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14 SAFETY ANALYSIS

1L.1 CORE AND COOLANT BOUNDARY PROTECTION ANALYSIS

1h.1.1 ABNORMALITIES

In previous sections of this report both normal and abnormal operations of the
various systems and components have been discussed. This section summarizes
and further explores abnormalities that are either inherently terminated or
require the normal protective systems to operate to maintain integrity of the
fuel and/or the reactor coolant system. These abnormalities have been evalu-
ated for rated power of 2,452 MWt. Whenever a fission product release to the
environment occurs, the release is based upon the fission product inventory
associated with the ultimate reactor core power level of 2,5Ll4 MWt. Fission
product dispersion in the atmosphere is assumed to occur as predicted by the
dispersion models developed in 2.3. Table 1l4-1 summarizes the potential ab-
normalities studied.

Table 1li-1
Abnormalities Affecting Core and Coolant Boundary
Event Cause Effect
Uncompensated Oper- Fuel depletion Reduction in reactor system
ating Reactivity or xenon build- average temperature. Automatic
Changes up. reactor trip if uncompensated.
No equipment damage or radiolog-
ical hazard.
Startup Accident Uncontrolled Power rise terminated by nega-
rod(*) with- tive Doppler effect, reactor
drawal. trip from short period, high

reactor cocolant system pres-
sure, or overpower. No equip-
ment damage or radiological

hazard.
Rod Withdrawal Acci- Uncontrolled Power rise terminated by over-
dent at Rated Power rod withdrawal. power trip or high pressure

trip. No equipment damage or
radiological hazard.

(*)con. o1 rod, rod, and control rod assembly (CRA) are used interchange-
ably in this section and elsewhere in the report.

A contrel rod grep consists of a symmetrical arrangement of four or
~»

more control rcd assemblies. See T7.2.2.1.1.
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Event

Moderator Dilution
Accident

loss of Coolant Flow

Stuck=-0Qut ¢r Stuck-
In or Dropped-In
Control Rod

Loss of Electric
Powver

Steam Line Failure

Steam Generator Tube
Failures

Table 14-1 (Cont'd)

Cause

Equipmeni mal-
function or
operator error.

Mechanical or
electrical

failure of re-
actor coclant

pump(s).

Mechanical or
electrical
failure.

Miscellaneous
faults.

Pipe failure.

Tube failure.

Effect

Slow change of power terminat-

ed by reactor trip

on high

temperature or pressure. Dur-
ing shutdown a decrease in
cshutdown margin occurs, but
criticality does not occur.

No radiclogical hazard.

None. Core protected by reac-

tor low-flow trip.
logical hazard.

No radio-

None. Subcriticality cen be
achieved if one rod is stuck-
out. If stuck-in or dropped-
in, continued operation is

permitted if effect on power

peaking not severe.
logical hazard.

Possible power reduction or re-

No radio-

actor trip depending on condi-

tion. Redundancy provided for

safe shutdown. Radiological
hazard within limits of 10

CFR 20.

Reactor automatically trips if

rupture is large.
to reactor system.

acces at exclusion

No damage
Integrated

distance

are 0.002 rem whole body and

0.53 rem thyroid.

Radiologi-

cal hazard is within limits of

10 CFR 20.

Reactor automatically trips if
leakage exceeds normal makeup
capacity to reactor coolant

system. Integrated doses at
exclusion distance are 0.69 rem
whole body and 1.0 x 10-% rem
thyrcid. Radiological hazard
is within limits of 10 CFR 20.



14.1.2 ANALYSIS OF EFFECTS AND CONSEQUENCES

14.1.2.1 Uncompensated Operating Reactivity Changes

14.1.2.1.1 Identification of Cause

During normal operation of the reactor, the overall reactivity of the
core changes because of fuel depletion and changes in fission product
poison concentration. These reactivity changes, if left either uncom-
pensated or overcompensated, can cause operating limits to be exceeded.
In all cases, however, the reactor protective system prevents safety
limits from being exceeded. No damage occurs from these conditions.

14.1.2.1.2 Analysis and Results

During normal operation, the autamatic reactor control system senses any
reactivity change in the reactor. Depending on the direction of the re-
activity change, the reactor power increases or decreases. Correspond-
ingly, the reactor ccclaat system average temperature increases or de-
creases, and the automatic. reactor control system acts to restore reac-
tor power to the power demand level and to reestablish this temperature
at its set point. If manual corrective action is not taken or if the
automatic control system malfuncticns, the reactcr coolant system aver-
age temperature changes to compensate for the reectivity disturbance.
Table 14-2 summarizes these disturbances.

Table 14-2
Uncompensated Reactivity Disturbances
Max imum Rate of Average
Reactivity Rate, Ter , srature Change
Cause (Ak/k)/sec (Uncorrected), F/sec
Fuel Depletion -6 x 10-9 -0.0006
Xenon Buildup -3 x 10-8 -0.003

These results are based on +6 x 1072 ( Ak/k)/F moderator coefficient and

-1.14 x 10=2 ( Ak/k)/F Doppler coefficient. The nominal value of +6 x

105 (Ak/k)/F is representative of the moderator coefficient at the be-
ginning of core life for an equilibrium cycle. This value is also valid

at BOL for the first cycle after 15 days. A higher value [+10 x 10-? (Ak/ | 3
k)F ] exists at the start of the first core cycle. However, the ~ffect of

this slightly higher value has been shown to be of minor importaace by

the evaluation of the sensitivity of the reactor to moderator coefficient
variations. These reactivity changes are extremely slow and allow the

operator to detect and compensate for the change.

14-3 (Revised 1-15-68)



14.1.2.2 Startur Accident
I .20 ) Identification of Cause ‘

The objective of a normal startup is to bring a subcritical reactor to
the critical or slightly supercritical condition, and then to increase
power in a controlled manner until the desired power level and svstem
operating temperatures are obtained. During a startup, an uncontrolled
reactivity addition could cause a2 nuclear excursion. This excursion is
terminated by the strong negative Doppler effect if no other rrotective
action operates.

The following design provisions minimize the nossibility of inadvertent
continuous rod withdrawal and limit the potential power excursion:

a. The control system is designed so that onlvy one control rod
group can be withdrawn at a time, except that there is a 25
per cent ~verlap in travel between two successive rod groups.
This overlap occurs at the minimum vorth for each grouv since
one group is at the end of travel and the other is at the be-
ginning of travel. Tne maximum worth of any single control rod
group is 1.2% Ak/k when the reactor is critieal. ‘7

b. Control rod withdrawal rate is limited to 30 in./min. "

¢. A short-period withdraws] stop and alarm are provided in the
source reage.

d. A short-ieriod withdrawal stop, alarm, and trir are nrovided in ‘
the intermediate range.

e. A high flux level and a high pressure trip are i rovided in the
power range.

The reactor protective system is designed to limit (a) the reactor ther-
mal power to llk per cent of rated power to prevent fuel damage, and (b)
the reactor coolant system pressure to 2,515 psisa.

1h.,1.2.2.2 Methods of Analvsis

An analog model of the reactor core and coclant svs’ m was used to deter-
mine the characteristics of this acciden.. This analog model used full
reactor coolant flow, Y»ut no heat transfer out of the system and no

sprays in the pressurizer. The rated-power Doppler coefficient [-1.1k x
10> (Ak/k)/F] was used although the Dopvler is much larger than this

for the principal part of the transient. The rods were assumed to be mov-
ing along the steepest part of the rod-worth vs rod-trave! curve. A re-
actor trip on short verind was not incorprorated in the analysis. The
nominal values of the princinal parameters used were: 0.3 sec trip delay,
+6 x 10™2 (Ak/k)/F modersator coefficient, and =1.14 x 10=5 (Ak/k)/F

Doppler coefficient. The total worth of all the contrcl rods inserted 1
into the reactor core following any trip is R.4% Ak/k without a stuck I

DU oRed va T T L Rl O e B Ve e Rt SR e b e g ‘ .
o
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Control rod, or 5.4% Ak/k (the nominal case in this study) with a stuck
rod.

14,1.2.2.3 Results of Analysis

Firure lh-l1 shows the results of withdrawing the maximum worth control

rod group from 1 per cent subcritical. This group is worth a maximum

value of 1.2% ak/k and results in a reactivity addition rate of $(§)x 10~3
(Ak/k}/sec. The Donpler effect beging to slow the neutron power rise,
but the heat to the coolant increases the vressure past the trin point, and
the transient is terminated bv the high vressure trip.

Figure 1h-2 shows the results of wi 2 1 61 control rod assemblies
(with a total worth of 10.0% Ak/k) at 1 o [ cent subecritical. This results

in a reactivity addition rate of 5.8 x 107" (ak/k)/sec. About 15.3 sec after
passing through criticality, the neutron power peaks at 1L7 per cent, where
the power rise is stopved by the nesative Doppler effect. The high neutron
flux trip takes effect 0.25 sec after the peak power is reached and terminates
the transient, The peak thermal heat flux is onlv 1€ per cent of the rated
power heat flux.

A sensitivity analysis was verformed on both of these startur accidents
to determine the effect of varying several key parameters. Figures 1l-3
through li-f show tvnical results for the single group, 1.2% Ak/k start-
up accident.

Figures 14=3 and lh-k show the effect of varving the reactivity addition
rate on the peack thermal nower and pesk neutron power. This reactivity
rate was varied from one order of magnitudy below the single rod group
case (1.2% ak/k) to more than an order of magnitude above the rate that
represents all rods (10.0% an/k) being withdrawn at once. The slower
rates - up to about 1.5 x 10~3 (Ak/k)/sec = will result in the pressure
trip being actuated, whereas only the very fast rates actuate the

high neutron flux level trip.

Figures 1L-5 and 1L-f show the peak thermal power variation as a function
of a wide range of trip delay times and Doopler coefficients for the 1.2%
Ak/k rod grouo. Only a small change in power is noted. Figures lL-7

and 1L=8 are the corresponding results from the withdrawal of all r_is
(10.07 ak/k). Since this transient inserts reactivity an order of magni-
tude faster than does the single control rod group case, there is con-
siderably more variation in the preak tnermal vpower over these wide ranges.
At high values of the Doppler coefficient, the neutron power rise if vir-
tually stopped before reaching the hizh flux trip level. Reactor power
generation continues until sufficient energy is transferred to the reace
tor cooclant to initiate a high pressure trip. This results in a higher
peak thermal power.

Figures 1L=-9 through 14-12 show the peak pressure response to variations
in several key parameters for the case where all rods are withdrawn. It
is seen that the safety valve is ovened when these paranmeters are changed
considerably from the nominal values, excent in the case of the moderator

(*)

Neutron power is defined as the total sensible anergv release from fission.
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coefficient wnich has little effect because of the snort duration of the
transient. Again for a high Doppler coefficient, th: high pressure trip
is relied upon.

None of these postulated startug accidents, except for reactivity addi-
tion rates greater than 2 x 10-3 (Ak/k)/sec, which is three time,
greater than for withdrawal of all rods at once, causes a ther.ual power
peak in excess of 40 per cent rated power or a nominal fuel -od average
temperature greater than 1,715 F. The nominal 1.2% Ak/k rod group with-
drawal causes a peak pressure of 2,515 psia, the safety valve set point.
The capacity of the safety valves is adequate to handle the maximum rate
of coclant expansiun resulting from this startup accident. The 10.0%
Ak/k withdrawal - using all 69 rods - causes a peak pressure of only
2,465 psia because the flux trip is actuated prior to the pressure trip.

It is concluded that the reactor is completely protected against any
startup accident involving the withdrawal of any or all control rods,
since in no case does the thermal power approach llL per cent, and the
peak pressure never exceecs 2,515 psia.

14.1.2.3 Rod Withdrawal Accident From Rated Power Operation

18.1.8.3.1 Identificition of Cause

A rod withdrawal accident presupposes an operator error or equipment
failure which results in accidental withdrawal of & control rod group
while the reactor is at rated power. As a result of this assumed accident,
the power level increases; the reactor coclant and fuel rod temperatures
increase; and if the withdrawal is not terminated by the operator or pro-
tection system, core damage would eventually occur.

The following provisions are made in the design to indicate and terminate
this accident:

a. High reactor outlet cooclant temperature alarms.

b. High reactor coclant system pressure alarms.

c. High pressurizer level alarms.

d. High reactor outlet coolant temperature trip.

e. High reactor coclant system pressure trip.

f. High power level trip.
14.1.2.3.2 Methods of Analysis
An analog computer model was used to determine the characteristics of
this accilent. A complete kinetics model, pressure model, average fuel

rod model, steam demand model with turbine coastdown to 15 per cent of
rated load, coolant transport model, and & simulation of the instrumen-

-~ tation for pressure -and flux trip were included. The initial conditions

wvere ncrmal rated power operation without automatic control. Omnly the

“ 1k-6 (Revised 1-15-58) OD]S -
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moderator and Doppler coefficient of reactivity were used as feedhack. The
nominal values used for the main parameters were 0.3 sec trip delav time,
-1.1% x 10~° (Ak/k)/F Doppler coefficient, +f x 10=° (Ak/k)/F moderator co-
efficient, 5.8 x 10"5 (Ak/k)/sec reactivity insertion ra.e, and 1.27 Ak/k
control rod group worth. The totasl worth in all the contrel rods inserted
into the reactor core following any trip is 2.L7 Ak/k without a stuck control
rod, or 5.4% Ak/k (the nominal value used) with a stuck rod.

(Sentence deleted.)
The reactor protection system is desimmed to limit (a) the reactor power to
114 per cent of rated power to prevent fuel damage, and (b) the coolant system
pressure to 2,515 psia to prevent reactor coclant svstem damage.

e " L By Results of Analvsis

Figure 1L-13 shows the results of the nominal rod withdrawal from rated vower

o -y s
using the 1.2% Ak/k rod group at 5.8 x 10~° (Ak/k)/sec. The transient is
terminated by a high pressure trip, and reactor power is limited to 10R per
cent, much less than the design ovrerpower of 114 per cent of rated power. The

)

.
changes in the parameters are all quite small, e.g., S F average reactor cool-
ant temperature rise and 200 psi system pressure change.

A sensitivity analysis of important parameters was pnerformed around this nomi-
nal case, and the resultant reactor coclant system rressure responses are shown
in Figures 1L-1Lk through 1L=16.

Figure lL-1lLl shows the pressure variation for a very wide range of rod with-
drawal rates - more than an order of magnitude smaller and greater than the
nominal case. For the very ranid rates, the neutron flux level trip is actu-
ated. This is the primary protective device for the reactor core; it also pro-
tects the svstem against high pressure during fast rod withdrawal accidents.
The high pressure trip is relied upon for the slower transients. In no case
does t e thermal power exceed 10R per cent rated power.

An analysis has been performed extending the evaluation of the rod withdrawal
accident for various fractional initial power levels up to rated vower. This
evaluation has been performed assuming simulated withdrawal of all Al control rods
with a reactivity addition rate of 5.8 x 10™% (Ak/k)/sec. This rate is a

factor of ten higher than used in the cases evaluated at rated power. The

results of this analvsis are shown in Figures 1L-17 and lu=1R,

As seen in Figure 1L-17 the neak thermal power occurs for the rated power

case and is well below the maximum design power of 11lL per ~ent. The peak neu-
tron powrr for all cases is aprroximately 117 per cent of rated power and rep-
resents a slight overshoot above the trip level of 114 ner cent. Figure 1L-18
shows that the maximum fuel temperature reached in the average rod and the

hot spot are well below melting. Fven in the most severe case at rated power,
the average fuel temverature only increases bv 26 F. Tt is therefore readily
concluded that no fuel damage would result from simultanecus all-rod withdrawal
from any initial power level.

0016
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Figures 14-15 and 14-16 show the pressure response to variations in the trip
delay time and Doppler coefficient. For the higher values of the Doppler coef-
ficient, the pressure trip is always actuated, and, therefore, the pressure
levels off.

