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DISCLAIMER OF RESPONSIBILITY 

This document was prepared by or for the General Electric Company. 

Neither the General Electric Company nor any of the contributors to 

this document: 

A. Makes any warranty or representation, express or implied, with 

respect to the accuracy, completeness, or usefulness of the 

information contained in this document, or that the use of any 

information disclosed in this document may not infringe privately 

owned rights; or 

B. Assumes any responsibility for liability or damage of any kind 

which may result from the use of any information disclosed in 

this document • 
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UNITED STATES 

NUCLEAR REGULATORY COMMISSION 
WASHINGTON, D. C: 20555 

Central Files - Topical Reports 

Dr. G. G. Sherwood 
Manager - Safety and Licensing 
General Electric Company 
175 Curtner Avenue 
San Jose, California 95114 

Dear Dr. Sherwood: 

NOV 13 1978 

SUBJECT: REVIEW OF GENERAL ELECTRIC TOPICAL REPORT NED0-21778, "TRANSIENT 
PRESSURE RISES AFFECTING FRACTURE TOUGHNESS REQUIREMENTS FOR 
BOILING WATER REACTORS" 

We have completed our review of the subject topical report and have 
concluded that the report provides an acceptable basis for an amendment 
to Appendix G of .10 CFR 50. Our proposed revision to Paragraph IV.A.2.c 
of Appendix G is currently being reviewed within the NRC prior to 
publication in the Federal Register for a public conment period. Our 
evaluation of NED0-21778 includes our proposed change to Appendix G and 
is attached. 

In accordance with established procedure, we request that General 
Electric issue a revised version of the subject topical report which 
includes any supplementary infonnation provided for our review of the 
report, this acceptance letter, and the enclosed staff evaluation. 

Enclosure: 
Topical Report Evaluation 

cc w/enclosure: 
Mr. L. Gifford . 
General Electric Company 
4720 Montgomery Lane 
Bethesda, Maryland 20014 

iii 

Sincerely, 

(J~~ lo. f,_ tYiano. 'tlarr, Chief 
Light Water Reactors Branch No. 3 
Division of Project Management 
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Et~CLOSURE 

TOPICAL REPORT EVALUATION 

Report No: NED0-21778 

Report Title: Transient Pressure Rises Affecting Fracture Toughness Require
ments for Boiling Water Reactors 

Report Date: January, 1978 

Originating Organization: General Electric Company 

Reviewed by: Engineering Branch and Reactor Safety Branch, Division of 
Operating Reactc~Si Reactor Systems Branch, Core Ferf;~ar.ce 
Branch, and Materials Engineering Branch of the Division o·f 
Systems Safety. . 

SUr.ttARY OF REPORT 

The report contains justification for a request from the General Electric 
Company for relief from a provision of Appendix G, 10 CFR Part 50, which 
sets minimum temperature limits for reactor core criticality. Paragraph IV.A.2.c. 
reads: · 

Whenever the core is critical, the metal temperature of the 
reactor vessel shall be high enough to provide an adequate 
margin of protection against fracture, taking into account 
such factors as the potential for overstress and thermal shock 
during anticipated operational occurrences in the control of 
reactivity. In no case when the core is critical (other than 
for the purpose ·of low-level physics tests) shall the tempera
ture of. the reactor vessel be less than the minimum perrnhsible 
temperature for the inservice system hydrostatic pressure test 
nor less than 40°F above that temperature required by saction 
IV.A.2.b. 

The primary change requested ·by GE is elimination ·of the criticality 
limit based on the temperature required for an inservice hydrotest. A 
secondary change requested by GE is the substitution of a 25 psi pressure 
margin for the 40°F temperature margin in paragraph IV.A.2.c. The effect 
of the two changes requested by GE on the pressure-temperature.lim~ts for a 
BWR with a radiation-sensitive beltline material near end of l1fe 1s shown 

·by the shaded region in Figure l (taken from Figure 2-1 of the Topical 

iv 
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Report). At present, the shaded region must be traversed by heating with 
non-nuclear heat, such as heat from the recirculation pumps, whereas the 
requested changes would pennit taking the reactor critical to obtain power 
for beatup in this region. The Report points out that substantial savings 
could be realized in startup time and in power replacement costs. In 
the discussion of NE00-21778 at meetings with GE people, it was explained 
that BWRs cannot use pump heat during startup as effectively as PWRs can, · 
because the elevation head of water in the reactor alone is insufficient to 
·meet the NPSH requirements of the pumps at all but the lowest speeds. Hence, 
pump heat is low until there is steam pressure in the reactor. 

