
totypical of current designs have been successfully operated 
at linear heat generation rates in excess of 28 kW/ft without 
cladding damage. Perhaps the most conclusive evidence ob
tained to date is the recent experience with one fuel rod in 
capsule A of Table 4.3. This fuel rod was operated for an 
extended period (about 2 weeks) at a peak linear heat gen
eration rate of 29.5 kW/ft, after having achieved an expo
sure of -27,000 MWd/MT, without experiencing failure. 
This fuel rod is continuing to operate successfully and has 
achieved an exposure in excess of 32,000 MWd/MT while 
operating at linear heat generation rates in excess of 18.5 

Anticipated Oadding Strain .· 
Peak Transient Damage Limit 

D-2 BF-I 
19.9 21.5 28 
18.2 19.7 28 
15.9 17.4 22 

kW/ft. Two of the fuel rods irradiated under the High Per
formance U02 Program (Table 4.2) showt:d 1% plastic 

. strain of the Zircaloy clad to correspond to approximately 
28 kW/ft [3]. These fuel rods did not fail. Two other fuel 
rods were operated to 14,000 MWd/MT at peak powers as 
high as 58 kW/ft. (LHGR) without failure. These two fuel 
rods had U02 fuel pellets with a small (0.1 inch diameter) 
center hole to accommodate the U02 phase change volume 
increase on melting.successfully operated at linear heat gen
eration rates in excess of 28 kW/ft without cladding 
damage. 

/ 
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The following is to clarify the response to Question B.16 included in Amendment 13/14, Dresden 2, 3. 

The intent of this answer was limited to primary piping systems and components included as a part of these systems within 
the primary coolant pressure boundary. There was no intent to consider safety and relief valves inside the drywell as a portion 
of the answer to Question B.-16. Information on the relief valves and safety valves will be included later. 
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The following information is submitted as supplementary information to Amendment 9/10, Question I.D.6a and I.D.6b, 
Dresden 2, 3. 

QUESTION l.D.6a: 

Discuss in detail the extent to which analytical predictions of stability will be confirmed during startup and power testing. 

RESPONSE TO I.D.6a: 

During the startup and power testing period,' the data listed in Table 1 will be collected, analyzed and evaluated in regard to 
stability as deduced iri detail in I.D.6b below. In general this testing will establish stability results which can be compared 
with analytical predictions of stability. For decay ratios above 0.25 the testing will establish specific numbers, for decay 
ratios below 0.25 the testing will establish only that the decay ratios are below 0.25. 

QUESTION I.D.6b: 

Provide an outline of each test, including the objectives of the rest, the primary measured parameters, the method of data 
analysis and interpretation and acceptance criteria. · · 

RESPONSE TO l.D~6b: 

The above items are provided in the following for each of the small-perturbation, stability oriented startup tests. In addition, 
a description of data analysis and acceptance criteria is provided in Appendix 1. Tables 1 and 2 indicate the signals recorded 
for each test on high speed oscillograph .recording channels. Figures 1 and 2 indicate the sequence of test conditions during 
the startup test program. · 

I. STARTUP TEST NO. 17 - FLOW CONTROL (Stability Consideration Only) 

I 

A. Outline of Test 

1. Recirculation flow and hence the core flow is changed by changing the recirculation pump motor speeds through 
the fluid coupled motor-generator sets. The test perturbation is introduced. by a rapid set point disturbance to the 
flow controller. · . 

2. The flow changes will be performed in the following manner by manual flo~ control. 

a) A ten percent flow decre;ise then increase at the following tabulated conditions. (These correspond to nominal 
startup test conditions.) 

Percent Power 21 31 50 42 52 75 58 70 100 

Percent Flow 24 57 too 37 56 100. 37 . 55 100 

b) A ramp decrease in power of 30% of rated power per minute (760 MWt/min) from full po.wer to 
1770 MWt a similar increase in pow.er to 1895 MWt. 

B. Objectives of Test 

Determine the plant response to changes in the recirculation flow and confirm plant and core stability. 
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C. Primary Measured Parameters 

The signals recorded for the Flow Control test are listed in Tables I and 2. 

D. Method of Data Analysis and Interpretation 

See Appendix I attached. 