This analysis shows that the high pressure trip and the high flux level trip
adequately protect the reactor against any rod withdrawal accident from rated

power.
14.1.2.4 Moderator Dilution Accident

14.1.2.4.1 Identification of Cause

The reactor utilizes boric acid in the reactor coolent toc control excess reac-
tivity. The boron content of the reactor coclant is periodically reduced to
compensate for fuel burnup. The dilution water is supplied to the reactor cool-
ant system by the makeup and purification system. This system is designed with
several interlocks and alarms to prevent improper operation. These are as fol-
lows:

&. Flow of dilution water to the makeup tank must be initiated by the
operator. The dilution water addition valve can be opened only when
the control rods have been withdrawn to the preset position (95 per
cent) and the timing device to limit the integrated flow has been
set. Dilution water is added at flow rates up to 70 gpm.

b. Flow of dilution water is automatically stopped when either the flow
has integrated to a preset value or when the rods have been inserted
to a preset position (at about 75 per cent full stroke).

¢. A warning light is on whenever dilution is in progress.

The makeup and purification system normally has one pump in operation which
supplies up to 70 gpm to the reactor coolant system and the required flow to

the reactor cooclant pump seals. Thus, the total makeup flow available is limited
to 70 gpm uniess the operator takes aci.ion to increase the amount of makeup

flow to the reactcr coolant system. When the makeup rate is greater than the
maximum letdown rate of 70 gpm, the net water makeup will cause the pressurizer
level control to close the makeup valves.

The nominal moderator dilution event considered is the purping of water with
zero boron concentration from the makeup tank to the reactor coolant system by
the makeup pump.

It is also possible, however, to have a slightly higher flow rate during tran-
sients when the system pressure is lower than the nominal value and the pres-
surizer level is below normal This flow might be as high as 100 gpm.

In addition, with a combination of multiple valve failures or maloperations,
pPlus more than one makeup pump operating and reduced reactor coolant gystem
pressure, the resulting inflow rate can be as high as 500 gpm. This consti-
tutes the maximum dilution accident. A reactor trip would terminate unborated
water additicn to the makeup tank, and total flow into the coolant system would
be terminated by & high pressurizer level.

.
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The criteria of reactor protection for this accident are

a.

The reactor power will be limited to less than the design over-
power of 11k per cent rated power to prevent fuel damage.

The reactor protection system will limit the reactor coolant sys-
tem pressure to less than the system design pressure of 2,500
psig.

The reactor minimum subcriticality margin of 1% Ak/k will be main-

tained.

Administrative procedures will be impcsed to monitor and control b4
the relationship of control rod regulating group patterns and

boron concentrations in the reactor coolant cover the operating

life of the core.
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The reactor is assumed to be operating at rated power with an initial boron
concentration (1,800 ppm) in the reactor coolant system. The dilution water
‘s aniformly distributed throughout the reactor coclant volume. Uniform di-
lution res.its from a discharge rate of T70-500 gpm into a reactor coolant
flcx of 88,000 gpm. A change concentration of 100 ppm produces a 1% Ak/k
reactivity change. The ¢ffects o. these three dilution rates on the reactor
are as follows:

Average Reactor

Dilution Water Reactivity Rate, Coolant System
Flow, g,3 (A k/k)/sec Temp. Change, F/sec
70 + 2.5 x 10-6 0.3
100 + 3.6 x 106 0.3
500 +1.8 x 10°2 0.k

The fastest rate of dilution can be handled by the autamatic control sys-
tem, which would insert rods to maintain the power level and reactor cool-
ant system temperature. If an interlock failure occurred while the reac-
tor was under manual control, these reactivity additions would cause a

igh reactor coolant temperature trip or a high pressure trip. In any
event the thermal power will not exceed lli per cent rated power, and the
system pressure will not exceed the design pressure of 2,500 psig. There-
fore moderator dilution accidents will not cause any damage to the reac-
tor systen.

During refueling or maintenance operations when the reactor closure head
has been removed, the sources of dilution water makeup to the makeup tanke-
and therefore to the reactor coolant system--are locked closed, and the
makeup pumps are not operating. At the beginning of core life when the
borogp concentration is highest, the reactor is about 5.5% Ak/k suberiti-
cal with the maximum worth rod stuck out. To demonstrate the ability of
the reactor to accept moderator dilution during shutdcwn, the consequences
of accidentally filling the makeup tank with dilution water and starting
the makeup pumps have been evaluated. The entire water volume from the
makeup tank could be pumped into tne reactor coclant system (assuming only
the coolant in the reactor vessel is diluted), and the reactor would still
be €£.5% Ak/k subcritical.

Cold Water Accident

i

14.1.2.

The absence of individual loop isclation valves eliminates the potential
source of cold water in the reactor coolant system. Therefore, this ac-
cident is not credible in this reactor.

«b‘f' ; 14-10 (Revised 1=1%~!
0019

|1

[



14.1.2.6 Less-of-Coolant Flow

14.1.2.6.1 Identification of Cause

A reduction in the reactor cocolant flow rate occurs if one or more of the
reactor coolant pumps should fail. A pumping failure can occur from me-
chanical failures or from a loss of electrical power. With four indepen-
dent pumps available, a mechanical failure in one pump will not affect op-
eration of the others.

Each reactor coclant pump receives electrical power from one of the two
electrically separate busses of the 5,300 volt system discussed in
2.2.2.3. loss of a unit auxiliary transformer to which the 5,900 volt
busses are normally connecied will initiate a rapid transfer to the
startup transformer source without loss of coolant flow. Faults in an
individual pump motor or its power supply could causs a reduction in
flow, but a complete lcss of flow is extremely unlikely.

In spite of the low probability of a complete loss of power to all reac-
tor coolant pumps, the nuclear unit has been designed so that such a fail-
ure would not lead to core damage.

The reactor protection criterion for lo=s-of-coolant flow conditions start-
ing at rated power is that the reactor ¢ e will not reach a Departure from
Nucleate Boiling Ratio (DNBR) smaller than the DNBER in the hot channel at
the steady state design overpower. This corresponds to a DNER of 1.38 at
114 per cent rated power (Table 3-1.).

14.1.2.6.2 Methods of Analysis

The loss-of-coclant-flow accident is analyzed by a combination of analog
and digital computer programs. Analog simulation is used to determine the
reactor flow rate following loss of pumping power. Reactor power, coolant
flow, and inlet temperature are input data to the digital program which
determines the core thermal characteristics during the flow coastdown.

The analog model used to determine the neutron power following reactor trip
inciudes six delayed neutron groups, control rod worth and rod insertion
characteristics, and trip delay time. The analog model used to determine
flow coastdown characteristics includes description of flow-pressure drop
relations in the reactor coolant loop. Pump flow characteristics are de-
termined from manufacturers' zone maps. Flow-speed, flow-torque, and flow-
head relationships are solved by affinity laws.

A transient, thermal-hydraulic, B&W digital computer program is used to
compute cnannel DNBR continually during the coastdown transient. sSystem
flow, neutron power, {ission product decay heat, and core entering enthal-
Py are varied as a function of time. The program maintains a transient
inventory of stored heat which is determined from fuel and clad tempera-
tures beginning with the initial steady state conditions. The transient
cqre pressure drop is determined for average channel conditions. The
representative hot channel flows and corresponding DNBR are obtained by
using the average core pressure drop. The hot channel DNBR as a function
of time is compared with the design DNBR at maximum coverpower to deter-
mine the degree of heat transfer margin.

»
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The loss-of-coclant-flow analysis has been carried out in the power range be-
tween 102 and 11k per cent rated power. Conditions utilized in the analysis
are as follows:

a. Initial core iniet temperature for given power level is assumed to
be plus 2 F in error.

b. Initial system pressure is assumed to be minus 65 psi in error.

¢c. Trip delay time, i.e., time for sensor detection for low flow condi-
tion until initial downward movement of control rod, is 300 milli-
seconds.

d. The per cent of initial reactor power as a function of time after
loss of pumps is as shown in Figure 3-6.

e. The pump inertia ie 70,000 1b-ft2,
14.1.2.6.3 Results of Analysis

The results of this analysis show that the reactor can sustain a loss-of-
coolant-flow accident without damage to the fuel. The results of the evalua-
tion are presented in Figures 1k-19 and 1k-20. Figure 1l4-19 shows the per
cent reactor flow as a function of time after loss of all pump power. Figure
14-20 shows the minimum DNBR's which occur during the coastdown for various
initial power levels. The degree of core protection during coastdown is indi-
cated by comparing the DNBR for the coastdown with the design value of 1.3€ at
114 per cent rated power. This DNBR (1.38) in the representative hot channel
corresponds to a 99 per cent confidence that 99.5 per cent of the core will not
experience a departure from nucleate boiling under steady state conditions at
the design overpower (3.2.3.1).

Under normal conditions, the maximum indicated reactor power level from which a
loss-of-coolant-flow accident could occur is 102 per cent rated power (as indi-
cated by reactcr instrumentation). This power level represents an allowance of
rlus 2 per cent rated power for transient overshoot. This pover level also rep-
resents the maximum power demand that will be permitted tc the reactor control
system. The 102 per cent rated power is an instrument-indicated value and is
subject to the following maximum errors: (a) *2 per cent heat balance and (b)
tl per cent nuclear instrumentation. The true power level could be as high as
108 per cent at 102 per cent indicated power. As shown in Figure 14-20, how-
ever, the DNBR at 108 per cewnt is 1.4k, which is significantly larger than the
design DNBR.

The reactor coolant system is capable of providing natural circulation flow
after the pumps have stopped. The natural circulation characteristics of the
reactor coolant system have been calculated using conservative values for all
resistance and form loss factors. No voids are asoumed to exist in the core
or reactor outlet piping. The following tabulation and Figure 9-10 show the
natural circulation flow capability as a function of the decay heat generatirn.
This material is presented in greater detail in 14.1.2.8.3.
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Time After Decay Heat Natural Circulation Flow Required for
Loss of Core Power, Ccre Flow Available, deat Femoval.
Pcwer, sec % % Full Flow % Full Flow
0.36 x 10° 5 4. 2.3

2.2 x 102 3 ey 1.2

1.2 x 10% 1 1.8 0.36

1.3 x 10 1/2 1.2 0.20

The flows above provide adecuate heat traasfer for core cooling and de-
cay heat removal by the reactor coolant system.

The reactor is protected against reactor ccolant pump failure(s) by the
protective system and the irtegrated control system. The integrated con-
trol system initiates a power reduction on pump failure to prevent reac-
tor power from exceeding that permissible rfor the available flow. The
reactor is tripped if imsufficient reactcr coclant flow exists for the
power level. The operating limits for less than four pumps in operation
have been presented in 4.3.7.

14.1.2.7 Stuck-Out, Stuck-In, or Drcpped-In Control ked

I E2.11 Identificatic- of Cause

The control rod drives have been described in 3.2.4.3., The results of
continuous control rod withdrawal have been analyzed in 14.1.2.2 and
1%.1.2.3. In the event that a control rod canno® be moved because of
electrical faults or mechanical seizure, localized power peaking and sub-
critical margin must be considered.

14.1.2.7.2 Analysis and Results

Adequate hot subcritical margin is provided by reguiring a subcriticality
of 1% Ak /k subcritical witn the control rod of greatest worth fully with-
drawn from the core. The nuclear analysis reported in 3.2.2 demonstrates
that this criterion can be satisfied.

in the event that an unmovable control rod is partially or fully inserted
in the core or a single rod is dropped during cperation, its location and
effect on lo:al power distribution determine whether continued power op-
eraion is peimissible. The location of a stuck rod in the core will be
studied further to define permissible conditions of operation. The cri-
teria for these studie:z are (a) operation with a stuck rod will not in-
crease the DNE probabi’:ty above the probability specified for design
conditions, and (b) a hct subcritical margin of 1% A k/k will be main-
tained with the stuck rod in its inoperative position and the operating
rod of greatest reactivity worth in the fully withdrawn position.

If a control rod is dropped intr the core during power operation, the

same consideration of localized power peaking as for a stuck rod will
apply.
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14.,1.2.8 Loss of Electric Power
14.1.2.8.1 Identification of Cause

The Crystal River Plant Units 3 and &4 are designed tc withstand the effects of
loss of electric load or electric power. Twc types of power losses are con-
sidered:

&. A "blackout" condition, caused by severe interconnected grid upset.

B. A hypothetical condition resulting in & complete loss of all Plant
power.

The reactour protection criteria for these conditions are that fuel damage will
not occur from an excessive pover-to-flow ratic and that the reactor coclant
system pressure will not exceed design pressure.

14.1.2.8.2 Results of "Blackout" Conditions Analysis

The net effect of a "blackout” condition on the nuclear units would be opening
of all 230 and 500 kv breakers, thus disconnecting the Plant from the entire
transmission system. When this occurs on the ruclear units, & runback signal
on the integrated master controller cai "es an automatic power reducticn to 15
per cent reactor power., Other actions “hat occur are as follows:

&, All vital electrical loads, incluaing reactor coolant pumps, con-
denser circuleting water pumps, condensete and coadensate booster
pumps, and other auxiliary eguipment, will continue to obtain power
from each unit's generator. Feedwater is supplied tc the steam gen-
erators by steam-driven feed pumps.

. As the electrical load is dropped, the turbine generator accelerates
and closes the governor valves, and the reheat stcp and interceptor
valves. The unit's frequency will peak at less than the overspeed
trip point and decay back to set frequency in 40-50 sec,

¢. Following closure of the turbine governor valves and the reheat stop
and interceptor valves, steam pressure increases to the turbine bypass
valve set point and may increase tc the steam system safety valve set
point. Steam is relieved tc the condenser and to the atmosphere.
Steam venting to the atmosphere occurs for about 2 min. following
blackout from 100 per cent rated power until the turbine bypass can
handle all excess steam generated. The capacity of the modulating
turbine bypass valve is 15 per cent of the valves wide open (VWO)
steam flcw, and that of the safety velve. is 100 per cent of VWO steam
flow. The first safety valve banks are set at 1,050 psig with addi-
tional banks set at pressures up to 1,104 psig (5 per cent above design
pressure as allowed by code). Steam venting permits energy removal

from the reactor coclant system to prevent a high pressure reactor trip.

The initisl powver runback is to 15 per cent power which is greater than
the unit's auxiliary load. This allows sufficient steam flow for
regulating turbine speed control. Excess power above the unit's
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turbine speed control. Excess power above the unit auxiliary load
is rejected by the turbine bypass valve to the condenser.

d. During the short interval while the turbine speed is high, the vital
electrical loads connected to the unit generator will underpgo specd
increase in proporticn to the generator frequency increase. All
motors and electrical gear so connected are designed for the in-
creased frequency.

e¢. After the turbine generator has been stabilized at auxiliary load
and set frequency, the Plant operator may reduce reactor power to
the auxiliary load as desired.

The blackout accident does not produce any fuel damage or excessive
pressures on the reactor coclant system. There is no resultant ra-
diological hazard to Plant operating personnel or to the public from
this accident, since only secondary system steam is discharged to
the atmosphere.

Unit operation with failed tuel and steam generator tube leakage is shown to
be safe by the analysis presented in 11.1.2.5.2 and 14.1.2.10. For the same
conditions, the steam relief accompanying a blackout accident would not change
the whole body dose. The whole body dose is primarily due to the release of
Xe and Kr. Release of these gases is not increased by the steam relief be-
cause even without relief, all of these jases are released to the atmosphere
through the condenser vacuum pump exhaust. The rate of re. :ase of iodine dur-
Lng tne approximately 2 min of relief would be increased by ‘lmost a factor of
10", because the iodire is released directly to the atmosphere rather than
through the condenser and Plant vents. However, the quantity released during
this short time is small, and it would be less than 0.03 MPC at the Lk, 400 ft
rxclusion distance.

16.1.2.8.3 Analysis Results of Complete Loss of All Plant Power

The second power loss considered is the hypothetical ce:e where all Plant pcwer
except the Plant batteries is lost. The sejuence of event. and the evaluation
of consequences relative to this accident are given below:

a. A loss of power results in gravity insertion of the control rods.

b. The steam generator safety valves actuate after the turbine trips
and prevent excessive temperatures and pressures in the reactor
coolant system.

¢. The reactor coclant system flow decays without fuel damage occurring;.
Decay heat removal after coastdown of the reactor coolant pumps is
provided by the natural circulation characteristics of the system.
This capability is discussed in the loss-of-coolant-flow evaluation
(14.1.2.6).

d. A turbine-driven emergency feedwater pump is provided to supply
feedwater any time the main feed pumps cannot operate. The emer-
gency feed pump takes suction from the condenser Lotwell and the

Wmute storage. The emergency pump supplies feedwater to the

0024
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steam generators. The emergency feed pump is driver by steam from ‘

either or both steam generators.