The report addresses the concern expressed in paragraph IV.A.2.c. of Appen
dix G to 10 CFR 50 that there is a potential for overstressing the reactor 
vessel as a result of some ~ransient during reactor startup or when .critical 
due to a subsequent malfunction in the control of reactivity. The control 
rod drop accident (CRDA) was selected as the limiting case for study, 
despite its low probability of occurrence, because CRDA conditions bound 
those of the anticipated transients that would have to meet Appendix G. 
The CRDA increases in total energy output and peak energy density directly 
with the assumed reactivity worth of the dropped rod. Rod worths are. limited 
such that the peak energy density is less than 280 cal/gm 1 the staff limit 
criterion for the event. For this energy density limit there is no prompt 
dispersal of the U02 fuel into the coolant and thus no prompt pressure pulse, 
and heat transfer from fuel to water, and thus pressure increase,·may be 
detennined by conventional heat transfer methods. For a 280 cal/gm bounding 
event, giving maximum total energy output, the G.E. analysis shows that the 
resulting pressure transient should not exceed 12.5 psi. 

With regard to the potential for a water solid pressure transient that 
would violate the revised Appendix G limits recommended in the Report, the 
only events discussed by GE were a rod drop accident during a hydrotest or · 
concurrent with an inadvertent filling of the vessel to water-solid conditions. 
No detailed analysis was provided for either event, because GE believes that 
each is of sufficiently low probability to not be considered. 

SUMMARY OF THE REGULATORY EVALUATION 

Background 

During the evaiuation of the Topical Report, consideration was given ~o 
additional infonnation obtained from meetings and correspondence as g1ven 
1n the attached chronological listing. 

Paragraph IV.A.2.c. was written into Appendix G during the final rev~ew by· 
the ACRS in 1973, to satisfy a concern that the reactor ~essel mater1al be 
wann enough to be in a ductile condition before undertaking any startup 

v 
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operations that co~ld overstress the vessel if some malfunction occurred. 
Core criticality was chosen as the specific startup operation to make the 
requirement definite. The required temperature for an inservice hydrotest 
was ~sed for the criticality limit, because .that would represent the lowest 
temperature at which vessel integrity at pressures near the relfef v11~e 
settings had been demonstrated on the vessel in its irradiated condition. 

Control Rod Drop Accident 

The staff has accepted the use of the CRDA as a limiting case with regard 
to overstress of the reactor vessel resulting from a malfunction during the 
control of reactivity. We also accept the reported estimate of 12.5 psi 
pressure rise, for the following reasons: First, by having previously 
accepted an estimate of 280 cal/gm peak fuel enthalphy, we have agreed that 
a certain physical model of ·fo.::l damage is reasonable. 
The time constant for the process of heat transfer to the water is estimated 
at greater than 6 seconds, much too long for there to be significant nuclear-to
mechanical energy conversion. Second, even if the calcuiated pressure rise 
(12.5 psi) were off by a factor of 10, the effect on the vessel would not be 
significant. In this calculation, water level was assumed to be normal, 
1.e., the large vapor space in the vessel and in the steam lines cushions 
the pressure rise . 

If the criticality limit is modified as requested, it is possible that the. 
reactor could be taken critical to warm up the vessel for a hydrotest. To 
further reduce the possibility of a CRDA while the vessel is \·1ater solid 
for a hydrotest. it will be necessary to add a requirement to Appendix G 
that all control rods must be fully inserted during hydrotest. 

Despite general agreement that the 12.5 psi pressure rise estimate is 
reasonable, the criticality margin of 40°F required by Appendix G was 
retained. The GE recorrrhendation to substitute a 25 psi pressure margin, a 
minor part of the requested change, was not accepted because: (a) 25 psi is 
a much sMaller margin than 40°F at the temperatures of interest, and (b) it · 
is a tradition of the transition temperature approach to state this sort of 
margin in terms of temperature. 

Water Solid Pressure Transients 

Despite the generally good operating history of BWRs with regard to water 
solid pressure transients, the staff explored typical existing startup 
procedures and systems aspects of potential vessel overpres~ure! goin9 well 
beyond the coverage in the Topical Report. As can be seen in Figure l, 
startup operations that normally occur after achieving criticality now take 
place at temperatures above the shaded area, whereas the requested rule 
change would permit these operations to occur a~ lower temperatures where 
the pressure limits are reduced and more easily exceeded. Violation of 

'pressure limits in a BWR during startup could only occur if water level 
was no't! adequately controlled. · 
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In the meeting at the BWR Simulator. i~ Morris. Illinois, the staff received 
the following additional infonnation on water level control. 

1. .For the vessel to go water solid, the level would have to rise about 
300 inches above nonnal (a volume of 2700 to 5600 cu. ft, depending on the plant). 