E. Acceptance Criteria 

1. Level I · 

The decay ratio must be less than 1.0 for each process variable that exhibits oscillatory response to flow control 
changes.· 

2. Level 2 

The ·decay ratio is expected to be less than or equal to 0.25 for each process variable that exhibits damped 
oscillatory response to flow control changes when the plant is operating above the lower limit setting of the master 

. flow controller. 

·3. See Appendix I attached for definition of decay ratio and criteria levels I and 2. 

II STARTUP TEST NO. 20 - PRESSURE REGULATOR (Stability Considerations Only) 

A. Outline of Test 

The pressure regulator is tested by making step changes in the operating pressure regulator setpoint and recording 
the resulting transients in power level, steam p.ressure, steam flow, control, and bypass valve position, etc. This test 
will be performed at the following conditions: 

B. Objectives of Test 

1. Determine the reactor and turbine system responses to pressure regulator setpoint changes. 

2. Demonstrate the stability of the power-void feedback loop to pressure perturbations. 

C. Primary Measured Parameters 

The signals recorded for the Pressure Regulator test are listed in Tables 1 and 2. 

r 



D. Method of Data Analysis and Interpretation 

See Appendix 1 attached. 

E. Acceptance Criteria 

r-
1. Level 1 
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The decay.ratio must be less than 1.0 for each power v:¢able that exhibits oscillatory response to pressure regulator 
changes. · 

2. Level 2 

a) The decay ratio is expected to be less than or equal to 0.25 for each process variable that exhibits oscillatory 
response to pressure regulator changes when the plant is operating above the lower limit setting of the Master 
Flow controller. 

3. See Appendix 1 attached for definitions of decay ratio and criteria levels 1 and 2. 

III.STARTUP TEST NO. 21 - BYPASS VALVES (Stability Consideration Only) 

A. Outline of Test 

One of the turbine bypass valves will be tripped using a test switch. The bypass valve to be tested is selected by the 
bypass valve test select switch. The test bypass valve pushbutton switch initiates valve movement. Reactor transient 
performance will be measured during the opening and closing strokes of the test bypass valve. Results of this test 
will be factored into the final adjustment of the pressure regulators for optimum performance. The test will be 
performed at the following conditions: (Where pump speeds are not included, they are inconsequential and the 
importance is placed on percent flow.) 

Percent Recite. Pump Speed 20 20 
Percent Flow 35 100 100 37 55 100 
Percent Power 25 50 75 58 70 100 

Bypass valve opening time will be adjusted to be as short as possible in order to approximate a step input. The 
recirculation control system will be in the local manual mode for the 25% rated power level and in the master 
manual mode for all the subsequent test levels. · 

B. Objective of Test 

Demonstrate the stability of the power-void feedback loop to pressure disturbances. 

·C. Primary Measured Parameters 

The signals recorded for the Bypass Valve test are listed in Tables 1 and 2. 

D. Method of Data Analysis and Interpretation 

See Appendix 1 attached. 
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E. Acceptance Criteria 

1. Level 1 

The decay ratio must be less than 1.0 for each process variable that exhibits oscillatory response to bypass valve 
changes. . 

2. Level 2 

The decay ratio is expected to be less than or equal to 0.25 for each process variable that exhibits oscillatory 
response to bypass valve changes when the plant is operating above the lower .limit setting of the Master Flow 
controller. · 

3. See Appendix 1 ~tbched for definitions of decay ratio and criteria levels 1 and 2. 

IV. STARTUP TEST NO. 22 - FEEDWATER PUMPS (Stabilit~ Consideration Only) 

A. Outline of Test 

Feedwater transients are initiated by making changes in setting of react~r water level reference p°'oint. This action 
causes a rapid change in feedwater flow. The oortion of the test accomplished by setpoint changes is performed at 
the following conditions (where pump speeds are not included, they are inconsequential and the importance is 
placed on percent flo~: ·. ..-· · 

Percent Recirc. Pump Speed 20 20 
Percent Flow 35 100 100 37. 55 100 
Percent Power 25 50 7.5 58 70 100 

' . 

B. Objective of Test 

Demonstrate that reactor responses to changes in subcooling are stable at all power levels. 

C. Primary Measured Parameters 

The signals recorded for the Feedwater Pumps test are listed in Tables 1 and 2. 

D. Method of Data Analysis and Interpretation 

See Appendix 1 attached. 