The controls and auxiliary systems for the emergency feed pump oper-

ate con d-c pover from the Plant battery.

A recirculation line from the emergency pump discharge back t . the
crndenser if provided to permit periodic testing

e. The condenser hotweu.l and the condensate storage tenk provide cocl-

ing wvater in the unlikely event that all power is lost.
mum condensate inventory is 200,000 gal.

The mini-

i? inventory provides

sufficient water for decay heat cooling (assuming infinite irradias-
tion at 2,544 MWt) for s period of espproximately one day.

The features described above permit decay heat cooling of the nuclear unit for
an extended period of time following & complete loss of electric power.

The foregoing evaluation demonstrates the design features incorporated in the
design to sustain loss of power conditions with Just tie Plint batteries to
cperate system controls. Immediate operation of the emergency ieedwater pump
is not of critical nature. The reactor can sustain a complete electric power
iloss without emergency cocling for about 25 min before the steam volume in the
pressurizer is filled with reactor coclant. These 25 min are derived .3 fol-

LOWE !

a. ©Steam generators evaporate tc drynes

w

b. Pressurizer safety valves open

¢, Jvesgurizer fills with water (due to
reactor coclant system expansion)

un
o

r
«

25 min

Seyond thir time reactor coolant will boil off, and an additional 90 min will

have elapsed before the boiloff will start to uncover the core.
Jeedwater pump can be actuated within this period of time,

The emergency
Accordingly, core

protection is insured for the unlikely condition of total loss of Plant elec-

tric power.

16:.1.2.:9 Steam Line Failure

Ih.1.2.9:1 Jdentification of Cause

Analyses have been performed to determine the effects and consequences of loss
of secondary coclant due to failures in the steam lines between the steanm

g.nerators and the turbine.

The criteria for Plant protection and the release o

envircnment are as follows:

&. The reactor shall trip and remain subcritical without boron eddition
until a comtrolled rete of system cooldown can be effected. ;
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‘ b. The potential environmental consequences from rad..activity in the
secondary coolant system shall not exceed those cpecified by 10 CFR
20.

14.1.2.9.2 Analysis and Results

[ne rate of reactor system .ooling following a steam line break accident is a
function of the area of the failure and the steam gencrator water inventory
available for cooling. The steam generator inventory increases with power

‘evel. The inventory at rated power is 46,000 lb and decreases linearly to

20,000 1b at 15 per cent power. The steam line break accident analysis is per-
formed at ultimate power in order to determine maximum cooling and inventory |1
release effects.

The immediate effect of any steam line break accident is a reduction in steam

pressure and a reduction in steam flow to the turbine. These effects initially

cause the reactor control system to act to restore steam pressure and load

aseneration,

A steam line rupture of a small area causes a relatively slow decrease in
steam pressure. This places a demand on the control system for increased feed-
water flow. In addition, the turbine control valves will open to maintain
power generation. Increased feedwater flow causes the average reactor coolant
texperature to decrease, and the resulting temperature error calls for contrnl
rod withdraval. The limiting action in this condition is the 102 per cent
limit on pover demand to the rod drive control system. If the moderator tem-

‘ perature coefficient of reactivity is small or slightly positive, the reacto
power will decrease when the control system reaches the power demand limit be-
cause of continuing temperature decrease. The reactor will then trip on low
reactor coolant system pressure. A reactor trip will initiate a reduction in
the feedwater flow to the stean generators.

When the moderator temperature coefficient is negative, the reactor power will

tend to increase with decreasing average coclant temperature. This will cause
control rod insertion to limit reactor power to 102 per cent. With power lim-

ited at 102 per cent, additional cooling causes a reduction in reactor coolant
pressure, and the reactor trips on low reactor coolant pressure. Turbine trip
occurs when the reactor trips. Upon turbine trip the unaffected steam line is
isolated by the turbine stop valves as shown in Figure 10-1. The unit with 1
the ruptured steam line continues to blow down to the atmosphere.

The maximum cooldown of the reactor coolant system would be that resulting from
the blowdown from one steam generator. A typical cooling rate followinz reac-
tor trip for a steam line rupture of 4 sq. in. is shown in Figure 1L-21.

The tabulation below lists the approximate time required to blow down the con-
tents of the steam generator with a ruptured steam main.

Leak Area, in.2 Blowdown Time, sec

4 860
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A steam line failure of large area results in high steam flow with resulting
rapid pressure decrease in the reactor coclant system eand steam system. The
reactor trips on low reactor coolant system pressure or high flux. FReactor
trip causes turbine trip and reduction in feedwater flow to decay heat level.
The turbine trip closes the turbine stop velves which isolate the steam lines
and prevent blowdown of the steam generator whose secondery side does not
have a pipe rupture. The steam generators are designed to maintain reactor
system integrity upon loss-cf-secondary-side pressure. Therefore, this ac-
cident will not lead to a reactor coclant system failure.

Assuming the blowdown from one steam generator results from a secondary steam
system rupture, the maximum cooling rate during this accident occurs during
the first 10 sec after the break. The maximum cooling rate is approximately

3 F/sec and a lowv pressure or high flux trip occurs. The net cooldown of the
reactor coolant s+ .tem, assuming total blowdown of one steam generator and ac-
countin; for transfer of core stored heat and decay heat, is less than 50 F.
Th's results in an average coolant temperature of 530 F which is about 10 F
lower than the normal zero power average coolant temperature.

The minimum shutdown margin at 540 F with the most reactive rod stuck out is
2.9% Ak/k. The reduction in reactivity shutdown m. rgin associated with cool-
ing the moderator temperature 10 F below its normal s..utdown temperature of
S54LO F would be 0.30% Ak/k. Using the maximum value for the moderator temper-
ature coefficient (-3.0 x 10-% Ak/k/F), the shutdown margin at 530 F would be
2.6% Ak/k, which is adequate to prevent return to criticality.

In addition, high pressure injection can be actuated during the cooldown period
following a large area steam line failure. This system supplies borated water
to the reactor coolant system to increase the shutdown margin further. Boron
addition to the reactor coolant during the controlled cooling of the system to
atmospheric pressure will prevent criticality at lower temperatures.

The effect of a steam line rupture inside the reactor building has been evalu-
ated by conservatively assuming an instantaneous release to the reactor build-
ing of the energy associated with this accident. The mass and tnergy releases
per steam generator in this analysis are

Mass, 1b  Energy, Btu x 1070

Steam Generator 46,000 28.0

Feedwater Flow (6 sec full
flow plus coastdown to 7.5%

flow @ 16 sec) 12,820 5.6

Reactor Cooclant System Energy

Transferred 17.6
Total 58,800 51.2

0027
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Based upon the above, a single steam generator release would result in approx-
imately 10 psig pressure rise in the reactor building. This is well peluw the
reactor building design pressure of 55 psig.

The environmental consequences from this accident are calculated by assuming
that the nuclear unit has been operating with steam generator tube leakage.
The reactor coolant activity assumes prior operation with 1 per cent failed
fuel rods. With these assumptions, the steam generators contain a total of
0.09 equivalent curies of iodine-13l. It is further assumed that steam gen-
erator leakage continues for three hours before the nuclear unit can be cooled
down and the leakage terminated. This additional leakage corresponds to 3.4
equivalent curies of iodine-131. The iodine is assumed to be released directly
to the atmosphere where it mixes in the wake of the reactor building. With
these assumptions an integrated dose to the thyroid at the exclusion distance
wf 0.53 rem is obtained. The corresponding dose to the whole body during this
same time period is 0.002 rem. The total release of all activity when aver-
aged over a year is 33 per cent of the allowable limits of 10 CFR 20.

14.1.2.10 Steam Generator Tube Failures

IN:1:.2:20.1 Identificaticn of Accident

In the event of a reactor coolant leak to the secondary system, such as a com-
plete severance of a steam generator tube, the activity contained in the cool-
ant would be released to the secondary system. Radiocactive gases and some of
the radioactive iodine would be released to the atmosphere through the con-
denser air removal system.

14.1.2.10.2 Analysis and Results

In analyzing the consequences of this failure, the following s .quence of everts
is assumed to occur:

a. A double-ended rupture of one steam generator tube cccurs with unre-
stricted discharge from each end.

b. The initial leak rate, approximately 435 gpm, exceeds the normal
makeup of 70 gpm to the reactor coolant system, and system pres. ure
decreases. No operator action is assumed, and a low reactor coo.ant
system pressure trip will occur in about & min.

¢. Following reactor trip, the reactor coolant system pressure continues
to decrease until high pressure injection is actuated at a pressure
of 1,800 psig. The capacity of the high pressure injection is suf-
ficient to compensate for the leakage and maintains both pressure
and volume control of the reactor coolant system. Thereafter, the
reactor is conservatively assumed to »e cooled down and depressurized
at the normal rate of 100 F per hour.

. 4. Following reactor trip, the turbine stop valves will close. Since a
reactor coolant to secondary system leak has occurred, steam line
pressure will increase, opening the steam bypass valves to the con-
denser. Each bypass valve actuates at a lowver pressure than do the

safety valves. The reactor coolant that leaks as a result of the

Y w5 0025 e




tube failure is condensed in the condenser. Only the fission prod-
ucts that escape from the condensate are released to the atmosphere.

e. The affected steam generator can be isolated by the steam line iso-
lation valve vhen the reactor coolant system pressure falls below
the setpoint of the secondary system safety valves, i.e., 1,050 psig.
Cooldown continues with the unaffected steam generator until the tem-
perature is reduced to 250 F. Thereafter, cooldown to ambient condi-
tions is continued using the decay heat removal system.

f. At the design cooling rate for the pressurizer of 100 F/hr, depres-
surization to 1,050 gsig requires approximately 1.7 hr. During this
time period 1.6 x 10° cc (5,650 £t3) of reactor coolant leaks to the
secondary system. This leakage corresponds to approximately 45,800
curies of xenon-133 if the reactor has been operating with 1 per cent
failed fuel.

The radioactivity released during this accident is discharged through tie tur-
bine bypass to the condenser and then out the Plant vents. A partition factor
of 10% is assumed for iodine in the condenser.(1,2) Noble gases are assumed to
be released directly to the Plant vents. The total dose to the whole body from
all the xenon and krypton released is only 0.69 rem at the 4,400 ft exclusion
distance. The corresponding dose to the thyroid at the same distance is only
1.0 x 10-% rem. This calculation conservatively assumes that the Plant vent

discharge mixes in the wake of the building structures rather than remaining at
its elevated release height.

14.2 STANDEY SAFECUARDS ANALYSIS

14.2.1 SITUATIONS ANALYZED AND CAUSES

In this section accidents are analyzed in which one or more of the protective
barriers are not effective and standby safeguards are required. All accidents
evaluated are based on the ultimate power level of 2,5iLL4 MWt rather than the

rated power level of 2,452 MWt. Table lk-3 summarizes the potential accidents
studied.
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Table 1l4-3

Situations Analyzed and Causes

Event Cause Effect
Fuel Handling Mechanical damage Integrated dose at exclu-
Accidents during transfer. sion distance is 0.44 rem

Rod Ejection
Accident

Loss-of-Coolant

Failure of control
rod drive pressure
housing.

Rupture of reactor

thyroid and 0.44 rem whole
body.

Some clacd failure. Thirty-
day dose «° exclusion dis-
tance is 1.34 rem thyroid.

No clad melting. Thirty-

Accident coolant system. day dose at exclusion dis-
tance is 9.9 rem thyroid.
Max imum Release of 100% rare Two-hour dose at exclusion
Hypothetical gases, 50% icdine, distance is 65 rem thyroid.
Accident and 1% solid fission Thirty-day dose at low pop-
products. ulaticn distance is 3.4 rem
thyroid.
14.2.2 ACCIDENT ANALYSES
14.2.2.1 Fuel Handling Accidents
14.2.2.1.1 Identification of Accident

Spent fuel assemblies are handled entirely under water.

reactor coolant and the fuel transfer canal water above the reactor are in-

Before refueling, the

creased in boron concentration so that, with all control rods removed, the Keps
of a core is no greater than 0.3C. In the spent fuel storage pool, the fuel
assemblies are stored under water in storage racks having an eversafe geometric
array. Under these conditions, a criticality accident during refueling is not
considered credible. Mechanical damage to the fuel assemblies during transfer
operations is possible but improbable. This type of accident is considered the
maximum potential source of activity release during refueling operations.
1k.2.2.1.2 Analysis and Results

The fuel assembly is conservatively assumed to have operated at 29 MWt, twice

the power level of an average fuel assembly. The reactor is assumed to have

been shut down for 24 hr, which is the minimum time for reactor cooldown, re-
actor closure head removal, and removal of the first fuel assembly. It is

further assumed that the entire outer row of fuel rods, 56 of 208, suffers 1
damage to the cladding. Since the fuel pellets are cold, only the gap activity

is released. The fuel rcd gap activity is calculated using the escape rate
coefficients and calculational methods discussed in 11.1.1.3.

The gases released from the fuel assembly pass through the spent fuel storage
pocol water prior to reaching the auxiliary building atmosphere. As a minimum,

b 1 -

14-21 (Revised 1-15-68)



the gases pass through 10 ft of water. Although there is experimental evidence
that & portion of the noble gases will remain in the water, no retention of
noble gases is assumed. Based on the data in References 3 and L, 93 per cent

of the iodine released from the fuel assembly is assumed to remain in the water.

The total activity released to the building atmosphere is therefore

Iodine 28.4 curiﬁs
Noble gases 2.79 x 10" curies

The auxiliary building s ventilated and discharges through 90 per cent effi-

cient charcoal filters to the Plant vents. The discharge from the Plant vents
is essumed to mix in the wake of the building structures rather than remain at
its elevated release point. This assumption produces less favorable dilution

and, therefore, higher ground concentrations at the exclusion distance.

The activity is assumed to be released as a puff from the Plant vents. Atmo-
spheric dilution is calculated using the 2-hour dispersion factor of 3 x 10~
developed in 2.3. The total integrated dose tc the whole body at the 4,400 ft
exclusion distance is O.44 rem, and the thyroid dose at the same distance is
O.4k rem. 1In evaluating the sensitivity of this analysis, the thyroid dose at
the site boundary is directly proportional to the quantity of iodine released.
For example, if only 90 per cent retention of iodine is assumed by the spent
fuel storage pool water, the dose at the exclusion distance is increased by a
factor of 10. The dose from this increased iodine release is still a factor
of 70 below the 10 CFR 100 guidelines.

14.2.2.2 Rod Ejection Accident

14.2.2.2.1 Identification of Accident

Reactivity excursions initiated by uncontrslled rod withdrawal (14.l) were
shown to be safely terminated without damage to the reactor core or reactor
coolant system integrity. In order for reactivity to be added to the core at
a more rapid rate, physical failure of the control rod drive housing or con-
trol rod drive nozzle wust occur. Failure in the drive upper pressure housing
can cause & pressure differential to act on a control rod assembly and rapidly
eject the assembly fram the core region. The power excursion due tc the rapid
increase in reactivity is limited by the Doppler effect and terminated by re-
actor protection systex trips.

The criterion for reactor protection, should this condition occur, is that the
reactor will be operated in such & manner that a contrcl rod ejection accident
will not further damage thZ reactor coolant system.

&. Accident Bases

The bases for the rod ejection accident are as follows:

Worth of ejected rod 0.3% Ak/k
Rod ejection time 0.150 sec
Ultimate power level 2,544 MWt
Reactor trip delay 0.3 sec
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The severity of the rod eject .. accident is dependent upon the worth

of the ejected r.! and the re ‘tor power level. The control rod group

of greatest worth is the first of .he entire rod pattern tc be with-

drawn from the core. The worth of this rod can be as high as 30 per

cent of the total patter~ »th of 10.0% &k/k, i.e., 3% Ak/k. EHowever, :
the 30% Ak/k value exi. . only when the reactor is suberitical. The

details of control rod worth calculations and the methods of selecting

the number of control rods in each group are presented in 3.2.2 and
Te2:2:1.2.