2. There are three high-level alarms - at 10, 18 and 25 inches above nonnal. 

3. During startup, there are several pumps that could supply water to the 
vessel: ·· 

a. Condensate booster pumps (shutoff head 400 - 600 psig, typically)· 
would be running - could not be tripped by high level conditions. 

b. Control rod drive pumps (shutoff head 1500 psig, typical flow 
40-80 gpm) would be running. 

c. Feedwater pumps (shutoff head~ 1500 psig) are not normally. 
started until steam pressure reaches 300 to 600 psig, according 
to NED0-21778. Steam driven pumps could not start at the temperatures 
of interest. The feedwater flow control valve closes on a high-
water signal if in automatic level control mode. The high level 
trip would trip the feedwater pumps • 

d. The low pressure coolant inj~ction {ECCS) system (375 psig shutoff 
head) could fill the vessel in 2 or 3 minutes if inadvertently 
actuated. (No high level trip.) 

e. The high pressure coolant injection system is steam driven and 
thus is not of concern here. 

f. The high pressure core spray system trips automatically on high 
water level. 

Various let-down µaths are availa~le during startup a:: f"l1o-,;s: . . . 

a. Drain flow to the reactor water cleanup system is manually con
trolled as part of level control during startup. 

b. The head vent is open to the dry well sump until a temperature of 
about 190° is reached, at which time it is vented to the steam 
lines. 

c. The main steam line isolation valves and drain valves are open 
during startup • 
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In sunmary, we conclude that the probability of a water solid pressure 
transient.i~ BW~s is.s~ffic~ently l?w and that the proposed lowering 
of the cr1t1cal~ty l1m1ts w1ll not increase the probability significantly. 
For a water sol1d p~ssure transient to occur, (a) there would nave to be 
an error or malfunction that caused an unanticipated inflow from some 
pump, (b) the operator would have to ignore three high-water alarms 
(f n some cases, there \'1oul d have to be failure of automatic protection 
feature), and (c) the normal let-down paths would have to be reduced 
through error or malfunction. 

One positive aspect of the proposed lowering of the criticality limits is 
the reduction in time spent at temperatures where fracture is of concern. 
Such a reduction of time spent in this region would imply less c~ance of 
occurrence of a maintenance ur testing operation that might inadvertently 
flood up and pressurize the vessel. 

Regulatory Position 

The Regulatory Staff agrees that it is.desirable to amend Appendix G,· 10 CFR 
50 to concur in the requested ~eletion of the criticality limit based on 
the minimum permissible temperature for the inservice hydrotest. In its 
place, the criticality limit at very low pressure would be based on considera
tion of fracture prevention.in the flange regions that are highly stressed 
by the bolt preload. The Regulatcry Staff does not concur in the requested 
change of the criticality margin from 40°F to 25 psi. The staff-recommended 
pressure-temperature limits are illustrated by the dashed lines in Figure l. 

A proposed package of amendments revising Appendices G and H is now being 
revie~ed within NRC. Paragraph IV.A.2.c. has become paragraph IV.A.1.f. in 
the current draft. It reads as follows: 

When the core is critical (other than for the purpose of low-level 
physics tests) U,e temperature of the reactor vessel shall not be less. 
than 40°F above (22 C above) the minimum permissible temperature of 
paragraph e. of this section nor less than 60°F above (33 C above) the 
refere11ce temperature of the .:lostore f~a:i;a re.gior.~ tha~ a:"e h~ghi; 
·Stressed by the bolt preload. All control rods shall be·fully inserted 
durf ng hy~rotes ts. · 

viii 
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A"fTACHMENT I 

CHRONOLOGICAL LISTING OF MEETINGS AND CORRESPONDENCE 
REGARDING NED0-21778·· 

July 13, 1977 

December 61 1177 

January 24, 1978 

March 16, 1978 

Apri 1 6, 1978 

May 26, 1978 

June 7, 1978 

letter (MFN-270-77) to the Secretary of the Conmission, 
U.S. NRC, from Glenn S. Sherwood, t-1anager, Safety and 
li~ensing, Nuclear Energy Systems Divison, General 
Electric Co., Subject:. Comments on Proposed Change to 
10 CFR 50, Appendix G, "Fracture Toughness Requirements", 
noted in Federal Register of March 31, 1977, Volume 42 -
No. 62. This letter contained the first suggestion 
from GE regarding the change to Appendix G. 

Meeting at San Jose, CA, at which an early draft of 
NED0-21778 was discussed. 

Letter to the Conmission, Attn: Olan D. Parr from 
J. F. Quirk, Manager BWR Standardization, Transmitting 
the Licensing Topical Report, "Transient Pressure Rises 
Affecting Fracture Toughness Requirements for Boiling 
Water Reactors," NED0-21778, F. E. Cooke, L. A. Kelley, 
C. J. Paone, R. L .• Shingleton and H. T. Watanabe. 

Informal meeting in Bethesda with some of the authors 
of the report. 

