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SECTION 7

REACTOR SAFETY EVALUATION

7. 1 INTRODUCTION

The design of the General Electric Test Reactor has been guided as much by safety consid-

erations as by the needs of the experiments. The general safety objectives in the design of
the GETR are:

1. Normal operation of the plant shall not result in the exposure of any persons on or off
the Laboratory site to radiation in excess of the legally established permissible limits.

2. 'The plant shall be protected by automatic and inherent safety features to preclude
severe accidents from operator errors, equipment malfunctions, or other contingencies.

3. The containment vessel shall be capable of containing the radioactive material which
might be released from the fuel or experiments as a result of any credible accident.

In previous sections, the features of the plant provided to accomplish these objectives have
been described. Experiment system safety features and evaluations are described sep-
arately in Section 8. In this section, however, the potential accident mechanisms and the
credible reactor off-normal conditions have been postulated and analyzed to determine their
safety consequences. The results of these analyses show that the reactor can be safely
scrammed and cooled after any single or double combination of mechanical failures or
operational errors. Adding to this safety in depth, the automatic coolant and scram devices

are tested periodically to assure their proper operation. In addition, the plant operating

personnel are well trained and follow written operating procedures to minimize the prob-
ability of operating errors.

The maximum credible accident is derived by assuming that three equipment components
fail, which results in the simultaneous failure of two critical reactor systems. Because
the components which must fail simultaneously are, by design, some of the most reliable

components in the reactor system, the probability of the maximum credible accident is

exceedingly small. However, because such a failure is not impossible, the analysis of the
maximum credible accident is provided even though we do not believe the accident will ever
happen. However, the accident is significant because it furnishes a rational upper limit for
the design bases of the containment building.

The several years of safe reactor operation of the GETR have demonstrated the adequacy of

established controls to protect against the described accidents. These controls are improved

as new experience is gained from the operation of the reactor and experimental facilities.

7.2 OFF-NORMAL REACTOR CONDITIONS

Significant off-normal conditions which involve the reactor system and have a reasonable
-probability of occurrence are described in the following paragraphs. The severity of the
consequences of these conditions vary ~in terms of the maximum temperatures attained,
time to restore the reactor to normal operation, or potential danger to personnel. Analyses
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of these off -normal conditions show that neither reactor core damage nor fission product release

would result from any of these conditions. Moreover, the margin of safety is sufficiently great
that off -normal transients do not cause react~or core damage even if the critical process vari-

ables are initially at their most unfavorable scram values. In every off -normal condition analy-

zed, initially unfavorable operating points cause only slightly higher fuel plate temperatures or
somewhat more extensive nucleate boiling during the course of the transinet.

7. 2.1 Reactor Startup with Improper Core Loading

Precautions against core arrangement and loading erros have been described in Section 5. 7. In
the improbable event that these controls fail, and a large reactivity addition is thereby allowed,
the period and flux instrumentation which is provided during refueling operations would scram the

cocked rods. A smaller erroneous reactivity addition would be detected during startup when
criticality occurred sooner than predicted. The cautions approach to criticality and startup

instrumentation described in Section 5. 7 protect against any damaging results. Should such an
unplanned reactivity condition ever occur, the reactor would be promptly shut down and the

cause investigated.

7. 2. 2 Loss of Secondary Heat Removal Capability

Several off-normal conditions could cause a reduction or even elimination of the heat removal
capability of the secondary cooling system; e. g., (1) loss of secondary flow from failure of the
secondary coolant pumps, a secondary pipe rupture, or inadvertent closure of the secondary

valves; (2) loss of cooling tower air circulation fans; (3) progressive fouling of heat-transfer
surfaces in the primary heat exchanges; (4) abnormally high atmospheric humidity combined with
unusually high air temperature. These conditions by themselves do not necessarily constitute

an unsafe condition nor do they cause a reactor scram. However, if reactor power is not
promptly reduced, the reactor inlet water temperature, will increase in proportion to the decrease

in secondary heat removal capacity.

Because of the large negative temperature coefficient, an increase in reactor inlet temperature,
in the absence of control rod movement, causes an automatic shutdown of the reactor. Should
the temperature coefficient be compensated by control rod movement, even if incorrect, the
reactor is protected against high temperature by an automatic scram and simultaneous emergency
coolant trip on high reactor inlet temperature. No damage to the fuel is to be expected from such

a transient, however, since the maximum hot spot temperature (327'F) is below saturation tem-
perature (353*F) and is significantly below the temperature (10000 F) at which the fuel plates were

annealed. The Case I fuel plate calculations (Section 4. 6) apply to these conditions.