When the reactor is subecritical, the boron concentration is maintained

at a level whereby the reactor is at least 1 per cent suberitical with

the control rcd of greatest worth fully withdrawn from the core. There-
fore, rod ejection, when the reactor is subcritical and all other rods

are in the core, dces not cause a nuclear excursion As criticality

is approached, the worth of the remaining control rods decreases. At
eriticality, rod ejection would result in a maximum reactivity addition

of 0.56% Ak/k. 1

At rated power, but before equilibrium xenca is established, the total
rod pattern worth remaining in the core is 2.6% 4k/k. At equilibrium

xenon the pattern worth is 1.6% Lk/K. Before establishing equilibrium
xenon, the greatest single control rod worth is 0.L6% Ak/k. A single

rod worth of up to 0.7% Ak/k has been used in the analysis of this &ac-
cident.

I

In order for any one rod tc have this much werth, it
be fully inserted in the core. Assuming that - pressure housing f:i;-
ure occurs in such zc panner that it no longer offers any restrictic

for rod ejection, the time and therefore the rate of reactivity ud‘.-
tion can be calculated. Further assuming tliat there is no viscous
drag force limiting the rate of ejection, control rod travel time tc
the top of the active region of the core is calculated to be 0.176
sec. To account for the S-shaped reactivity worth versus position of
the rod. an ejection time of 0.15u sec (75 per cent of active core
height) is used in the znelysis.

would necessarily

Fuel Rod Damage Criteria

Power excursions cuused by reactivity disturbences of the order of
magnitude occurring in rod ejection accidents cculd lead to three
potential modes of fuel rod faliure. PFirs®, for very rapid and large
transients in which there is insufficient time for heat transfer from
fuel to cladaing, fuel melting fllowed by vaporization can generate

structive internal presc.res without increusing cladding tempers-
tures significantly. The second mcue occures when the internal vapor
pressure is not sufficient to cause cladding rupture, but subsequent
heat transfer raises the temperaturr of the cladding sné ~cakens it
until failure occurs. The third m. e occurs when the niciear excur-
sion has insufficient energy to cavie significant melting of the fuel.
but subsequent heat transfer to ciad from fucl may cause excessive
cladding temperatures. In all three cases there is a possible occur-
rence of metal-water reactions. However, only very rapid and large
transients will gener~ e a rapid pressure buildup in tue reactor
coolant syster.
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The energy required to initiate UOp fuel meifing is 220 to 225 cal/
gn, based on an initial temperature of 68 F.{2) The heat of fusion
requires an additional 60 cal/gm. Any furcher energy addition va-
porizes the fuel and produces a buildup of vapor pressure within the
fuel rod. The effect of the vaper pressure is dependent upon the
temperature and ultimate strength of the cladding. Energy edditions
of up to 420 cal/gm heve been calculated tc be necessary before the
bursting pressure of cladding is exceeded. The lower limit for ?r?-
ducing significant “uel vapor pressure (1k.7 psi) is 325 cal/gm.(6
The potential cladding failure is & function not only of the fuel
vapor pressure, but alsc of fission product gas pressure, cladding
and fuel irradiation exposure, and zirconium hydriding. A: s lower
limit, the potential fcr bursting of cladding and release ol molten
fuel to the reactor coclant is conservatively set at a fuel enthalpy
of 260 cal/gm in this evaluation.

For power excursions with energy bursts below 280 cal/gm, zirconium-
water repetions are possible. A correlation of the TREAT experiments
present€’§ method of correlating the potent‘g% zirconium-water reac-
tion as a function of fission energy input.zr These data are based
on initially ccld (room temperature) fuel rods, but are alsc corre-
lated as & function of peak adiabetic core temperature. This corre-
laticn can be used either by computing the core temperature or by
adding the initial steady state fuel enthalpy to the nuclear energy
burst and obtaining an equivalent final fuel enthalpy. Accordingly,
& zirconium-water reaction reguires a minimum fuel enthalpy of 125
cal/gm. Increasing fuel enthalpies cause & lineer increase in the
percentage of the reaction, which may be approximated by

$Zr-Hs0 Reection = 0.125 (Final Fuel Enthalpy - 125).

It is assumed that DNB will teke place when the clad reaches a heat
flux of 6.36 x 107 Btu hr-ft€. At *his heat flux the hot fuel rod
enthalpy would be approximately 140 cal/gm at ECL and 130 cal/gm at
BOL. Applying the peaking factors described in 3.2.3 to the results
of these analyses, the per cent cf the core having an enthalpy greater
than the values above can be calculated. ny fuel rod exceeding the
enthalpy values above is assumed to fail from overheating and releases
the gap activity of that fuel rod.

14.2.2.2.2 Method of Analysis

The hypothetical control rod ejecticn accidenty was investigated using the exact
l-dimensional WIGI2 digital computer program. ) It was found that the pcint
kinetics analog model results agreed with the WIGL2 results to within 10 per
cent for rod worths up to 0.75% Ak/k. The point kinetics model assumes an
initial flux distribution which is undisturbed by local control rod assemblies.
The space-dependent model, however, has significant flux depressions in the
vicinity of control rods. though the flux throughout the core begins to in-
crease shortly after the start of the rod ejection, the flux increase in this
depressed region rises more quickly so that by the time the average power has
reached a level just & few per cent above the initial power level, the flux
shape has almost no perturbation in the region previously occupied by the
ejected rod. The entire reactor flux then rises uniform’y until the Doppler
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effect terminates the excursion. Thus by applying the peak-to-average flux
factors of 2.92 for EOL and 3.2k for BOL to the poin*t kinetics results, the
peak and integrated flux at any point in the reactor can be accurately as-

segsed,

14,2.2.2.3 Aralysis and Results

a.

Source Power

A sensitivity study at source level has been done arourd a single
rod weoth of 0.5% 4k/k. This analysis was performed with the core
0.5% Ak/k subcritical so that a total rod worth of 1% Ak/k was
withdrawn in 0.150 sec, The reactor power was initially at 10=2
of the ultimate power level. The low pressure trip occurs at 1.7
sec after the ejection starts, and the reactor power is terminated
at a peak value of 39 per cent ultimate power. This peak neutron
power value is not reached until about 15 sec after the rod is
ejected because Doppler feedback controls the rate of rise and mag-
nitude of the neutron power. Therefore, a low pressure trip will
terminate the accident before significant power is generated owing
to the loss of coolant through the rupture.

An analysis was performed for the accident above without a low

pressure trip to demonstrate the capability of the reactor to ac-
cept the accident.

In this case the neutron power reaches 1,000 MWt (39 per cent ul-
timate power), and the peak fuel temperature is 990 F. This is
far below the melting temperature of U0z, and the resultant ther=-
mal power is only 16 per cent of ultimate power. Hence, no fuel
damage would result from the rod ejection accident at source power
level.

Ultimate Power

A sensitivity study of ultimate power level has been done around
an assumed single rod worth of 0.3% Ak/k. The analysis includes
rod worths from 0.1 to O0.7% Ak/k, however. For the ultimate power
case at beginning-of-life (BOL), the ejection of a single control
rod worth 0.3% Ak/k would result in virtuslly no Zr-H,0 reaction
and approximately 1% of the core experiencing DNE (see Figures ll-
22 and 14-23). The hot fuel rod would reach a peak enthalpy of
about 166 cal/gm.

For the end-of-life case (EOL), the reactor neutron power pesks

at 6,190 MWt, 200 milliseconds after the start of ejJection of a
0.3% Ak/k control rod. The prompt negative Doppler effect termi-
nates the power rise, and control rod insertion from high flux
signal terminates the excursion. The total neutron energy burst
during the transient is approximately 3,200 MW-sec. The final en-
thalpy of the nominal rod is 113 cal/gm, i.e., the enthalpy of the
hot rod is 163 cal/gm. This enthalpy is considerably below the
minimum range (220 to 225 cal/gm) for central fuel melting. As a
result of the excursion, approximately 13.5 per cent of th2 core
would have DNB (see Figure 14-22).

The power distribution at the beginning of core life, with the
higher power peaking factors shown in 3.2.3, was used to determine
the distribution of the energy of the excursion. With _his
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zirconium cladding may react (see Figure 14-23) to contribute an addi-
tional €77 MW-sec of energy. The resultant temperature increase is
spread over a relatively long period of time. Consequently, the metal-
water reaction energy is liberated cver & long period of time, and no
damaging pressure pulses are produced in the system.

As a result of the postulated pressure housing failure, which produces
a rupture size of 0.04 sq ft, reacvor coclant is lost from the system.
The rate of mass and energy input tc the reactor building is consider-
ably lower than that for the 3 sq ft rupture discussed in 14.2.2.3.
This lower rate of energy input results in & lower reactor building
pressure than that obtained for the 3 sg ft rupture.

The envircnmental consequences from this accident are calculated by
conservatively assuming that all fuel rods that undergc a DNB result
in cled failure and subsequent reiease of the gap activity. Actually,
most of the fuel rods will recover from the DNB, and no fission prod-
uct release will occur., For the case of a 0.3% Ak/k rod ejection
from ultimate power at the end of life, 13.5 per cent of the fuel rods
are assumed to fail, releasing 177,000 equivalent curies of I-131 to
the reactor building. Fission product activities for this accident
are calculated using the methods discussed in 11.1.1.3. Using the
envircnmental models and dose rate calculations discussed under the
loss-of-cooleant accident, the total integrated dose to the thyroid

at the exclusion distance from this accident is only 2.68 rem in 30
days, which is more than a factor of 100 below the guideline values

of 10 CFR 100.

Sensitivity Analysis

The results of a sensitivity analysis performed on the control rod
ejection accident are shown in Figures l4-24 through 14-32. Figure
14-24 shows the variation in the peak neutron powver as a function

of the worth of the ejected con:rcl rod. For the nominal 0.3% Ak/k
case from ultimate power, the peak neutron power is less than 300 per
cent, again assuming that & low pressure trip does not occur. The

rod ejection from scurce level results in & Doppler turn-around before
the flux trip is reached. Figure 14-25 shows the variation in the
corresponding thermal power with control rod worth.

Figure 1l4-26 shows the corresponding enthalpy increase of i .e hot fuel
rod versus control rod worth. Note the very small spread in values
for the BOL and EOL ultimate power conditions. As expected, the
enthalpy increases with rod worth.

Figures 1k-27 through 14-30 show the peak reactor neutron and thermal
powers as & function of chauges in the positive moderator temperature
cosfficient and negative Doppler coefficient for the nominal 0.5%

A k/k control rod ejection from source level. There was insignifi-
cant variation of the peak neutron and thermal power with changes i
the two reactivity feedback coefficients.

Figure 14-31 shows the change in nominal thermal power with varia-
tions in the trip delay time for the nominal 0.3% A k/k rod ejection

1k-26 Tt
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from ultimate power (the variation from zerc power is negligible).
The trip delay time dces not affect the peak neutron power because
the Doppler effect controls the power transient. Figure lk-32 shows
the corresponding change in the total enthalpy increase of the hot
fuel rod versus the trip delay.

The thermal power never exceeds llh per cent ultimate power for any
of the variations studied using the nominal rods (0.3% Ak/k for
ultimate power and 0.5% Ak/k for source level). The hot fuel rod
average temperature never increases by more than 310 F above the
ultimate power peak value (4,090 F). It is therefore concluded that
each of these arameter variations has relatively little effect on
the nominal results.
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14.2.2.3 Loss-of-Coolant Accident

14.2.2.3.1 Identification of Accident ]

Failure of the reactor coolant system would allow partial or complete release
of reactor coolant into the reactor building, thereby interrupting the normal
mechanism for removing neat from the reactor core. If all the coolant were

not released immediately, the remaining amount would be boiled off owing to
residual heat, fission product decay heat, and possible heat from chemical re-
actions unless an alternate means of cooling were available. In order to pre-
vent significant chemical reactions and destructive core heatup, emergency core
cocling equipment rapidly recovers the core and provides makeup for decay heat
removal.

14.2.2.3.2 Accident Bases

All components of the reactor coolant system have been designed and fabricated
to insure high integrity and thereby minimize the possibility of their rupture.
The reactor coolant system, the safety factors used in its design, and the
special provisions taken in its fabrication to insure quality are described in
Section &.

In addition to the high-integrity system to minimize the possibility of a loss

of coolant, emergency core cooling is provided to insure that the core does not

melt even if the reactor coolant systenm should fail and release the coolant.

This emergency core cooling is provided by the core flooding system, the makeup

and purification system (high pressure injection), and the decay heat removal ‘
system (low pressure injection). These systems are described in detail in Sec-

tion 6, and their characteristics are summarized in the following paragraphs.

The performance criterion for the emergency core cooling equipment is to limit | 1
the temperature transient below the clad melting pcint sc that fuel geometry
is maintained to provide core cooling capability. This equipment has been con-

servatively sized to limit the clad temperature transient to 2,300 F or less as | 1
temperatures in excess of this value promote a faster zirconium-water reaction

rate, and the termination of the transient near the melting point would be dif-

ficult to demonstrate.

The fuel rods may experience cladding failure during the heatup in the loss-of-
coolant accident. This could be due to fission gas internal pressure and weak-
ening of the clad due to the increase in clad temperature. The mechanical
strength of the Zircaloy cladding is reduced as the temperature exceeds 1,000 F
such that the highly irradiated fuel rods, with high fission gas internal pres-
sure, may fail locally and relieve the gas pressure when the temperature ex-
ceeds 1,200 F. Some local ballooning of rods is likely to occur. However,
cooling would still be effective since the fuel rods are submerged, and cross-
channel flow around the ballooned area will cool the rod. At worst a local hot

spot may occur.

It is calculated that a small number of fuel rods operating at peak power will

experience a cladding temperature transient to 1,950 F in about 18 sec. The

injection of emergency cooclant, at a time when the cladding is at a temperature

of aboyt 50 F, may also cause distortion or bowing between supports. As a

result §f ‘the fuel rods may crack and allow relief of internal pressure. .

_— 7
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However, the cladding is expected to remain sufficiently intact to retain the
solid fucl material anda to prevent gross fuel shifting. The transient would be
limited to regions of the core which operate at peak power. The major portion
of the core will not experience as severe a transient.

Heating of the fuel can and the fuel rod spacer grid requires heat flow from
the clad to the structure by conduction and radiation; therefore, the structure
temperatures will lag the cladding temperature transient. As the fuel rod tem-
perature rises, the fuel rods are expected to experience some vowing betweern
supports due to the temperature differential existing between the fuel rod and
the can. The cans and spacer grids are made from stainless steel and have sub-
stantial mechanical strength, even at the maximum expected temperatures. The
supporting stainless steel structure will therefore retain sufficient strength
to assure spacing between fuel rods to allow emergency coolant to reach them,
and will keep the ruel rods in the same location in the core to prevent gross
fuel shifting.

The core flooding system has two independent ccre flooding tanks, each of which
is connected to a different reactor vessel injection nozzle by a line containing
two check valves and a normaily open, remotely operated isclation valve., Since
these tanks and associated piping are missile-protected and are connected di-
rectly to the reactor vessel, » rupture of reactor coolant system piping will
not affect their performance. These tanks provide for automatic flooding when
the reactor coolant system pressure decreases below €00 psi. The flooding water
is injecved into the reactor vessel and directed to the bottom of the reactor
vessel by the thermal shield. The core is flooded from the bottom upward. The
combined contents of the two tanks (1,880 f£t3 of borated water) rapidly reflood
the core immediately after the blowdown to provide cooling until coolant flow
can be established by low pressure injection.

High pressure injection, actuated by low reactor coolant system pressure, sup-
plies coolant at pressures up to the design pressure of the reactor coolant sys-
tem and at a rate up to 1,000 gpm. Low pressure injection actuated by low reac-
tor coolant system pressure supplies coolant at pressures below 100 psig and at
a rate up to £,000 gpm. Both of these systems can operate at full capacity from
the on-site emergency electrical power supply and can be in operation within 25
sec after the accident. In the reactor vessel, decay heat is transferred to the
injection water.

Injection water is supplied from the borated water storage tank. When this
tank empties, water is circulated from the reactor building sump through heat
exchangers and returned to the reactor vessel.

Engineered safeguards are also provided to cocl the reactor building environ-
ment following a loss-of-coclant accident and thereby limit and reduce pressure
in the building. Reactor building sprays, actuated on a high building pressure
signal of 10 psig, deliver 3,000 gpm to the reactor building atmosphere. This
spray water reaches thermal equilibrium within the building atmosphere during
its passage from the nozzles to the sump. Spray water is supplied from the
borated water storage tank until it is emptied. Thereafter, water collected

in the sump is reécirculated to the sprays. Cooling is also provided by the re-
actor building emergency cooling system in which recirculating fans direct the
steam-and-air mixture through emergency coc ers, where steam is condensed.