Letter (HTW-78-016) to U.S. NRC, Attn: Mr. W. S. Hazelton 
from H. T. Watanabe, Principal Licensing Engineer, 
Operating Plant Licensing, General Electric Co., Subject: 
NED0-21778. 

Letter to H. T. Watanabe from W. S. Hazelton, Subject: 
NED0-21778, which transmitted informal questions for 
use as agenda for upcoming meeting. 

Meeting in Morris, Illinois at location of BWR Simulator. 
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ABSTRACT 

Paragraph IV.A. 2. a of 10CPR50, Appendi:x; G, revised February 12, 

19?6, imposes an wmeceasariZy restrictive mode of operation 

f OP BWR 'a. The impact on BWR 's is de Zineated in this report. 

An anaZysis is presented which shows that the restriation is 

not required and an aZternative Pazaagraph IV.A.2.c requirement 
for BWR's is proposed. 
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1. INTRODUCTION 

The objective of this report is to provide justification for Boiling Water 

Reactors (BWR's) to modify the requirements for the minimum permissible 

temperature of the reactor pressure vessel (RPV) when the core is critical 

as set forth in Paragraph IV.A.2.c of 10CFR50, Appendix Gl. Justification is 

provided for modifying Paragraph IV.A.2.c by deleting the inservice hydro

static pressure test temperature requirement and by substituting a 25 psi 

pressure requirement in place of the 40°F temperature requirement for BWR's. 

Revisions to Appendix G incorporating the requirements of Paragraph IV.A.2.c 

were noted in the Federal Register of March 31, 1977, Volume 42, No. 62. After 

review of the revised.Appendix G, General Electric issued a letter to the 

Secretary of the Commission2 taking exception to Paragraph IV.A.2.c. Sub

sequently, General Electric was advised by the Nuclear Regulatory Commission 

(NRC) that a licensing topical report addressing the overstress and thermal 

shock concern would materially strengthen obtaining an exemption to 

Paragraph IV.A.2.c for BWR's. 

r 

All accidents and abnormal operating transients reported in Final Safety 

Analysis Reports (FSAR's) were reviewed and the limiting accident - the rod 

drop accident - was analyzed. It is concluded from the analysis that neg

ligible pressure rise occurs in BWR's during the conditions specified and 

that the specifications of Paragraph IV.A.2.c do not apply to BWR operating 

conditions. 

Proposed modifications to the 10CFR50, Appendix G, Paragraph IV.A.2.c are 

summarized in Section 4, "Conclusions". Section 4 includes Figure 4-1 which 

compares existing and proposed requirements. 

This report is applicable to all BWR's. 

1-1/1-2 
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2. STATEMENT OF THE PROBLEM 

Figure 2-1 shows a set ~f limit curves for a typical boiling water 

which are derived from current requirements in 10CFR50, Appendix G 

Code Section III, Appendix G both for initial operation and at the 

reactor 

and ASME 

end of 
service life. Curves A & B for initial operation are derived from stress 

intensity factor evaluations for the core beltline region using ASME Code 

Section III, Appendix G stress intensity factor limits. Stress intensity 

factor limits for hydrotest Curve A·are less restrictive than the Curve B 

limits that apply for heatup operations. (See Figure 2-1). Curve Bis 

established on the basis of a 100°F/hr heatup rate for BWR's. The lower 

vertical line portion of Curves A & B is established by the temperature 

requirements for boltup of the reactor vessel main closure flange and corres

ponds to the reference transition temperature plus 60°F. Curve C is con

structed from curves A & B in accordance with the provisions of 10CFR50, 

Appendix G, Paragraph IV.A.2.c for nuclear heating. This is done by adding 

40°F to Curve B and by establishing a vertical limit line for Curve C by 

projecting the temperature at 1100 psig from Curve A. The 1100 psig cor

responds to the operational hydrostatic leak check pressure and ASME Code 

Section XI hydrostatic test pressures for BWR's. 

The dashed curves A, B, and C, shown on Figure 2-1, are constructed the same 

manner as the solid curve counterparts, except that the effects of a shift 

in the core beltline transition temperature due to neutron irradiation has 

been included. The effects shown are for a typical BWR at the end of 40 years 

of service. 

The stated objective of the margins required by 10CFR50, Appendix G, 

Paragraph IV.A.2.c is to take into account such factors as the potential for 

overstress and thermal shock during anticipated operational occurrences in 

the control of reactivity. Curves C of Figure 2-1 show the effect of these 

margins on BWR operating limits for both initial operation and at end of 

service life. At or near end of service life, plant startup is delayed 

because of the restriction placed on heatup by nuclear means until a tempera

ture for hydrostatic test pressure is reached. The delay is due to the 

2-1 
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difference in the heating rate of 100°F/hr which can be achieved with nuclear 

heating and the slower heating rate which can be attained using non-nuclear 

heating means such as pumping power. The temperature range over which the 

startup time delay would occur is defined for a typical BWR by the vertical 

line portion of Curve C at 280°F and the vertical line portion of Curves A 

and B at 100°F shown on Figure 2-1. 