E. Acceptance Criteria 

1. Level 1 

The decay ratio must be less than LO for each process variable that exhibits oscillatory response to feedwater 
. system changes. 

2. Level 2 

The decay ratio is expected to be less than or equal to 0.25 for each process variable that exhibits oscillatory 
response to feedwater system changes when the plant is operating above the lower limit setting of the Master Flow 
controller. 

3. See Appendix 1 attached for definitions of decay ratio and criteria levels 1 and 2. 



Dresden 2, :l -6- 81) ,40 

V. STAH.TUI' TEST NU. 23 - Fl.lJX 1n:sPONSE TO IWUS (S1ahili1~ Co11si1kra1io11 011ly) 

A. Outline uf Test 

B. 

] . H.ud movement tesl~ will b1: made al chus1:n power lcvd~ lo d1·111onstralr that Lllf' lra11sicnt respl!nsc uf the reactor 
to a n•aclivily perlurliation is stable fur the full range uf rcal'.lor power. Tl11: rcadivily cffc,cl can be considered as 
input and power as output. A centrally localed rod will he n1m•cd one or two nol1·.l11:s, and the neutron flux signal 
from a nearby LPRM chamber will be measured and evaluated lo dderminc the dynamic effects of rod movement, 

2. The second characteristic measured in this test is Llw steady-stale signal-hi-noise ratio at progressively higher power 
levels: This ratio can.be interpreted as a qualitative mcas1irc of Ll11' slahility of lht: p1'1wcr-reactivity feedback loop in 
the core. A plot of this ratio as a function o[ power 11·\TI, wlwn cxlrapolatt:d to :r.ero at some higher power levd, 
indicates the approximate power conditions al which the' power-reactivity feedback loop would be unstable. The 
output from a centrally-located LPH.M chamber will be used to measure neutron flux and noise. The extrapolation 
is expected to yield very high power levels as the threshold of i11stahility a11d will tlwrt:for" h1: appli1;d u11ly when 
appropriate as a guide to slqiwisc i11crcases in power !evcl. . 

3. The test will be performed at the following conditions (where pump speeds arc not incl11dcd, they are i11consequential 

and the importance is placed on percent flow): 

Percent Recirc. Pume Seeed 20 20 0 20 0 
Percent Power 25 50 42 75 39 !'i8 70 100 54 
Percent Flow 35 100 37 100 NC 37 55 100 NC 

Objectives of Test 

] . Demonstrate the relative stability of the power-reactivity [eedback loop to small perturbations in reactivity caused. 
by rod movement with increasing reactor power. 

2. As power level is increased, determine the increase in noise in the reactor from steady-state LPRM signals, and 
demonstrate that there is no tendency toward instability in the power-reactivity loop. 

3. Predict the signal-to-nois•; ratio and hence stability at the next higher power level where extrapolation 1s m a 
reasonable range. 

C. Primary Measured Parameters 

The signals recorded for the Flux Response to Rods test are listed in Tables 1 and 2. 

D. Method of Data Analysis and Interpretation 

l. Sec Appendix I attached for analysis of decay ratios. 

2. Calculate the ratio (neutron flux/flux noise) from selected APRM and LPRM readings and plot as a function of core 
thermal power, and extrapolate to higher power levels. The next power level at which this measurement is to be 
made should be below thr. core power at which this ratio extrapolates to zero. · 

E. Acceptance Criteria 

1. Level 1 

The decay ratio musl he less than 1.0 for each process variable that exhibits oscillatory response to control rud 
movcmt:nl. 
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2. Level 2 

a) The decay ratio is expected to be less than or equal to 0.25 for each process variable that exhibits oscillatory 
response to reactivity changes introduced by control rod movement. 

b) The LPRM signal-to-noise ratio must be equal to or greater than zero when plotted against core thermal power 
and extrapolated to the next higher operating thermal power. 

3. See Appendix 1 attached for definitions of decay ratio and criteria levels 1 and 2. 
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APPENDIX I 

DATA ANALYSIS AND ACCEPTANCE CRITERIA 

A. Decay Ratio 

Perturbation of·a single process variable such as core recirculation flow, steam flow, reactor pressure, core inlet tempera
ture or neutron flux will induce changes in other process variables. The character of the induced response of a process 
variable will be either oscillatory or non-oscillatory. Each oscillatory variable will be analyzed by applying the decay ratio 
test which requires the ratios of successive maximum amplitudes of the same polarity to be less than or equal to 0.25. 