Heat absorbed in the emergency coolers is rejected to the nuclear services
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cooling water system. The heat removal capacity of either of these two reactor
building cooling systems is adeguate to prevent overpressurization of the build-
ing during a loss-of-coolant accident.

This analysis demonstrates that in the unlikely event of a failure of the reac-
tor coolant system, both of the other two boundaries that prevent fission pro-
duct release to the atmosphere, i.e., the reactor core and the reactor building,
are protected from failure. Accordingly, the public would be protected against
potential radiation hazards.

In order to evaluate this accident, a range of rupture sizes from small leaks

up to the complete severance of a 36 in. ID reactor coolant system line has

been evaluated. A core cooling analysis is presented for the complete severance
of Lhe 36 in. ID reactor coolant piping.

Since the large rupture removes the least amount of stored energy from the core,
this represents the minimum temperature margin tc core damage and, therefore,
places the most stringent requirements on the core flooding system.

The reactor building pressures have been evaluated for a complete spectrum of
rupture sizes without the action of core flooding tanks and, therefore, are
conservative. The peak pressure occurs for a 3 £18 rupture rather than for a
36 in. ID (1L.1 £t2) rupture. Rupture sizes smaller than the 36 in. ID leak
result in longer blowdown times, and the amount of energy transferred to the
reactor building atmosphere is increased. As a result the intermediate leak
size results in a reactor building pressire greater than that produced by the
36 in. ID rupture.

- I - i o=a 1 &
l‘-o._.;._‘,. A:J;u’;'..\. caliviatilon

a. Hydreulic Model

Blowdown of the reactor cocolant system following an assumed rupture
has been simulated by using a modified version of the FLASH(9) coge.
This code calculates transient flows, coolant mass and energy inven-
tories, pressures, and temperatures during a loss-of-coclant accident.
The code calculates inflow from the emergency cooling and calculates
heat transferred from the core to the coolant.

Modifications wers made to FLASH tc make the model more applicable
tc this system. '"he changes are as follows:

(1) The calculation of resctor coolant pump cavitation was based on
the vapor pressure of the cold leg instead of the hot leg water,

(2) Core flooding taaks have been added. water flow from the core
flooding tanks is calculated on the basis of the pressure dif-
ference between the core flooding tanks and the point of dis-
charge into the reactor coolant system. The line resistance and
the inertial effects of the water in the pipe are included. The
pressures in the tanks are calculated by assuming an adiabatic
expansion of the gas above the water level in the tank. Pres-
sure, flow rate, and mass inventories are calculated and printed
out in the computer cutput.
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(3) Additions to the water physical property tables (mainly in the
subcooled region) have also been made to improve the accuracy
of the calculations.

(k) A change in the steam bubble rire velocity has been made from
the constant value in FLASH to a variable velocity as a function
of pressure. The bubble velocity term determines the amount of
water remaining in the system after depressurization is complete.
For large ruptures, this change in velocity shows no appreciable
change in water remaining from that predicted by the constant
value in the FLASH code. For smaller ruptures, an appreciable
difference exists. The variable bubble velocity is based on
data in Reference 10 and adjusted to correspond to data from
the LOFT semiscale blowdown tests.

Test No. 5L6 from the LOFT semiscale blowdown tests is a typical
case for the blowdown through a small rupture area. A comparison
of the predicted and experimentally cbserved pressures is shown
in Figure 1k-33. Figure 14-3L shows the per cent mass remaining
in the t-nk versus time as predicted by the code. At the end of
blowdown, the predicted mass remaining is 13 per cent. The mea-
sured mass remaining is approximately 22 per .ent.

The FLASH code describes the reactor coolant system by the use of two
volumes plus the pressurizer. The system was grouped intoc two volumes
on the basis of the temperature distribution in the system as follows:

Volume 1 includes half of the core water volume, the reactor out-
let plenum, the reactor outlet piping, and approximately 55 per
cent of the steam generators.

Volume 2 includes half of the core water volume, the reactor in-
let plenum and downcomer section, the reactor inlet piping,
pumps, and 45 per cent of the steam generators.

Volume 3 represents the pressurizer.

The resistances to flow were calculated by breaking the reactor cool-

ant system iuto 24 regions and calculating the volume-weighted resis-

tance to flow for a given rupture location based on normal flow resis-
tances. For the double-ended ruptures, all of the leak was assumed

to occur in the volume in which that pipe appeared.

The reactor core power was input as a function of time as determined
by the CHIC-KIN code in conjunction with the FLASH output. Steam
generator heat removal was assumed to cease when the rupture occurred.

While the modified FLASH code now has the capability of simulating
injection flow from the core flooding tanks, the calculations shown
in this report were made prior to the time that the core flooding
simulation was added to FLASH. Core flooding was calculated by
taking the reactor vessel pressure as predicted by FLASH without

core flooding and using this pressure as input to a separate program
to get the flow from the core flooding tanks. Reactor vessel filling

0040
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vas calculated by adding the mass remaining in the vessel as predicted
by FLASH to the mass injecied from the core flooding tanks. This me-
thod of calculation is conservative in that condensation of steam by
the cold injection water is not taken into account. A more recent
analysis using the FLASH code confirms that conservatism used in this
analysis.

Pressure, temperature, mass and energy inventories, and hydraulic
characteristics as determined by FLASH are input into the core thermal
code (SLUMP) and the reactor building pressure buildup code {CONTEMPT).

Core Thermal Model

The core heat generation and heat transfer to the fluid are dependent
upon the blowdown process. The FLASH program includes a core thermal
model and the feedbacks of heat transfer and flow on each other.
While the FLASH thermal model is acceptable for determining the ef-
fect of core heat transfer on the blowdown process, a more extensive
simulation is necessary for evaluation of the core temperature tran-
sient.

Additional analytical models and digital computer program (SLUMP)
wvere deveioped to simulate the core thermal transient for the period
beginning with the initiation of the leak and ending after the core
temperature excursion had terminated.

The model includes the elfects of heat generation from neutrons be-
tore reactor trip, neutron decay heat, and fission and activation
product decay heat; the exothermic zirconium-water reaction based on
the parabolic rate law; heat transfer within the fuel rods, limited
heat convection from the fuel clad surface to any fluid within the
core region, heat transfer from reactor vessel walls and internals
to the coolant, and heat transfer from fuel rods to the steam neces-
sary to sustain & metal-water reaction; and emergency injection flow
and boiloff.

The basic model structure provides 50 equal-vclume core regions with
input provisions to allow any choice of power distribution. The
model may be used to simulate the entire core or any subdivision of
the core. Therefore, the core geometry may be detailed to the de-
gree consistent with the results desired.

The following parabolic law for the zirconium-water reaction equation
(11) with the following constants is simulated for each of the re-
gions:

& K oxp - LE
" Tr_-r P < RT
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r = radius of unreacted metal in fuel rod

r = original radius of fuel reod
t = time

K = rate law constant (0.3937 cmz/sec)

R = gas constant (1.987 cal/mole K)
T = temperature, K

The zirconium-water reaction heat is assumed to be generated complete-
ly within the clad node. The heat necessary to increase the steam
temperature from the bulk temperature tc the reaction temperature is
transferred from the clad at the point of reaction. The above equa-
tion implies no steam limiting. However, the program .ces have pro-
vision for steam rate-limiting tc any degree desired, but no steam-
limicving of the reactions has been assumed. All heat from neut-on,
beta, and gamma sources is assumed to be generated within the fuel
according to the preaccident power distribution and infinite irradia-
tion.

Within each of the regions there is 2 single fuel node and a single
clad node with simulation of thermal resistance according to the
normal fuel rod geometry. Provision is made to simulate four dif-
ferent modes of heat transfer from the clsd node to the fluid sink
node by specifying the time-dependent surface coefficient.

The surface heat transfer coefficient input Gata ere determined from
calculations which are based on flow and water inventory as furnished
{rom the blowdown and the core flooding tank performapr < analysis.

In the event that insufficient cooling is provided, the program will
allow clad heating to progress to the melting point. At this point
the latent heat of zirconium must be added before the clad melts.
Provisions are also incorporated to allow the clad to be heated to
temperatures above the melting point before slump occurs.

As each region slumps it may be assumed to surrender heat to a water
pool or to some available metal heat sink. If water is esvailable an
additional 10 per cent reaction is assumed to occur.

The program output includes the following (as a function of time un-
less otherwise speci'ied):

Average fuel temperature of each region.
Average clad temperature of each region.

Per cent metal-water reaction in each region.

0042
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Time for the clad of each region to reach the metal-water thresh-
old, the beginning and end of melting, and the slump temperature.

Heat trensferred to the reactor building from the core.
Heat generation by hydrogen and oxygen recombination.
Total zirconium-water reaction.

Total heat stored in metal sinks.

¢. Reactor Building Pressure Model

The reactor building pressure-temperature analysis is performed using
the digital computer code "CONTEMPT" developed by Phillips Petroleum
Company in conjunction with the LOFT project. This program and its
capabilities are described in Reference 12. With minor modifications
this program was adapted for use on the B&W Philco-2000 computer.

In this model, the reactor building is divided into two regions: the
atmosphere (water vapor and air mixture) and the sump region (liquid
water). Each region is considered to be well mixed and in thermal
equilibrium, but the temperature of each region may be different.

The reactor building and its internal structures are subdivided into
five segments, as shown in Table li-L, and treated as slabs with 1-
dimensional heat transfer. Each segment, divided into several heat
conducting subregions, may act as a heat source or sink. The pro-
gram includes the capability of cooling the reactor building atmo-
sphere by air coolers (reactor building emergency cooling units) and
epray coolers (reactor building spray system), and cooling the liquid
region by sump coolers (decay heat removal coolers).

During blowdown, mass and energy are added directly to the atmosphere
where the liquid water present is assumed to fall to the liquid re-
gion. After blowdown is over and emergency injection has been ini-
tiated, mass and energy are alsoc added directly to the vapor region
as steam. When the water level in the reactor vessel reaches the
nozzle height, all mass and energy are added directly to the liquid
region since nc boiling of the injection water occurs after the core
has been covered. When the supply of injection w :ter is depleted,
recirculation and cooling of sump water is simulated.

The reactor building calculations are begun by computing steady- <tate
results using initial atmospheric conditions as the input. Following
the rupture, the mass and energy addition is determined from the
energy input rates for each time step. Heat losses or gains due to
the heat-conducting slabs are calculated. Then the pressure and
temperature of the liquid and vapor regions are calculated from the
mass, volume, and energy balance equations.




14.,2.2.3.4

Table lk-4
Reactor Building Structural Heat
Capacitance Segments

Segment Description
1 Reactor Building Walls and Dcme
2 Refueling Cavity (Type 304 SE Liner - One Side)
3 Reactor Building Floor
4 Internal Concrete
S Internal Steel

The model has been developed so that the effectiveness of the natural
heat sinks and the engineered safeguards can be clearly demonstrated.
The model can readily produce the reactor building pressure history
for any assumed combination of operable safeguards. Therefore, the
effectiveness of any given arrangement can be analyzed.

Accident Analysis

Core Flooding Tenk Design Base Accident

The 36 in. ID, double-ended pipe rupture produces the fastest blow-
down and lowest heat removal from the fuel. This case therefore
represents the most stringent emergency core cooling requirements.
Results from the médified version of FLASH indicate that the core
flooding tank simulation provides for the retention of all injection
plus a portion of the original reactor coolant that would otheiwise
have been released. Thus, the coocl injection water provides a cool-
ing and condensing effect which reduces overall leakage. For the
present analysis, no credit has been taken for the extra accumula-
tion of water Jdue to the condensing effect.

(1
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The SLUMP digital computer program, as described in 14.2.2.3.3.b
above, is used to evaluate ccre flooding tank performance in terms
of core cooling capability. In the analysis, the hottest 5 per cent
of the core was simulated in segments of 1/4 of one per cent each.
The hottest segment was assigned a peaking factor of 3.1 times the
average of the total core power density.

A detailed analysis of the void shutdown and core response was made
with the digital computer program CHIC-KIN. This program accounts
for changes in {low, pressure, enthalpy, and void fraction. It also
computes axially weighted Doppler and moderator coefficients of re-
activity for the kinetics calculation. The Doopler coefficient is
input as a nonlinear function of fuel temperat we, and the moderator
void coefficient is input as 2 function of . ‘4 fraction. The param-
eters describing the coolant were obtained from the digital computer
program FLASH, which in turn used the neutron power cutput from CHIC-
KIN. The core is assumed to be initially at the ultimate power level

of 2,5LL Mwt,
0044
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Figures 1k-3ka and 1k- +b show the results of the hot les, 1k.1-£t2
rupture simulation without trip action. Figure 1L-3La is the neutron
pwer trace, and Figure 1L-3Lb shows the various comoonents of the re-
activity feedback.

The transient ccre flow from the FLASH analysis of the 36 in. ID,
double-ended rupture was used to determine the core couoling mechanism
used in SLUMP. The very high flow rates during the initial blowdown
period provide nucleate boiling conditions. However, the time for
Departure from Nucleate Boiling (DNB), especially for the hot regicns,
is extremely difficult to determine. Therefore, a conservative ap-
proach was adopted by assuming DNE at 0.25 sec. DNucleate boiling
surface coefficiente at high flow rates may exceed 50,000 Btu/hr-
ft<-F. A nucleate boilinz surface coeffircient of 25,000 Btu/hr-fto-
F was used in the analyszis.  _However, the series hea%t transfer from
the clad node to the fluid sink is limited to 6,500 Btu/hr-fté-F by
the relatively low condu:tance of thz clad.

After DNB the surface heat transfer was calculated usiag the flow

provided by FLASH results and Quinn's mcdified versicn of the Sieder-
Tate(13) correlation:

= 0.8 0.14
ana ok (nw 108y 173}, L 1-X["B ‘B
h.rPF = 0,023 T (hie) (I'Pr ) 3 - X (o ) (u‘“‘

1 = two-phase film heat tranefer coefficient,
Btu/ur-ft<=F

k = fluid conductivity, Btu/hr-ftE-F
D. = hydraulic diameter, ft
N = Reynolds number
N._ = Prandtl number
X = quality
p = density
p = viscosity
subscript B = "Bulk"
subscript F = "Film"

subscript W = "Wall"
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With this correlation, bulk steam properties are used in the basic
form, and the last two bracketed terms are modifiers which correct
for quality and different ccnditions at the wall.

Figure 1L-35 shows the core flow vs time for the 1Li.l £t2 leak as
calculated by FLASH,

Figure lu-36 shows the clad surface heat transfer coefficient versus
time based on the flow of Figure 1lL-35 and the modified Sieder-Tate
equation. The straight line in Figure lL-36 indicates the surface
heat transfer values which were used in SLUMP, and which are conser-
vative as compared to the results cbtained from the Sieder-Tate equa-
tion.

In applying the Sieder-Tate equation constant values of bulk steam
quality and temperature corresponding to tie most conservative as-
sumpticns were used,.

A sensitivity snalysis was made for maximum coefficients in SLUMP
ranging from 400 to 2,000 Btu/hr=-ft<-F initially and decreasing to
zero at the end of blowdown. Results are discussed below.

After blowdown no core cooling is assumed until after core recover-
ing starts. When the water level reaches the core bottom and starts
to rise up on the core, the submerged pcrtion will be cooled by pool
boiling, and any steam thurs produced will provide some coocling for
that portion of the core above the water line. However, in deter-
mining peak clad temperatures no cooling is assumed for that portion
of the core which is above the water line.

.« the point of initial contact of cool water against hot cladding
the heat flux and temperature differences will be su‘h that film
boiling is the probable mode of heat transfer. This mode provides
the lowest surface coefficients which would e in the range of 100

to 300 Btu/hr-ft<-F. However, in evaluating the core flcoding tank
design a conservative approach was used by assuming a value of 20
Btu/br-ft“-F. This value is adequate for terminating the temperature
excursion in the clad.