The restriction of heating the reactor pressure vessel to 280°F during start

up could add up to 2 days to the startup time of a BWR. In terms of 1977 

power replacement costs, this amounts to approximately $600,000 per year 

per plant. 

Figure 2-1 shows the comparison between the saturation pressure versus 

temperature curve which the BWR's follow during startup and the operating 

limit Curves A, B, and C. BWR operation would be prohibited if Curve C were 

to fall completely to the right of the saturation curve. The vertical por

tion of Curve C, which is established by assuming that the BWR is at a hydro

test pressure of 1100 psig when it is in fact at the saturation pressure, is 

irrelevant to BWR operations and should be deleted as a requirement to 

BWRs • 
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Figure 2-1. Minimum Temperatures Required vs. Reactor 
Pressure for Typical BWR's. 
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3. DISCUSSIONS 

3.1 POTENTIAL FOR OVERSTRESS AND THERMAL SHOCK 

3.1.1 Normal Startup 

Normal startup of the plant is performed in accordance with approved procedures 

and by operators licensed by the NRC. The reactor mode switch is in "startup" 

and all rod blocks are cleared. RPV level is maintained by manual control 

of the condensate pump to within ±10 inches of the normal water level. This 

provides a steam volume of"'2700-5600 cubic feet above the water level which 

cushions against pressure increases. At this stage of the startup, the reactor 

coolant temperature is typically at 160°F and RPV pressure at zero. Heatup 

then proceeds on the saturation curve ensuring that the heatup rate is within 

the Technical Specification limit (100°F/hr). Throughout heatup, the water 

level is maintained within ±10 inches of normal level by rejecting water as 

necessary through the reactor water cleanup (RWCU) system. At 300-600 psig 

reactor pressure, the feedwater pumps are started. The automatic flow con

troller is activated when the reactor pressure is· at 850 psig and the reactor 

power at about 10J of rated. The generator is synchronized at this point and 

power gradually increased to 100% in accordance with the power/flow map. 

A concern is that during the above phase of start.up, the vessel may be 

inadvertently filled to the top with water (solid) by operator error and a con

current_ control rod drop accident (CRDA) may occur. The combined events could 

overstress the vessel. A concurrent CRDA, an unlikely event by itself, and an 

operator error to fill the vessel solid is of such low probability that 

licensing regulations do not require its analysis. The concern then reduces 

to reactivity insertion accidents at low power (less than 20% of rated) which 

are addressed in the FSAR's. 

There are several ways of inserting reactivity into a BWR at low power; how

ever, most of them result in a relatively low rate of reactivity insertion and, 

therefore, pose no threat to the RPV due to overstress or thermal shock. 
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Reactivity insertion can result from two types of occurrences: (1) reduction of 

the reactor coolant temperature and (2) rapid withdrawal of a control rod. 

The most limiting of the first type are loss of feedwater heaters and inadvertent 

injection of cold water. Feedwater is heated by steam extracted from the low

pressure turbine. Since "turbine roll" is normally initiated at about 10% 

reactor power, feedwater heating is not available during the low power, low 

temperature operation, and hence is not of concern in startup. 

Several systems.are available for providing supplies of cold water to the 

vessel for normal or emergency functions. The control rod drive (CRD) system and 

the makeup water system, normally in operation, can be postulated to fail in the 

highflow direction introducing the possibility of increased power due to higher 

core inlet subcooling. The same type of transient would be produced by inad

vertent startup of either the reactor core isolation coolant (RCIC) system or 

the high pressure coolant injection (HPCI) system (or its equivalent). In all 

of these cases, the normal feedwater flow would be correspondingly reduced by 

the water level controls. The net result is simply a replacement of a portion 

of the f eedwater at ~100°F by flow from HPCI or RCIC having a temperature of 

approximately 100°F. Very little reactivity insertion would result since the 

coolant injected is mixed with large quantities of reactor recirculation flow 
' before it enters the core region. 

It is possible, however, that a rapid removal of a control rod could result in 

a potentially significant excursion. The two events of interest are contin

uo~s rod withdrawal in the low power range and a control rod drop accident. 

Of the two, the latter results in a reactivity insertion rate that is m~oh 

higher than the former; therefore, this accident has been analyzed to encom

pass the consequences of a reactivity excursion (presented in Section 3.2). 

3.1.2 Operational Hydrostatic Pressure Leak Check 

Prior to startup after a refueling outage, an operational hydrostatic pressure 

leak check is conducted to verify the integrity of RPV head seal and other 

• vessel/appurtenance interfaces. Initially, all control rods are fully inserted 
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and the reactor mode switch is in "Refuel." Control rods cannot be withdrawn. 