Decay ratio = 

I 

A base line will be drawn through the inflection points of the trace as in the sketch below to establish a reference line 
· from which the maximum amplitude An of the Nth peak will be determined. For traces with many peaks, determine the 

decay ratio by averaging ratios of both polarities A2/ Ao• A3/ A 1, A4/ A2, etc; the ratio of the second to the first peak will 
be used. 

Reference line through inflection points. 

Each oscillatory variable will be subjected to the decay ratio test independent of whether it was induced by the primary 
perturbation or by a secondary effect. 

The decay ratio for a limit cycle is 1.0. Special attention will be given to differentiate between inherent system limit cycles 
and small, acceptable limit cycles which are always present even in the most stable reactors. The latter are caused by 
physical non-linearities such as deadband, stiction or friction in real control systems and are not representative of 
hydrodynamics or reactivity instabilities in the reactor. 

B. Acceptance Criteria 

The acceptance criteria for each test are listed in two categories, Level 1 and Level 2 defined as follows: 

1. Levell , 

The values of process variables (as listed in Table 1) assigned in the design of the plant and equipment are included in 
this category. If a Level l criterion is not satisfied for.discernible response of each variable the plant- will be put in a 
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hold-condition which is" satisfactory until a resolution is made. Tr.sts compatiblr. with this hold-eo11uition may be 
continued. Following resolution applicable tests must be repeated lo verify that the rcquircntc11ls of the Level 1 
criterion arr. satisfied. 

2. Level 2 

The limits considered in this category are associated with expectations in regard to the performance of the system. If a 
Level 2 criterion for discr.rnible response of ea.ch variable is not satisfied, operating and testing plans would not 
ne.cessarily be altered. Investigations of the mcasuremr.nts and of the analytical techniques used for the predictions 
would be started. Note that the Level 2 criteria for decay ratio~ 0.25 is to be applied only above the lower limit of the 
Master Fiow controller. It is to be expected that the decay ratio of low recirculation flows, for example at natural 
circulation, may be > 0.25 but well below LO. Natural circulation decay ratios will be determined and evaluated 
agains~ the criterion of Level 1. 

C. Additional Evaluation Information 

1. A third category of criteria is labelled safety limit. This category of.limit is specified in the Technical Spr.cifications of 
the plant and is associated with levels of process variables which if exceeded will result in deliberate shutdown of the 
plant. This limit is not included in the Criteria section of the Startup Test Procedures since there are no planned 
operations of testing at the associated levr.ls. 

2. A graphic presentation of the test conditions for each startup stability test is included 111 Figures l and 2 for 
convenie·nce. 

3. Thr. USP. of the signal-to-noisr. ratio as an indicator of stability is a supporting technique to the principle technique of e decay ratios. The prior use of the signal-to-noise ratio technique is reported in G.E. Topical Report APE0-5698. 
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Stability Tests During Startup Test Program1 

Figure 1 

·-

' Phase II III 
Open Heat- Load 

Startut> Test Title Vess. UP 10% 25% 
·-

Flow Control 
Pressure Re~ulators 4-
BVT>ass Valves 4 
Feedwater Svstem:Drot> Pumt> I 

II II :Change Sett>t. 4 
Flux Response to Rods 4 

1The tabled numbers refer to the Test Conditions in Figure 2. 

2Power is in percent of rated power, 2527 MWt. 

IV 
T_ine Percent 

I 50% I 
5.6.7 

7 
7 

7 
7 

v 
·Power 'L 'Warranty 

7 5~~ i 100% ·-1 ;_00% . 
I -· 

8.9,10 12,13.14 
10 12.13.14 
10 12,13,14 -
10 
10 12,13.14 

8 .10 .11 12,13,14,15 
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CORE RECIRCULATION FLOW,(Percent ) 

Test Condition No. 1 2 3 4 5 6 7 

Rod Pattern v v a b c* c* c 
% PWlll> Speed O* 20* 20* 20* 20* -- --

1% Core Flow 0 .v 32 35 34 57 100* 
% Power O* <5* 10* 25* 21 31 50* 

1 See Figure 1 for Startup Test Titles. 
2 Power in percent of rated thermal power, 2527 MWt. 

8 9 10 11 

d* d* d d* 
20* -- -- O* 
37 56 100* NC 
42 52 75* 39 

98 x 10 3 lb/hr. 