The core flooding tank analysis incorporated the study of performance
sensitivity to three significant core flocding tank parameters: (a)
gas pressure (LOO to 1,000 psig), (b) ratioc of nitrogen gas volume

to total volume (1/3 and 1/2), (c) and size of piping between the
core flooding tanks and the reactor vessel (12 in. ard 1L in. ID).
Figure 1L=37 shows the reactor vessel water level versus time for
core flooding tanks operating at 600 psig with different combinations
of volume ratio and line size. This figure includes an allowance

for boiloff and also shows the effect of the flow provided by high
pressure and low pressure injection beginning at 25 sec when emer-
gency power is available. Similar curves for L00 psig and 1,000
psig core flocding tenks are shown in Figure 1L-38., Figure 14-39
shows the maximum clad temperature reached by the hot spot and by
the 1, 2, 3, 4 and 5 percentiles of the core as a function of quench
time,
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The quench time for a given percentile is taken as that time when
the water level reaches the highest point in the core at which the
peaking factor corresponding tc that percentile exists. The fact
that the same peaking factur may exist at some lower point in the
core provides an inherent conservatism in the data as plotted., The
axial peaking factor profile for the beginning of core life was used
as it imposes the most stringent requirements on the core flcooding
tank design.

Peak clad temperatures for the core flocding systems described above
are also shown on Figure 1k-39., These curves demonstrate that all of
the systems presented are capable of keeping the peak temperature at
the hot spot more than 1,000 F below the melting temperature of the
clad. The amount of zirconium-water reaction which occurs for each
of these core flooding systems is shown in Table l&-5, While this
preliminary analysis indicates scme difference in the performance

of the systems, it is not considered tc be a significant difference
since the analysis was performed witnout considering the effects of
condensation by the core flooding coclant or of possible bypass to
the leak of part of the coolant.

The preliminary core flcoding tank design selected is for a 600 psi
charge pressure, 940 f£t3 of water, 470 £t3 of nitrogen, and a 1k in.
supply line. The performance of this system in limiting core tempera-
tures is aspproximately in the center of the range for the systems
described. The parameters selected for the final system design wil
be based on the results of core melting analyses tc be conducted as
part of the final design of the reactor. For this €00 psi charge
pressure, Figure l4-35 indicates that the hot spot clad temperature
would reach 1.950 F at 17.5 sec and that less than 5 per cent of the
core would exceed 1,690 F. For this same case calculations indicate
less than 0.005 per cent total zirconium-water reaction for the whole
core.

Table 1L-5
Core Flooding Tank Performance Data

Line Nitrogen Total Metal
Size, Volunme, Water Reaction,
Pressure in. % of Total %
L00 1s 33 .022
L00 1« 50 .00%
00 1ls 33 .00
600 1s 50 .002
00 12 33 022
600 12 50 .010
1,000 12 33 .003
1,000 12 50 0

Additional analysis was performed tc evaluate the sensitivity cf the

maximum clad temperature to three important thermal parameters. All
cases discussed below haeve in common the following perameters:

1k=38 (Revised 2-T7-68) | 004]
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Leak size: 1.1 £42
Time of DNB: 0.25 sec
Time at ultimate power: 2 sec

Time that blowdown ccoling ends: 9.5 sec

Core region: Hot spot
Time to initiate quenching: 18 sec
Dependent variable examined: Clad temperature

for hottest 5 per
cent of core.

Figure 14-40 shows the clad maximum temperature sensitivity to
the initial surface heat transfer coefficient after the 0.25
sec nucleate boiling period. The coefficient is linearly de-
creased to zero at 9.5 sec. Zero cooling is maintained until
quenching is initiated with a clad surface coefficient of 20
Btu/hr-rte-F. Previous discussion indicated Jjustification for
assuming 1,000 Btu/hr-ft2-F for the clad surface at 0.25 sec.
Figure 1L-L0 shows that a value of 1,000 is not on the most
sensitive part of the curve and a 20 per cent decrease in h
would only result in increasing the peak clad temperature 120 F.

The assumption that DNB occurs at 0.25 sec is quite conservative. 1
The duration of the nucleate boiling period has been evalua’ed to

show the sensitivity of the maximum fuel temperature to this param-
eter. Figure li-LL shows the effect of variation of time to reach a
DNB. It should be noted that if DNB occurr2d at the time of rupture
the peak temperature would only increase about 30 F above 1,950 F.

Figure li-Ll shows hot spot clad temperature transients for a
range of injection cooling coefficients. All cases have a clad
surface coefficient of 1,000 Btu/hr-fta-F at 0.25 sec, decreas-
ing to zero at 9.5 sec. Heat removal is then zero until the
effect of injection cooling is simulated. Figure 1L-L]1 shows
that without any cooling the temperature reaches the melting
point in approximately 50 sec.

The analysis of core cooling has been based upon 2.1 full-power sec-| 1
onds resulting from a void shutdown using the maximum positive mod-
erator temperature coefficient of +1.0 x 10=% (Ak/k)/F. The effect
of variation of the integratsd power on hot spot clad temperature is
shown in Figure 1L-L6, The resultant integrated power before a void
shutdown occurs could ircrease to 3.4 full-power seconds before the
hot spot clad temperature would reach 2,300 F, the temperature nb y 4 "
U ~

vhich 1.0 per cent Zr-weater reaction occurs.
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An L value of 1° stops the fast temperature excurs:on and al-
lows only & low rate of increase thereafter. 8Sin:e the contin-

uously increasing aepth of coverage provided by the flooding
tanks and the puwp:d flow injection systems provides additional
cooling capabilit; -ith time, an initial cooling vaiue as low
as 15 is probabl) acegquate.

An h value of 20 provides immediate gquenching ection and a slow
cocling rate the:-after

An h value of 100 provides very fast cooling Even though the
100 is a realistic value fcor film boiling in a pool - the prob-
able mode for the submerged portion of the cor: - & more con-
servative value of 20 has been used as the refyrence for eval-
uating core flooding tank performance.

Figure 14-4C ghows hot spot clad temperature transients for a
range of pool fluid sink temperatures. Parameters for heat



transfer prior to 18 sec are the same as discussed in the precedirg
paragraph. At 18 sec a surface coefficient of 20 Btu/hr-ftz-r was
applied with sink temperatires as indicated. All results reported
herein previously have had a sink temperature of 280 F during the
quenching period. Prior to quenching the sink temperature in all
cases is based on the transient fluid pressure which results from the
FLASH analysis. Figure lk-L2 shows that any sink temperature bhelow
approximately S5S00 F is adequate for holding or reducing the clid tem-
perature vhich existed at 18 sec. The core floodirz tanks will pro-
vide a h'gh ilnv of cool water. Although some heating will occur
from contact with hot metal before the injection water reaches the
zore, the temperature rise could not be over 50 F assuming that the
wvater came in ccntact with all reactor coonlant system metal below the
nozzle level before it contacted the core. Using a reference value
of 280 F provides an added conservatism to the analysis.

In conclusion, the analysis has shown that the preliminary design of
the core flooding system will provide for covering approximately 80
per cent of the core at 25 sec after the double-ended rupture of the
36 in. ID pipe first occurs. Beyond this time high pressure and low
pressure injection will provide a continuous increase in the water
level.

The clad hot spot temperature excursion .s terminated at 1,950 F and
less than 5 per cent of the total cladding exceeds 1,690 F. Only a
minute amount (0.005 per cent) of zirconium-water reaction occurs,

and the maximum temperature is at least 1,400 F below the clad melt-

ing point.

The temperature transient in the core can produce significantly higher
than normal temperatures in components other than fuel rods. There-
fore a possibility of eutectic formaticn between dissimilar core ma-
terials exists. Coneidering the general area of eutectic formation

in the entire core and reactor vescel internals, the following dis-
similar metals are present, with rajor elements being in the approxi-
mate proportions shown.

Type 304 Stainless Steel

19 per cent Chromium
10 per cent Nickel
Balance Iron

Control Rod
80 per cent Silver

15 per cent Indium
5 per cent Cedmium

Zircalox-h

98 per cent Zirconium
1-3/4 per cent Tin

w2 0050

1h-40



All these elements have relatively high melting points, i.e., greater
than 2,700 F, except those for silver, cadmium, and indium which, in
the case of indium, is as low as approxima’ ly 300 F.

The binary phase diagram indicates that zirconium in the proportion
of 75 to 80 per cent has a eutectic point with either iron, nickel,
or chromium at the temperatures of approximately 1,710, 1,760, and
2,370 F, respectively. If these dissimilar metals are in contact and
if these eutectic pcints are reached, the materials could theoreti-
cally melt even though the temperature is below the melting point of
either material taken singularly.

One point of such dissimilar metal contact is between Zircaloy-clad
fuel rods and stainless steel spacers. The analysis of the perfor-
mance of the core flooding tanks during a loss-of-coclant accident
indicated that only 4 per cent of the cladding would ever exceed the
zirconium-iron eutectic point. Since the . ers a< ~ocated at 21
in. intervals along the assembly and each "' “as a very small con-
tact area, only a fraction of the 4 per cen sould be in contact with
stainless steel. The approximate time period that the 4 per cent of
the cladding is above the eutectic point is 30 sec. Because of the
relatively small area of contact, the condition could not progress
very far and fuel geometry would be maintained. Unless the proper
ratio of metals is available, the melting point is higher than the
eutectic point.

Another area of dissimilar metal contact is that of a zirconium guide
tube with the stainless steel cladding of the control rod. Frllowing
blowdown, heat can be generated in the control rods by absorption of
gamma rays. Beta ray decay heat will be deposited in the fuel rods
where generated. Since gamma decay heat is only about one-half the
total decay heat, and the control rod is shielded from the fuel by a
guide tube, heat generation rates in control rods will be less than
one-half the rates in the fuel. As a result, the peak heat generation
rate in control rods adjacent to hot spot fuel would not exceed an
estimated one-half times the rate in these fuel rods which have a 3.1
power ratio. The contribution frcm radiant heat transfer from higher
povered fuel rods would be relatively small. The analysis of core
melting shows that, with core flooding tanks, fuel rods with a 1.5
power ratio will not exceed 1,500 F. This is well below the eutectic
melting point.

The reactor core will remain subcritical after flooding without con-
trol rods in the core because the injection water contains sufficient
boron (.,270 ppm) to nold the reactor subcritical at reduced tempera-
tures. Tne mc.t stringent boron requirement for shutdown without any
control rods is at the beginning of core life when the reactor is in
a cold,clean condition and 1,820 ppm boron are required to maintain
keps of 0.99. (See Table 3-6, Soluble Boron Levels and Worth.) The
concentration existing in thc reactor building sump after a loss-of-
coolant accident from operating power at the beginning of core life
is 2,174 ppm boron. This concentration represents a boron margin of
354 ppmabove the subcriticality design value margin of 1 per cent.
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An analysis of the loss-of-coolant accident has been made for a spec-
trum of leak sizes and locations. This information has been analyzed
and is reported according to the following grouping: (1) hot leg
ruptures, (2) cold leg ruptures (3) injection line failures, and (L)
injection system capability.

(1)

e Cooli

Analysis for Spectrum of Leak Sizes

Hot Leg Ruptures

In 1k.2.2.3.ka an analysis of the 36-in. ID, double-ended pipe
rupture was presented. This accident produced the fastest blow-
down and lowest heat removal from the fuel, therefore producing
the highest cladding temperatures of any loss-of-coolant acci-
dent. Tnis was therefore the basis for design of the core flood-
ing equipment. A decrease in the rupture size assumed results
in decreased maximum clad temperaiure during & loss-of-coolant
accident.

Core cooling evaluations have been performed for a spectrum of
four additional rupture sizes using the same basic calculatic: 21
technique and assumptions as for the large rupture case. These
rupture sizes are 8.5, 3.0, 1.0, and 0.4 ft2., The reactor

coolant system pressure-time history for these rupture sizes is
shown in Figure 1L-Lk,

The reactor vessel water volume as a function of time after the
rupture for the various rupture sizes is shown in Figure 1ll-Ll-a.
These water volume curves were generated utilizing the flow
available from core flooding tanks, one high pressure injection
pump, and one low pressure injection pump. The pumping systems
were assumed to have a combined capacity of at least 3,500 gpm
with the high pressure pump running on emergency power within

25 sec after the rupture, snd the low pressure pump delivering
3,000 gpm when the pressure has decayed to 100 psi, or at 2%

sec, whichever occurs later.

Figure lk-Lk-b shows the hot spot clad temperature as a function
of time for the various rupture sizes. As can be seen from this
figure, the small-sized ruptures yield maximum clad temperatures
which are considerably lower than those resulting from the

larger sizes. The results of this study are shown in the followd

ing Table 1L-5-1.

lb-Lle (Revised L-8-68)



(2

/

Rupture Min. Wate: Leve: Below Hot Spot
Size, Full-Power . Bottom of (.re, Max. Temp.,
£12 Secon.s £ F
1k.1 2.1 -6.8 1,950
8.5 .4 -5.2 1,916
3.0 1.5(%) 2.2 1,235
1.0 1.5(%) .7 1,075
0.k 1.5 +12.0 1,015

Table 1l4=5-1
Tabulation of wuss-of-Coolant Accident Characteristics

for Spectrum of Hot leg Rupture Sizes

L
( )Blavdavn forces on control rods are equal to, or less than,

normal pressure drop, and control rods vwill insert with
normal velocities. These values are for trip shutdown
rather than for a void shutdown, but include void reactiv-
ity effects.

Cold Leg Ruptures

A similar analysis of a spectrum of rupture sizes has been made
for the cold leg pijing. The rupture sizes tabulated are the
double-ended, 28-in. ID inlet pipe, which yields 8.5 £t2 of rup-
ture area, and the 3.0, 1.0 and 0.4=ft2 sizes.

The reactor coclant system average pressure for this spectrum
of rupture sizes as a function of time is shown in Figure
l4-bbec. The water level as a function of time is shown on
Figure lb-Lli-d, The water level calculation has been based up-
on uninhibited flooding as the check valves are provided in the
core support barrel to equalize pressures and permit the trapped
steam above the core to escape out the rupture.

The hot spot temperature as a function of time for the spectrum
of cold leg leak sizes is shown in Figure 1ll-Ll-e, The results
of this analysis are shown in the following Table 1l4-5-2,

Tetle lL=5-2

Tabulation of Lossecf-Coclant Accident Chara.

t.-istics
far Sgectrum sf Cold Leg Rupture £i es
Rupture Min. Water Level Below Hot Spot
TR - - .

Size FulleFower! sotton of Core, dax. Temp.,
e Seccnds e F
8.5 i -6.7 1,783
3.0 L.g3 -4.8 1,575
1.0 1.3% +3.6 1,250
J.e T +7.0 1,090

"Blowdown forces on control rods are equal to, or less tsan,
normal pressure drop, and control rods will inser: with nor-
mal velocity. These values are for trip shutdown rather than
void shutdown, but include reactivity effects.

14-klb (Revised 4-8-68) 0053




(&)

Evaluation of Emergency Coolant Injection Line Failure

The evaluation of a low pressure injection line failure has been
made, and the results of the analysis show that the reactor is
protected. The rupture cf a pipe which connects a core flood-
ing tank and the iow pressure injection flow to the reactor ves-
sel was assumed to fail adjacent to reactor vessel and before
the first check valve. (See Figure 6-1.) This pipe has an in-

ternal diameter of 11.5 in., and the resultant rupture area is
0.72 rt2.

Interpolation of available blowdown calculations has been used
to evaluate this rupture size, and the data show that a rupture
of this size would result in the core being uncovered several
feet below the top of the core. However, the hot spot will
never be uncovered, and peak cladding temperatures will be
slightly less than that shown in Figure ll-Lk-e for the 1.0 ftl
celd leg rupture.

Since this small rupture size leaves a considerable water in-
ventory in the reactor vessel, the remaining core flooding tank
inventory is more than adequate to completely reflood the core.

The other low pressure system can supply 3,000 gpm of water to
the reactor vessel and provide coolant to keep the core cooled.
The combined capacity of the two high pressure pumps is 1,000
gpm which is in excess of the boiloff rate (680 gpm) due to de-
cay heat immediately after blowdown. With a single 500 gpm
high pressure injection pump the excess water above the core is
adequate to prevent the core from being uncovered below the
three quarter elevation and beyond 300 sec the water level
will begin to increase.