The RPV is vented, filled to the top using the CRD system, and pressurized to 

1000 psig at a rate of 100 psig per minute along curve A of Figure 2-1. 

Pressure in the vessel is maintained at 1000 psig during the leak check by 

simultaneously filling with the CRD system and rejecting water through the RWCU 

system. 

For a rod <lrop accident potential to occur during this phase, the operator 

must deliberately switch the reactor mode switch from "Refuel" to "Startup" 

and in addition notch the control rods out. Concurrent events of a drive 

uncoupling, its blade sticking and subsequently falling must then occur. These 

combinations of events are improbable and are outside the envelope of current 

licensing considerations. 

3.1.3 ASME Code, Section XI Hydrostatic Pressure Testing 

The ASME Code, Section XI hydrostatic pressure test is performed every 10 years 

at a test pressure at the highest elevation in the reactor vessel of 1.10 times 

the system nominal operating pressure which corresponds with 100% rated reactor 

power. 

The Section XI hydrostatic pressure test is performed in essentially the same 

manner as the operational hydrostatic leak check except that the former is 

performed at a higher pressure along curve A of Figure 2-1. Therefore, using 

the same rationale given in Section 3.1.2, a CRDA is considered improbable. 

3.2 CONTROL ROD DROP ACCIDENT 

3.2.1 Accident Description 

The control rod drop accident (CRDA) is not possible without the following 

sequence of events. 

(1) A complete rupture, breakage, or disconnection of a fully inserted 

control rod drive from its cruciform control blade occurs at or 

near the coupling. 
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(2) The--olade sticks in the fully inserted position as the rod drive is 

withdrawn. 

(3) The blade falls from the fully inserted position to the position of 

the withdrawn control rod. 

This unlikely set of circumstances is required for the rapid removal of a con

trol rod. The dropping of the rod results in high local reactivity in a small 

region of the core. For large, loosely coupled cores, significant shifts in 

spatial power generation would result during the course of the excursion, 

Therefore, the method used in the analysis of the CRDA must be capable of 

accounting for any possible effects of the power distribution shifts. 

Analysis of this accident is performed for various reactor operating states 

to assure that the entire range of operation where the CRDA may be a potential 

problem is covered. The key reactivity feedback mechanism affecting the 

turnover of the initial prompt ~ower burst is the Doppler coefficient. Final 

shutdown is achieved by scramming all but the dropped rod. The methods used 

to evaluate the rod drop accident are given in detail in References 3, 4, 

5, and 6. 

3.2.2 Control Rod Worth Reduction by Rod Withdrawal Sequencing 

In most BWR's, a rod withdrawal sequencer is installed to reduce control rod 

worth and to assure that the 280 cal/gm peak fuel enthalpy design limit is not 

exceeded in the unlikely event of a CRDA. 

For BWR-2's, 3's and Vermont Yankee (see Reference 7) the rod worth minimizer 

(RWM) employing the banked position withdrawal sequence (BPWS) is used to 

maintain control rod low worths. The RWM is operational below 20% of rated 

power. 

To limit control rod worth on most BWR-4's, a rod sequence control system 

(RSCS) employing the group notch mode of control rod withdrawal is installed 

in addition to the RWM. This sytem (see BWR-4 FSAR's) prevents control rod 
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high worth beyond the 50% rod density configuration by enforcing the group 

notch mode of rod withdrawal. The 50% rod density configuration occurs during 

each reactor startup and corresponds to the condition in which 50% of the rods 

are fully inserted and 50% are fully withdrawan resulting in a checkerboard 

pattern. The rod drop accident design limit restricts peak fuel enthalpies 

in excess of 280 cal/gm for any possible plant operation or core exposure. 

Some BWR-4's (those with solid-state reactor manual control systems) and 

BWR-S's employ the banked position withdrawal sequence RSCS. BWR-6 also 

employs the BPWS method of rod withdrawal in the rod pattern control system 

(RPCS). The hardware involved in enforcing the BPWS method of rod withdrawl 

differs between the BWR-4's and S's and BWR-6 but the resulting restrictions 

on control rod withdrawal are the same. No differentiation will be made here 

with respect to hardware differences since that is not the function of this 

description. This brief description of the BPWS applies to all plants employing 

it. A more detailed description may be found in Reference 3 • 

The BPWS limits the incremental worth of control rods which could be dropped. 

This sequence prevents movement of an out of sequence control rod in the 

100% to 75% rod density range and from the 75% rod density point to the low 

power set point (20% of rated power) the BPWS will only allow the banked 

position mode of withdrawal. With the stipulation that the control rods in the 

75% rod density to 20% of rated power range must be withdrawn in the banked 

position mode, the postulated rod drop accident cannot result in peak enthal

pies in excess of 280 cal/gm for any possible plant operation or core exposure4. 