100 

12 13 , 14 15 

e* e* e e* 
20* -- -- O* 
37 55 100* NC 
58 70* 100* 54 

.. .::.· 

3 Core flow in percent of rated core recirculation flow, 
*-In this table ·ti1e asterisked values ar.e set as initial 

__ are _es.timates. 
test conditions, non-asterisked values 

NC = Natural circulation condition. 
V = Varies 
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Table 1. 

Recorder Signal Taps Index 

'nescription 

Reactor Pressure 
Total Steam Flow 
Main Steam Line (Throttle) Pressure 
Total Feedwater Flow 
Reactor Water Level 
Total Recirculation Flow (From Jet Pump ~·s) 
Loop A Recirculation Flow (driving flow) 
Loop B Recirculation Flow (driving flow) 
Feedwater Discharge Header Temperature 
Recirculation ~emperature Loop B 
LPRM Chamber · 
APRM Channel 1 
APRM Channel 4 
Bypass Valve Position 
Control Valve Position 
Heat Flux ("Hot." LPRM) 
LPRM Flux Noise 
Generator Speed Recirculation Loop A 
Scoop TUbe Position Speed Controller Loop A 
Master Recirculation Flow Controller OUtput 
No. l Turbine Stop Valve Position 
Main Steam L,ine Valve 203-lA Position 
Main steam Line Valve 203-lB Position 
Main Steam Line Valve 203-lC Position 
Main Steam Line Valve 203-lD Position 
Main Steam Line Valve 203-2A Position 
Main Steam Line Valve 203~2B Position 
Main Steam Line Valve 203-2C Position 
Main Steam'Line Valve 203-2D Position 
Electro-Hydraulic Pressure Reg. Set Pt. 
Me.cha.nical Pressure Reg. Set Pt. 
scram Circuit 
Generator Trip Circuit 
Turbine Trip Circuit 
Recirculation Loop A Pump Trip 
Feedwater Pump 3201-2A Trip 
Feedwater Pump 3201-2B Trip 
Feedwater Pump 3201-2C Trip 
Relief Valve 203-3A Position 
Relief Valve 203-3B Position 
Relief Valve 203-3C Position 
Relief Valve 203-3D Position 
Relief Valve 203-3E Position 
Isolation Condenser Return Valve 1301-3 Position 
No. 1 Bypass Valve Position 
Jet Pump No. 1 DiffuserC,P on Loop A Receiver 
Jet Pump No. 2 Diffuser4P on Loop B 

Rece:lve.J:" 
Oenel:'ato:r Speed Recirculat:f.onLoop B 

The signals recorded ft)r e;11:h s.t;1rt11p 'l'Psl an~ I istl•cl in Tah1e ~. 



Table 2 

Signals Recorded During Startup Tests 

17 20 21 22 23 

TEST 

en 

~~ e r-1 

VARIABLE 15 Cl) Cl) 

~~ 
~§ 

~i Cl)~ ~~ 
~~ ~~ 2~~ 

Re·actor Pressure 1 1 1 1 1 

Steam Flow 2 2 2 2 2 

Steam Line Press. 3 3 3 

feedwater Flow 4 4 4 4 

Reactor Water Level 5 ·5 5 5 

!Recirculation Flow 6 6 

IFeedwater Temp. 9 9 
!Recirculation Temp. 10 10 

LPRM 11 11 

APRM 12,13 12,13 12,13 12,13 12,13 

Bypass Valve Pos. 14 45 

Control Valve Pos. 15 15 

LPRM Heat Flux 

LPRM Flux Noise 17 

Recirc. Qen. Speed .. JS,48 

Recirc. Scoop Tube Pos. 19 

Recirc. Master Con. Output 20 

i'urbine Stop Valve Pos. 

Isolation Valve Pos.· 

!Press. Reg. Set Point 30 30.31 
Scram Circuit 

Gen. Trip .Circuit 

rrurbine Trip Circuit 

IRecirc. Pump Trip nv-.t) 

lreedwater Pump Trip 36 ... Js 

!Relief Valve Pos. 

Isol. Cond. Return Valves 
Jee Pumo Diffuser. 111>. 

The numbers in the columns are the Signal Tap Numbers 
listed in Table 1. 