The high pressure injection system has two independent chains

of flow to supply borated coolant to the system. If a rupture
of high pressure injection piping were to occur in one of the
four lines between the sttachment to the primary pipe and the
check valve, the other chain of this system would have adequate
capacity to protect the core against this small leak. In the
event of a component failure in the second high pressure injec-
tion loop, the ruptured flow path can be monitored by the opera-
tor and spillage flow can be stopped by isolation of the affect-
ed piping. The entire capacity of one pump can then be utilized
to handle the small rupture and protect the core.

Evaluation of Emergency Core Injection System
Performance for Various Rupture Sizes

The loss-of-coolant analysis is based upon the operation of one
high pressure injection pump (5C0 gpm), one low pressure injec-
tion pump (3,000 gpm), and the operation of the core flooding
tanks. The capability of other combinations of engineered safe-
guards to provide core protection hes been evaluated in a pre-
liminary analysis. This capability is shown on Figure lh-ll-f,

lb-bkle (Revised L-8-68) O”S‘i




In this ev luation the core is considered protected if the com=-
bination ¢ emergency cooling systems considered will prevent
core damage which would interfere with further core cooling.

The high pressure injecticu equipment with one pump operating |5
can accommodate leaks up to approximately 3 in. in diameter.

The preliminary analysis upon which this conclusicn is based in-
dicates that this pump will probably have the capability to pro- )
tect the core for leaks somewhat larger.

A combination of one high pressure pump and one low pressure |5
injection pump will protect the core up to a O.h-f;z leak.

This is equivalent to the rupture of a pressurizer surge line.

One high pressure injection pump plus two low pressure injec- |5
tion pumps can protect the core up to leak sizes of 3.0 ft2,

This is considerably in excess of any of Lhe piping connecting

to the reactor coolant system. High pressure injection, plus

the cc:e flooding tanks and one low pressure injection pump,

can protect the core up to 1k.1l £t2 which is a double-ended

rupture of the 36-in. ID, hot leg piping.

The core flooding tanks and one low rressure injection pump can
protect the core from about a 3-in. leak up to the 1li.l-ft

leak. Figure lu-LL-f demonstrates that high pressure injection
system provides core protection for normal operating leakage

and for small leaks in which pressure decay of the system may

be s ow. For intermediate leak sizes, either the core flooding
tanks or low pressure injection protects the core following the
loss-of-coolant accident. For very large leaks in the category
of a double-ended rupture of the reactor coclant piping, the
core flooding tanks and low pressure injection together protect
the core. For these leaks the core flooding tanks provide imme-
diate protection and can protect the core for several minutes
following the rupture. Due to their limited volume, they must
be supplemented by the high flow from the luw pressure injection
pumps within several minutes following the leak in order to pre-
vent the core from again becoming uncovered as a result of boil-
ing off the core flooding tank coclant.

This evaluation of emergency core cooling capability demonstrates
that the core is protected for the entire spectrum of leak sizes
in both hot and cold leg piping.
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c.

Reactor Bullding Design Base Accident '1

A range of lexk sizes between 0.4 £t2 and 1L.1 £t2 has been evaluated.
The 14.1 ft© i equivalent to a double-ended rupture of the 36 in. ID re-

actor outlet piping. The reactor operating conditions used in this analy-
sis are listed in Table 1L-6.

The basis for this analysis is that only the makeup and purification sys-
tem and the decay heat removal system are working. It was assumed that
the makeup and purification system (high pressure injection) had one of
the pumps available for operation and that the decay heat removal system
(low pressure injection) had both of the two pumps available for operation.
These systems are assumed to operate on emergency power and can be in op-
eration to deliver a total injection flow of 6,500 gpm within 24 sec after
the accident occurs.

2

This approach is conservative since any combination of two flooding tank
operations and minimum flow from the high and low pressure pumps will pro- | 2
vide a lower energy release rate and peak reactor building pressures than
those resulting from the 6,500 gpm flow.

During blowdown mass and energy releases to the reactor building are cal-
culated by FLASH. Figure 1L-l3 is a plot of mass released to reactor build-
ing and Figure 1k-LL is a plot of reactor coolant average pressure, each
calculated by FLASH for the spectrum of hot leg ruptures. Following blow-
down a 20-region SLUMP model was used to simulate the core thermal trans-
ient. This simulation includes fuel heat generation, metal-water reaction,
and quenching when the injection water provided cooling by contact with

the core.

As any given segment reached 4,800 F it was assumed to drop into water be-
low the core and release all heat down to a datum of 281 F. Also, it was
assumed that 10 per cent additional zirconium-water reaction occurred.
When the water covered approximately 25 per cent of the core, the surface
heat transfer coefficient from all the core clad to the water was assumed
to be 100 Btu/hr-ft2-F. The determination of water level was based on in-
Jection flow and included the effects of boiloff.

Assuming a pool boiling coefficient of 100 for the whole core when only
1/k was covered was conservative for reactor building pressure analysis
because it compressed overall energy transport into the shortest credible
period.

Heat was also released from the hot metal of reactor coolant system and
the reactor vessel internals. During the blowdown period & surface heat
transfer coefflcient of 1,000 Btu/hr-ft2-F was used. After blowdown this
coefficient was changed to 100 Btu/hr-ft2-F for the metal below the leak
and 5 Btu/hr-ftc-F above the leak. The coclant sink temperature was oro-
vided by FLASH for the blowdown period and assumed to be 281 F theres.ter.
The internal heat transfer of the metal was based on a multiiayer finite
difference model. The whole process of reactor coolant system metal heat
transfer was simualated with a digital computer program.

All heat transferred from the core and the reactor coolant system metal
was assumed to generate steam without taking credit for the subcooled con-
dition of the injection water (except for the portion which was boiled off)
until the reactor vessel was filled to the leak
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height. Thereafter all energy was removed by low pressure injection
flow of subcooled water, and the energy release to the reactor build-
ing atmosphere terminated. No delay was assumed in transporting
steam to the reactor building. The heat from hydrogen burning was
added directly to the reactor building as hydrogen was evolved from
the metal-water reaction.

Both reactor inlet (cold) and reactor outlet (hot) line breaks were
analyzed with FLASH. However, a complete analysis was made only for
the hot line breaks since they provided for the most rapid heat trans-
port from the core. This was true because the hot line breaks had
longer blowdown and better heat transfer during blowdown than did the
cold line breaks.

The results of calculations of fluid and heat transport to the re-
actor building as determined by FLASH, SLUMP, and other analytical
models were used as input to the i _actor building pressure analysis
program, CONTEMPT.

Table 1lu-6
Reactor Operating Conditions for Evaluation
rarameter Value
Reactor Coolant System Pressure, psig 2,185
Reactor Coolant Average Temperature, F 584
Reactor Power Level (ultimate), MWt 2,544
Reactor Coolant System Mass, 1b 519,173
Initial Reactor Building Temperature, F 110
Initial Reactor Building Relative Humidity, % 0
Initial Reactor Building Pressure, psig 0

In calculating the reactor building pressure, it was assumed that the
average temperature of the building atmosphere and structural mate-
rials was 110 F. Upon release of hot reactor cooclant, the steel and
concrete act as heat sinks which reduce the reactor building pressure.
The heat sinks considered in this analysis are specified in Table 14-T7.

0057.

14-43 (Revised 1-15-68)



Teble 14-7

Reactor Building Structure Data for Analysis of

Time-Dependent Reactor Building Pressure

Parameter

Reactor Building Free Volume, £3

Exposed Liner Plate
Surface, £t2

Mass, lb

Dome and Wall Liner Thickness, in.
Refueling Cavity Liner Thickness, in.

Reactor Building Concrete Enclosure Consisting
of a 3-ft-Thick Dome and 3-ft, 6-in.-Thick

Walls and a 2-ft-Thick Floor
well and Dome Surface, £t°

Wall and Dome Mass, 1lb

Exposed Floor Surface, ft2

Exposed Floor Mass, lb

Structural and Miscellaneous Steel Exposed

to Reactor Building Atmosphere

Surface, £te

Mass, 1lb

Internal Concrete
Surface, ft¢

Mass, 1lb

Refueling Cavity Concrete
Surface, fte

Mass, lb

1h=ki

Value

2,000,000

87,220
1,238,000
0.375
0.250

81,700
41,100,000
11,000
3,190,000

102,280
23,398,500

2,220
3,001,500



Heat transfer from the reactor build.ng atmosphere to the steel liner
was calculated using a condensing coefficient of 620 Btu/hr-rta-r
until a totel heat input of 110 Btu/ft2 had been achieved. There-
after, a condensing coefficient of 40 Btu/hr-ft2-F was used.

For heat transfer from the reactor building atmosphere to the con-
crete, a condensing coefficient of 40 Btu/hr-fte-F was used. For
heat transfer from the sump water to the concrete floor a coefficient
of 20 Btu/hr-fte-F was used. No credit was taken for heat transfer
to reinforcing steel in the internal concrete structures.

For structural and miscellanecus steel, one heat transfer section
with an equivalent thickness of 0.153 in. was used. Condensing coef-
ficients of 620 and 40 Btu/hr-ft2-F were used.

Following a loss-of-coclant accident, the reactor building is cooled
by three reactor building emergency cooling units and a spray system.
Each cooling arrangement has a heat removal capability of 240 x 106
Btu/hr at a vapor temperature of 281 F. Two cooling units plus 1,500
gpm sprays, or 3,000 gpm sprays, provide cocling that is at least
equivalent to the three reactor building emergency cooling units.
Each system is designed so that it alone can protect the reactor
building against overpressure. Each system was assumed to operate

on emergency power and was delayed until 35 sec after the rupture
occurred.

Figure 14-45 shows the reactor building pressure for complete sever-
ance of a 36 in. ID reactor coolant system pipe (1l4.1 ft< rupture
area) with 6,500 gpm of borated ~ater injection into the reactor cool-
ant system beginning 25 sec after the rupture. Reactor building coocl-
ing is provided by three emergency cooling units. The peak pressure
resulting from this accident occurs 18l sec after the rupture at a
value of 52.1 psig.

An analysis of the reactor building pressure for the 36 in. ID pipe
rupture and spray cooling of the build:ns has alsc been performed to
demonstrate the effectiveness of this sjstem. Initially coolant for
the building sprays and for injection to tae core is pumped from the
borated water storage tank. When water from the borated water stor-
age tank is -epleted, the water collected in the reactor building

sump is reci culated through the reactor building sprays and through
the decay he t removal coolers to supply the low pressure injection
water. The result is an increased injection)gnd spray water tempera-
ture. No boiling of the injection water results from this decrease

in subcooling. The reactor building spray effectiveness will decrease.
The net result is a decrease in the energy removal rate from the reac-
tor building atmosphere.

The requirements for cooling the water recirculated from the reactor
building sump to the reactor building spray system are set by the de-
sign basis of this system. The design basis is to maintain the post-
accident reactor building pressure below the design value. This
criterion can be met by spraying the sump water directly into the re-
actor building atmosphere without additional cooling, other than that
provided by the decay heat removal system. 0 v 5
vJ7/
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The water temperature in the reactor building sump during the recir-
culation phase of & loss-of-coolant accident is meintained below sat-
uration temperature by the decay heat removal coclers. These coolers
reduce the temperature of water recirculated to the reactor vessel
and returned to the reactor building sump. The heat transfer surface
of these coolers is set by the normal operating conditions under the
decay heat removal operation mode. The cooling capability of this
mode of operation will maintain the reactor coolant at 140 F or less
at 20 hours after extended rated power operation and is in excess of
that required under accident conditions. The performance of these
coolers ct various inlet temperatures is shown in Figure 6-k.

Figure 1L-U6 shows that the reactor building pressure decays to less
than 5 psig in 2k hours. For comparison purposes and to show that the
effect of spraying cooler water into the reactor building is small,

a second curve is presented on Figure 14-LE which _s based upon a
spray recirculation cooling rate of 100 x 109 Btu/hr (approximately
equivalent to two decay heat removal coolers) at a sump temperature of
195 F. (This is the temperature of the suap when recirculation to the
sprays begins.) Figure 1L-L7 shows the tenperature of the reactor
building and sump coolant for the two conditions.

These curves demonstrate *hat cocling of the recirculated spray water
has no effect on peak building pressure and cnly & minor effect on the
rate of pressure decay during the first 24 hours. Accordingly, it is
concluded that no cooling of the revirculated spray water is required
for this accident.

Figures 14-U48 through 14-52 show the reactor building pressure for the
other rupture sizes analyzed with the same cooling capability as the
14.1 f£t2 rupture above. A summary of the input parameters and results
for the spectrum analysis are tabulated in Table 1L4-8.

A 3.0 rie rupture area results in the highest postaccident reactor
building pressure (se. Figure ik-43).

Figures 1L4-53 and 1L4-54 show the reactor building energy inventory as
& function of time after rupture for 1k.l and 3 £1e rupture areas with
three emergen-y coolers operating. These curves show the effective-
ness of the reactor building structures ana emergency cooling units.

Figures 14-55 and 14-5€ show the reactor building vapor temperatures
and sump temperatures following 14.1 and 3.0 £t2 ruptures.

The peak reactor building pressure shown in this evaluation for the
spectrum of leak sizes results is 52.1 psig and is the result of a
3.0 te rupture in the reactor outlet piping. The reactor building
design pressure is 55 psig and a design margin of about 3 psi exists.
With core flooding tank operation this margin would e increased
further.

The above analyses conservatively assume that the hydrogen liberated
will burn at the rate formed, and that no core flooding tank operation

occurs. The core flooding tanks )imit the amount of zirconium water
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reaction to 0.005 per cent for a 36 in. ID pipe rupture, and the po-
tential hydrogen energy release is approximately 4,000 Btu. This
amount of energy will not significantly affect reactor building pres-
sure if ignition is delayed or if the hydroger burns as formed.

For the case of no core flooding tenks, as used in the abcve reactor
building design pressure evaluation, the amount of metal-water reac-
tion is somewhat greater. The zirconium-water reaction begins at 40
sec and stops at 130 sec, by which time the 6,500 gpm of injection
flow provides sufficient cooiant inventory to the reactor vessel to
recover the hot spot and quench the reaction. The steam flow during
ti.s period is assumed to provide the transport mechanism for the hy-
drogen generated. The resultant concentration of hydrogen (at time
of maximum metal-water reaction rate) in the steam leaving the reac-
tor vessel is 7.2 volume per cent. This concentration is below the
flammability limit. PFurther dilution will cccur as the steam enters
the reactor building, and combustion will not occur, even as the re-
actor building is depressurized.

Criterion 17 of the AEC General Design Criteria states that the con-
tainment (reactor building) be designed to accommodate the largest
credible energy release including the effects of credible metal-water
reactions uninhibited by active quenching systems. Although the eval-
uation of the emergency injection systems demonstrates that only a
small amount of metal-water reaction can occur, the case qf no injec-
tion flow has been evaluated in response to the above criterion.

This case assumed that, after blowdown, the reactor vessel would have
water up to the bottom of the core. The core was allowed to heat up
by decay heat and metal-water reaction heat.

Stean flow rate-limiting of the reaction was not considered so long
as any water was assumed to be in the vessel. If and when the clad
reached the melting temperature, it was assumed that the whole region
slumped into the bottom of the vessel with the attendant reaction of
10 per cent more of the remaining zirconium and with the release to
the reactor building of all sensible and latent heat above 281 F.

Upon completion of boiloff, heat input to the reactor building was
assumed to cease. Figure l4-57 shows a reactor building pressure of
53.2 psig at 220 seconds, the time at which the reactor vessel boils
dry. This peak pressure is below the 55 psig design pressure of the
reactor building.

0061




Table 14-5
Summary of Keactor Building Pressure Analysis for ,
Reactor Building Emergency Coocling (240 x 10° Btu/hr)

Rupture Size, ft< 1h4.1
Reference Figure No. 14-L5
Time Blowdown Ends, sec 15
Time Low Pressure In-

Jection Begins, sec 5
Fraction of Core Zr-

reacced 0.08
Time Zr-reaction

Begins, sec e)
Time Zr-reaction

Ends, sec 130
Time to Reach Peak

Pressure, sec 181
Peak Building Pressure,

psig 52.0
Vapor Temperature at

Peak Pressure, F 278
Sump Temperature at

Peak Pressure, F 232

8.5 3.0
14-48 14-43
20 L8
25 39
0.05 <0.01
50 130
130 131
181 41
91.3 52.1
277 278
230 221

Conditions for All Cases

500 gpm high pressure injection
6,000 gpm low pressure injection

Reactor hot 1

eg rupture

No core flooding

No reactor building sprays

T
35 sec after

hree emergenc) cooling units s

the rupture.