3.2.3 Experimental Results 

Experiments have been performed which have subjected fuel rod segments to 

high energy power bursts. A portion of this experimental data is presented 

to show that a control rod drop accident resulting in a peak fuel enthalpy 

of approximately 280 cal/gm would not cause a pressure increase of any sig

nificance. All tests were initiated from atmospheric pressure and 70°F • 
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Figure 3-1 shows nuclear-to-mechanical energy conversion as a function of 

energy deposition in the fuel. This figure shows that at a fuel enthalpy of 

280 cal/gm the nuclear-to-mechanical energy conversion is very low (less than 

0.01%). Nuclear-to-mechanical energy conversion is the portion (measured in%) 

of the available nuclear energy which is converted to mechanical (kinetic) 

energy. The mechanical energy is determined in the experiment by measuring 

the velocity of the water column above the fuel rod segment being tested. 

This column of water is lifted due to steam generated in the area of the rod 

segment. With the velocity of the water column measured and the mass of the 

water known, the kinetic energy can be calculated and compared to the known 

available nuclear energy (see Reference 8 for details). Nuclear-to-mechanical 

energy conversion is the main mechanism for a pressure pulse. Since there is 

essentially no nuclear-to-mechanical energy conversion at a peak fuel 

enthalpy of 280 cal/gm, there will be no pressure pulse. No pressure rise 

(sustained pressure) was seen experimentally until a peak fuel energy deposition 

of 360 cal/gm was achieved • 

The pressure rise rate (pressure pulse) and sustained pressure rise are highly 

dependent on the resultant fuel particle size and energy deposition, respectively. 

Figure 3-2 shows the mean fuel particle size as a function of energy input for 

various test. Below approximately 230 cal/gm no fuel fragmentation occurs. 

There is a transitional zone between 230 and 400 cal/gm where the particle size 

is a strong function of energy input. Above 400 cal/gm the fuel particle size 

is relatively independent of energy input. Pressure rise rate or pressure pulse 

is highly dependent upon fuel particle size since the rate of heat transfer is 

the main mechanism for a pressure pulse. Thus, if the particle size is small, 

the heat contained in the fuel can be transferred to the water quickly causing 

a large pressure pulse. If the fuel fragments are large, the heat transfer 

will be slower, resulting in a low pressure pulse or no pressure pulse at all. 

The sustained pressure (i.e. pressure in the test vessel after the nuclear 

excursion) is dependent upon the total amount of energy deposition in the fuel. 

A certain amount of this energy goes to heating the water in the test vessel 

to saturation, causing essentially no pressure rise. The remainder of the 

available energy produces steam resulting in a pressure rise. At low energy 

deposition there will be little or no sustained pressure rise. An excursion 
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resulting in a -iarge energy deposition will cause a relatively high sustained 

pressure rise due to the greater amount of energy added to the system, 

A CRDA resulting in a high energy deposition (>~400 cal/gm) will cause the fuel 

to fragment into small particles making possible high heat transfer rates for 

a large amount of contained energy. This results in high pressure pulses and 

high sustained pressure increases. A CRDA resulting in a relatively low 

energy deposition (<280 cal/gm) would in turn result in relatively large fuel 

particle sizes (approximately half the size of the original fuel). The heat 

transfer would be slow, hence, little or no pressure pulse and since the energy 

deposition is low the sustained pressure increase would be small. 

Based on experimental results, no sustained pressure rise of any significance 

would be expected due to a CRDA resulting in a peak fuel enthalpy of 280 cal/gm. 

The slight pressure rise that might occur would not involve any pressure wave 

or pulse since there is negligible nuclear-to-mechanical energy conv.ersion 

at an energy deposition of 280 cal/gm, 

3.2.4 Analytical Results 

To determine the sustained pressure increase due to a CRDA, a typical reactor 

was analyzed. In a CRDA resulting in a peak fuel enthalpy of 280 cal/gm, 

the total energy deposition in the fuel was 6310 MM-sec. The analysis assumed 

· that prompt moderator heating resulted in an additional energy deposition of 

3.5%. Thus, the energy deposited in the fuel plus the energy deposited in 

the moderator resulted in 6530 Mil-sec added to the system. 

To determine the average system pressure increase due to a CRDA two reactor 

pressure vessel (RPV) sizes were analyzed, The initial conditions assumed 

in this analysis are given in Table 3-1. 

The ·two sizes of RPV's used in the study to determine the effect the CRDA 

would have on the average system pressure were a typical standard 218-inch 

plant and a smaller 158-inch plant (i.e., KKM). The system temperature of 

160°F is typical for a reactor in the shutdown condition, The partial, 
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pressure of tha.water vapor at this temperature is about 5 psia while the 

partial pressure of the air was varied between 0 psia (i.e., no air) and 

about 50 psia (1200 lbm air) to determine its effect on the results. The 

highest system pressure rises were obtained for the unrealistically high but 

conservative assumption of an initial partial pressure of the air in the free 

volume .above the water of 50 psia. The free volume above the water was 

varied according to RPV size. The volume of water assumed was that from the 

top of the active fuel (TAF) to the normal water level within the core shroud. 

The free volume also corresponded directly to RPV size. 

The total energy deposited in the fuel was calculated to be 6530 :?otol-sec which 

corresponds to a peak fuel enthalpy of 280 cal/gm. The resultant pressure 

rise in the vessel is expected to be less than 25 psi for any size vessel due 

to this accident. Local pressure rises within the core in the vicinity of the 

affected fuel elements would be generally higher. However, the localized 

pressure pulses would not significantly affect the average system pressure 

rise • 

The analysis performed to obtain the resultant pressure rise due to a CRDA 

was based on the following model assumptions: 

(1) The water and vapor initially existed in a state of saturated 

equilibrium (State 1). 

(2) The energy generated in the CRDA was transferred to the bulk water 

inside the shroud and above the core, thereby- raising the bulk 

water temperature, and vaporizing a portion of the water which 

created a new atate of saturated equilibrium (State 2). 

(3) Only the volume of water in the region from the top of the active 

fuel to the normal water level inside the core shroud was heated. 

This assumption was based on an upper bound estimate of water 

volume affected by recirculation flow which.mixes the water • 

(4) The air and water vapor behaved as ideal gases. 
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(5) There was perfect mixing between the air and vapor. 

(6) Maximum pressure rise was obtained by assuming no recondensation 

of water vapor created due to the CRDA. 

(7) Heat transfer with vessel internals did not occur. 

With the above assumptions, the equations which describe the pressure rise 

in the system are as follows: 

where, 

11.1 - 11.2 

Qin - (~UL)2+(~UL)1 + MgCvlTl + ~l + Cv +Tl 

MC 1 +M C g v v2 v 

p total = ( R:z) vapor + ( R:z) air 

Qin = total energy input due to CRDA (BTU) 

UL = internal energy of volume of liquid water being considered 

(Btu/lbm) 

!\. ~ mass of liquid water being considered (lbm) 

C 1 C s constant volume specific heats of air and water vapor 
v ' v 

respectively (Btu/lbm-0 R) 

M = mass of water vapor in vessel (lbm) 
v 

M = mass of air in vessel (lbm) 
g 

T = temperature of liquid 

R = universal gas constant 

v = specific volume of air or vapor 
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Subscript 1 = State 1 

Subscript 2 = State 2 

Calculations with the above equations and assumptions resulted in a maximum 

pressure rise of 12.5 psi. However, for added conservatism, a 25 psi pressure 

rise was assumed in the construction of the new pressure versus temperature 

curve proposed in Section 4. 
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TABLE 3-1 

INPUT DATA FOR PRESSURE RISE CALCULATIONS 

Parameter 

RPV size (diameter) 

Temperature of system 

(water and air in RPV) 

Pressure of system 

(saturation pressure of water 

vapor at 1600F plus air pressure) 

Volume of water 

Free Volume above water level 

(air and water vapor) 

Value/Units 

158 in. and 218 in. 

50-60 psia 

689 ft3 and 1312 rt3 

5644 ft3 and 2965· ft3 
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Figure 3-1. Nuclear-to-Mechanical Energy Conversion versus Test Rod Adiabatic 

Energy Deposition (Reference 8) 
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Figure 3-2. U02 Mean Particle Size versus Energy Input 
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4. CONCLUSIONS 

The stated objective of the inservice test pressure margin and the 40°F 

temperature margin (specified) in 10CFR50, Appendix G, Paragraph IV.A.2.c 

was to take into account such factors as the potential for overstress and 

thermal shock during anticipated operational occurrences in the control of 

reactivity. It is concluded from the results of this report that the maxi

mum effect for a BWR during anticipated operational occurrences in the control 

of reactivity is a pressure rise much less than 25 psi. It is also concluded 

that the existing requirements of Paragraph IV.A.2.c are not applicable to 

BWR operation. Therefore, modifications should be made to Paragraph IV.A.2.c 

deleting the inservice hydrostatic pressure test requirement and substituting 

a 25 psi pressure requirement in place of the 40°F temperature requirement 

for BWR's. Figure 4-1 illustrates the ~ffect of this modification on pressure 

vs temperature limits. The proposed curves labeled c~ would be substi~uted 

for Curves C. These modifications would allow nuclear heatup of BWR's, 

without unnecessary restriction, alon~ the saturation curve as sh.own on 

Figure 4-1. 
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