1k-L8

29

zero

215

1.0
14351

141

121

zero

274

210

(8]
=

14-52

351

321

Zero

261

k3.2

266

196
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Reactor Buildiqg Zirconium Reaction Capability

In order to determine the theoretical ultimate zirconium reaction
capability of the reactcr building a series of hypothetical accidents
was investigated.

Blowdown was based on the 1.l £t2 leak case. Heat transfer from the
core and all reactor COOlaut system metal below the leak height was
assumed to transfer tc a 281 F sink based on a surface coefficient

of 50,000 Btu/hr-fté-F, For reactor ccoolant system metal above the
leak height 5 Btu/hr-ft2-F was used.

Available core heat consisted of the initial stored heat, the equiva-
lent of two full power seconds, decay heat, and metal-water reaction
hea’ , whicn was added at arbitrary linear rates. The toctal heat
transferred from the core and reactor ccolant system metal was as=-
sumed to produce steam from water initially at the saturated condi-
ticn. Hydrogen reccmbination energy was added tc the reactor build-
ing as superheat at the rate of hydrogen producticn from the zirco-
nium-water reaction.

A series of calculations for each of the varicus "ao¢1ng capacities
was made varying the energy input rate, i.e., Ir-Hz0 reaction rate.
For example, a 1 per cent per second zirconium-water reaction produces
1.173 x 10° Btu/sec of metal-water energy and 0.502 x 106 Btu/sec
nydrogen reccmbiraticn energy. In all cases the energy was input a
a linear rate b- ;inning 10 sec after the Qr The emergency c¢o
ing units and spray coclers were started ec after the r;;ture.
The "time to complete reaction" is the t t takes tc reach reactor
building design pressure (55 psig).

b |

-
-

The results of this study are presented in Figure 14-58. This amount
of allowable zirconium reacticn at any time after tlowdown depends
upon the amount of reactor Luilding ccoling in cperation. The capa-
bility curves show that at approximately 10 sez, when the blowdown
pressure peak cccurs, the reactor building could accept an instan-

aneous zirconium-water reaction of < per cent. This capability in-
creases greatly after the blowdown pressure peak with reactor tuild-
ing cooling equipment in cperation.

With three emergency cocling units in cperaticn a 100 per cent reac-
tion in 4,200 sec will not exceed the design pressure of 55 psig.

th three emergency cocling units and two sprays operating, a 100
per cent reaction in 1,~c0 seconds will not exceed the design pres-
sure.
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14.2.2.3.5 Environmental Analysis of Loss-of-Coolant Accidents

Safety injection is designed to prevent significant clad melting in the event
of a loss-of-coolant accident. The analyses in the preceding sections have
demonstrated that safety inlection will prevent clad melting for loss-of-
coolant accidents resulting from reactor coolant system ruptures ranging in
size from small leaks to the complete severance of a 36 in. ID main coolant
pipe. Without clad melting, only the radioactive material in the coolant at
the time of the accident plus some gap activity is released to the reactor
building.

The environmental consequences from a loss-of-reactor-coolant accident are ana-
lyzed by assuming that 1 per cent of the fuel rods are defective before the re-
lease of reactor coolant to the reactor building. Table 11-3 lists the total
activity in the coolant. In addition to the coolant activity, the activity
associated with the gap of all fuel rods is also assumed to be released. Cal-
culations indicate that 77 per cent of the fuel rods will have some point along
their lengths with temperatures in excess of 1,200 F at the time of core flood-
ing tank injection. While perforation of fuel cladding will require some time,
it is conservatively assumed that all of the fuel rods release their gap activ-
ity during the accident.

Half of the iodine released is assumed tc plate out cn exposed surfaces in the
reactor building. The other half is assumed to remain in the reactor building
atmosphere where it is available for leakage. The sodium thiosulfate in the
reactor building spray reduces the airborne iodine as described below. Of the
iodine available for leakage, 5 per cent has been conservatively assumed to be
unavailable for removal by the spray.

The rate at which the elemental iodinz can be removed from the reactor building
atmosphere by the reactive spray is calculated using Griffith's methods . (14)
This method is based on the work of Taylor,(lS) who showed that the rate at
wvhich elemental iodine can be transferred into reactive solutions is controlled
by the gas film resistance, and on the work of Ranz and Marshall,(16) who
showed that the equation below can be used to calculate the masc transfer co-
efficient when the rate of transfer is controlled by the gas film resistance:

D /8 5. I3
o o 2 06 (25 ()]

where
kG = gas film mass transfer coefficient, gm/cmz-sec-atmos

D = diffusivity of iodine in air, cm?/sec
p = density of air, gm/cm3

molecular weight of iodine, gm/gm-mole

=
Fi
"

My = mean molecular weight of the air-iodine mixture in the
boundary layer

P = partial pressure of air in the gas film, atmos
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d = drop diameter, cm

v = relative velocity between the drop and the gas phase,
or approximately the terminal velocity of the drop,
cm/ sec

B = viscosity of the air

Since the mass transfer of iodine is gas-film-controlled, k; 1s approximately
equal to K. (below), and the foregoing equaticn can be rewritten in terms of
the veloci%y of deposition, ng

o3 (8]

V. = overall velocity of deposition, cm/sec

Ulo

,-BE.  EM
G Mp Mg

wher:

R = universal gac constant = 82.057, atmos-cm3/K-gm-mole

3
1"

absolute temperature, K

overall mass transfer coefficient, gm/cma-sec-atmos

&

Since the maximum possible iocdine concentration in the large volume in the re-
actor building is less than 10~7 gm/cc, the partial pressure of air in the gas
film, P, can be taken as the total pressure, and the mean molecular weight,
Mp, can be taken as the molecular weight of air, M,. If the gas equation is
used, the equation may be simplified somewhat by substituting Ms/RT for p/P,
as follows:

X, dg [2 +0.6 (5‘_"3)1/2 (1)1/3]

= Dp

The surface area of drops available for iodine absorption can be calculated
from the next equation, which is based on the assumption that all the drops
are spherical and have the same diameter.

ndare . 6F6 _ 6FH
% d3 d dv

S =

where

surface area of drops suspended in the gas Phase, cm2
spray flow rate, cm3/sec

drop fall time, sec

drop diameter, cm

drop fall height, cm

drop fall velocity or terminal velocity, cm/sec

<maoomn
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If there is a large excess of chemical reagent to react with the iodine and
convert it to a nonvolatile form with little or no tendency to return to the
gas phase, then the iodine removal rate can be expressed by

V.S
a .. [ K]y -
dt '<VC>I el

free volume of reactor building, em® or £13
1

where
VC

N

iodine removal time constant, hr~

The fraction remaining in the reactor building atmosphere is expressed as a
function of time by the solution of the equation above as follows:

I Agt
-
IO

where
éL-= fraction of initial inventory remaining
(e}
t = spray time, hr

when the specific parameters for Unit 3 or 4 of the Crystal River Plant are
used:

F = 3,000 gpo v = 397 cm/sec
H =90 ft Vg = 5.06 cm/sec
V, = 2 x 105 £¢3 6V FH
hg = —S— = 25.3 hr~l
d = 1,000 microns Vedv

These iodine removal calculations have conservatively corrected the iodine
deposition velocity (V,) to the peak temperature and pressure in the reactor
building. A sensitivi%y analysis was performed on the iodine removal calcula-
tions, and the results are shown in 14.2.2.4.3 in terms of the 2-hour iodine
dose at the exclusion distance following an MHA.

Although the reactor building leakage rate will decrease as the pressure de-
cays, the leakage is assumed to remain constant at the rate of 0.25 per cent
per day for the first 24 hours. Thereafter, since the reactor building will
have returned to nearly atmosphere pressurec, the rate is assumed to be reduced

to 0.125 per cent per day and remain at this value for the duration of the ac-
cident.

The atmospheric dispersion characteristics of the Plant site are described in
2.3. The site dispersion factors for the duration of the accident are listed

in Table 2-3. A dreathing rate of 3.47 x 10-% m3/sec is assumed for the 2-hour

14-52 o
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exposure. For the 2L-hour exposure, a breathing rate of 3.47 x 104 m3/sec is
assumed for the first 8 hours, and a rate of 1.74 x 10-% m3/sec is assumed Zor
the remaining 16 hours. For the 30-day exposure, a breathing rate of 2.32 x
10~% m3/sec is assumed.

The iodine doses to the thyroid per curie inhaled are obtained from the values
given in TID-148LL:

I-131 1.48 x 108 rem per curie
I-132 5.35 2 th rem per curie
I-133 L.0 x 10° rem per curie
I-134 2.5 % 10% rem per curie
I-135 1.2k x 107 rem per curie

Figure 14-99 shows the total integrated dose to the thyroid as a function of
distance from the reactor building for 2-hour, 2u-hour, and 30-day exposures.
The total thyroid dose at the L,400 ft exclusion distance is 1.45 rem for a
2-hour exposure, 5.0 rem for a 2L-hour exposure, and 2.9 rem for a 30-day ex-
posure. These doses are well below the guideline values of 10 CFR 100. The
direct dose from this accident is insignificant since it is several orders of
magnitude btelow 10 CFR 100.

14.2.2.3.6 Effects of Reactor Building Purging

At times during the normal operatinn of the reactor, it may be desirable to
purge the reactor building while the reactor is operating. In the event a
loss-of'-coolant accident were to occur during purging operations, activity
would be released to the environment. The purge values will be completely
closed in 5 sec. During this time, assuming a 36 in. ID, double-ended rupture,
essentially all of the reactor coolant will have been blown down. The activity
in the reactor building is due to the reactor coolant activity after operation
with 1 per cent failed fuel. For this case, 0.53 per cent of the reactor
building atmosphere will escape through the purge valves before they close,
corresponding to a release of 3 equivalent curies of iodine-131. This analy-
sis assumes unrestricted flow through the purge line for the full 5-second
closing time. No reduction in flow is assumed as the valve closes, and there-
fore the results are conservative. The release of this iodine results in a
total integrated thyroid dose of 0.4€ rem at the exclusion distance. This dose,
when added to the thyroid dose for a loss-of-cooclant accident without purging,
is well below the 10 CFR 100 guidelines. Therefore, purging operations can be
performed during reactor ¢ stion.
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1k.2.2.4 Maximum Hypothetical Accident

14,2.2.4.1 Identification of Accident

The analyses in the preceding sections nave demonstrated that even in the
event -of a loss-of-coolant accident, no significant core melting will occur.
Howrver, to demonstrate that the ope:ation of a nuclear power plant at the
proposed site does not present any undue hazard to the general public, a hypo-
thetical accident involving a gross release of fission products is evaluated.
No mecnanism whereby such a release occurs is postulated since ‘t would re-
quire a multitude of failures in the engineered safeguards provided to prevent
its occurrence. Fission products are assumed to be released from the core as
stated in TID-14L8LL, namely, 100 per cent of the noble gases, 50 per cent of
the halogens, and 1 per cent of the solids.

Further, 50 per cent of the iodines released to the reactor building are as-
sumed to plate out. Other parameters, such as meteorological conditions, io-
dine inventory of the fuel, reactor building leak rate, reactor building io-
dine removal rate, etc., are the same as those assumed for the loss-of-coolant
accident in 14.2.2.3.5. The average iodine inventory, In terms of equivalent
curies of iodine-131 available for leakage at different time periods after the
accident, is as follows:

0 to 2 hours 28.7 x 106 curies

0 to 24 hours 22.8 x 10° curies

1 to 30 days 51 ¥ 106 curies
14.2.2.4.2 Analysis and Results of Environmental Analysis

Figure 14-60 presents the total integrated dose to the thyrcid as a function
of distance from the reactor building for 2-hour, 24-hour, and 30-day expo-
sures. It can be seen that the 2-hour thyroid dose of 65 rem at the exclusion
distance of L, LOO ft and the 30-day thyroid dose of 3.4 rem at the Ll-mile low
population zone distance are less than the guideline values of 10 CFR 100.

In the year 2015, the projected population within a S-mile radius of the Plant
will be less than 1,000. The corresponding 30-day thyroid dose from the MHA
at the S5-mile zone boundary is 38 rem.

The direct dose to the whole body following the accident is shown in Figure
1L-61. No significent dose exists from this source at the exclusion distance.

The dose to the whole body from the passing cloud has been calculated using the
same meteorological conditions used for determining the thyroid dose. The 2-
hour whole body dose at the exclusion distance is only 1.9 rem, and the 30-day
dose at the 4l-mile low population zone dictance is 0.1l rew. The 30-day dose
at the S5-mile zone boundary is 1.2 rem.

14.2.2.4.3 Effects of a Sensitivity Analys:s of the Reactor
Building Sprays for Iodine Remova.

A sensitivity analysis on the calculation of iodine removal was performed us-
ing the reactive chemical sprays in the reactor building. The results are
shown in Table 1L-9 in terms of the 2-hour iodine dose at the exclusion dis-
tance following an MHA.

1h=54
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Table 14-9

Sensitivity Analysis Showing the Effect of Parameters on the
Two-Hour Jodine Dose at the Exclusion Distance Fullowingz an A

Todine(1) Tod tne (2)
Removal Removal (2)
Drop Drop Fall  velocity of Time Todine(1) Time Todine
Case Size, Velocity, Deposition, Temp, Press., Constant, Dose , Constant, Dose ,
No. microns cm/sec cm/sec _F psig ne-l rem hr-~ rem Remarks

1 1,000 397 5.06 281 55 12.65 8 2%.3 55 Operation of the reactor
bullding spray system at
mar ‘mm building tempera-
ture and preccure.

2 1,000 597 vl 212 25 15.05 75 .1 3l Operation of the reactor
tuilding spray system after
partial cooling, about 1
hour .

3 1,000 597 11.55 100 0 28.8 62 57.5 Sk Operation of the reactor
building spray system after
cooling to ambient condl-
tions.

k 1,000 3,970 14.83% 28 55 5.7 171 7.%9 109 Effect of drop falling at
10 times its terminal
velocity.

3 2,000 Ay .25 281 55 5.9° 192 3. 50 114 Effect of large drop size.

A 200 L 7.24 281 55 k71 b5 k2 k5 Effect of small drop size.

) r
For al' cases, reactor building free volume = 2 x 10 ft  and drop fal' height = 90 ft.
Note (1) Flow rate of sprays = 1,500 gpm.

(2) Flow rate of sprays = 3,000 gpm.



14.2.2.4.4 Effects of Engineered Safeguards Leakage During the

Maximum Hypothetical Accident

An additional source of fission product leakage during the maximum hypotheti-
cal accident can occur from leakage c¢f the engineered safeguards external to
the reactor building during the recirculation phase for long-term core cooling.
A detailed analysis of the potential leakage from these systems is presented in
6.3. That analysis demonstrated that the maximum leakage is about 5,000 ce/hr.

It is assumed that the water being recirculated from the reactor building sump
through the external system piping coatains 50 per cent of the core saturation
iodine inventory. This is the entire amount of iodine release from the reac-
tor cooling system. The 50 per cent escaping from the reactor coolant system
is consistent with TID-1484LL. The assumption that all the iodine escaping
from the reactor coolant system is absorbed by the water in the reactor build-
ing 1r conservative since much of the iodine released from the fuel will be
plated out on the building walls. The activity in the rz2circulation water is
equal to 0.037 equivalent curies of I-131 per cc of water. The iodine is chem-
ically bound to the sodium thiosulfate, and will not be released to the atmo-
sphere. However, it is conservatively assumed that iodipne release does occur.
Since the temperature of water in the reactor building sump is less than 200 F
when recirculation occurs, the iodine release is calculated using a gas/liquid
partition coefficient of 9 x 10-3.

Leakage from the auxiliary building is caused by exfiltration. The most re-
strictive case for a ground release occurs during inversion conditions. It is
assumed that the building leaks at the rate of 100 per cent per day with atmo-
spheric dilution occurring in the wake of the building. For this building
leak rate and the ir :rsion condition, the iodine will produce an integrated
dose to the thyroid of 0.005 rem in 2 hours at the 4,400 ft exclusion distance.
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