7. 2.3 Loss of Reactor Pressure

The primary coolant system is pressurized to prevent cavitation of the primary pump and to

assure that boiling does not occur any place within the core during normal reactor operation.
Loss. or reduction in primary system pressure may occur from several possible causes. Some

examples are: (1) failure of the nitrogen pressurizer automatic control valve; (2) improper

adjustment of the pressurizer control valve set point; (3) mismanagement of the bottled nitrogen

which supplies the pressurizer; (4) spurious trip of one or both of the emergency coolant valves.
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Some of these conditions may cause only a slow reduction in system pressure, while others may

cause an immediate reduction to atmospheric pressure. In either event, a reactor scram is

initiated by a 14-psi decrease in primary system pressure. As a result of this pressure decrease,

the core saturation temperature is reduced from 353 to 350'F at the moment of scram.

in most instances, the loss of primary system pressure does not affect the reactor coolant flow

rate. In the event of spurious opening of the emergency cooling valves, however, the reactor

is scrammed by either low system pressure or low core differential pressure. Because a low

core A P scram occurs when the flow rate drops to 85% of normal, even this worst-type of loss

of pressure condition does not result in fuel hot spot temperatures greater than 3580F. The

Case II fuel plate calculations shown in Section 4. 6 apply to this emergency coolant trip-

caused loss of pressure condition.

While the maximum fuel plate hot spot temperature is somewhat below saturation temperature

at the moment of a loss of pressure scram, a rapid decrease in saturation temperature could

cause some momentary nucleate~boiling in isolated fuel channels after the scram. Such a

condition is highly improbable, however, because the power decay rate from a scram is faster

than most credible pressure decay rates. Moreover, fuel plate temperatures must exceed

saturation temperature by about 40OF before local boiling can occur. In any event, the fuel

temperature transient from a loss of pressure condition is not significantly different from the

temperature transients which occur during a flux, flow, or temperature scram condition: no

fuel element damage would be expected.

7. 2. 4 Loss of Instrument Air

Normal instrument air pressure is maintained at approximately 100 psig and the reactor is

manually shut down when this pressure becomes less than 50 psig. There is 'no hazard from

rapid loss of instrument air and thus no need for automatic reactor scram.

7. 2. 5 Loss of Pool Water

An audible alarm gives warning if the pool water recedes, and the operator manually scrams

the reactor and opens the valve to admit demineralized water (and untreated water if neces-

sary) to the pool. Only an event such as a violent earthquake (significantly greater than any

ever recorded at this site) could damage the structure in the vicinity of the reactor severly

enough to result in an outward flow of pool water at a rate in excess of that which could be

made up by the fill and flush pumps (400 gpm) and the untreated water gravity supply (initially

over 700 gpm depending on the water level in the hillside storage tank). The primary cooling

system, if still intact, would continue to cool the reactor effectively, with no change in

equilibrium fuel plate temperatures. If the primary system and pool were both severely

ruptured beyond makeup capacity, a serious accident condition would exist which would, if

all water were lost. result in some fuel element melting. Although somewhat less in mag-

nitude, this condition would be similar to the maximum credible accident.
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7. 2.6 Reactor Operation with Scram Value Flux, Flow, and Temperature

The scram values for the critical process variables are specified to allow needed operational

fleyibility with adequate reggard for reactor protection. Reactor operation with process variables

at more unfavorable points than design represents a transient which might be expected for one,

or at most, two of the process variables. If, however, the reactor could be realistically oper-

ated with all three principal process variables (flux, flow, and coolant temperature) at their

most unfavorable scram point, the maximum fuel plate hot spot temperature would not exceed

386°F at the hot spot. Since about 40°F of wall superheat is required to form steam bubbles,

there is little likelihood of any boiling occurring during reactor operation with even these

abnormal process variable conditions.

Using the Bernath heat flux correlation with a 1. 4 correlation safety factor, the minimum burn-

out ratio is 1. 5 with flux, flow, and temperature at their respective most unfavorable scram

values. Under steady-state design conditions, the corresponding burnout ratio is 2. 2.

7.2.7 Loss of Normal Electrical Power

A loss of normal electrical power would initiate a scram signal from the low voltage relays,

and cause a primary pump coastdown with an attendant actuation of the emergency coolant valves.

The diesel-generator set, which normally floats on the line at 30% load, automatically picks up

load and continues to supply power to the instruments, vital experiment equipment, the

ventilation system, and other safety related equipment (Section 4. 10).

Test results confirm that the control rods start to shut down the reactor less then 40 msec

after the scram signal is initiated. At this time, however, the primary coolant flow is not

measurably different from normal. As the primary coolant coastdown proceeds (Figure 4. 41),

downflow through the core would decrease and ultimately reverse. De-energization of the

emergency coolant solenoid valves causes a rapid pressure decay in the pressure vessel

(Figure 4. 42) and permits the natural circulation of pool water through the core in reverse flow,

once the primary flow has decayed.

A transient analysis of the loss of power condition shows the maximum fuel plate hot spot

temperature to be 330'F, whereupon the plate temperatures would drop rapidly to less then

200°F within the first 300 msec after power failure. Because of the rapid initial power decay

and the relatively slow initial flow decay, the fuel plate temperatures would be below atmos-

pheric saturation temperature before the flow decayed to 95% of normal. Subsequently, the

cladding temperatures would gradually rise to a maximum hot spot temperature of 240'F during

the terminal stages of flow decay and the early stages of flow reversal. Boiling would occur

during the flow reversal in the higher powered fuel channels. Fuel plate damage cannot result

from a loss of power condition because the maximum fuel plate temperatures during the transient

are not significantly greater than the normal steady-state temperatures.
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7.3 POTENTIAL REACTOR ACCIDENT MECHANISMS

In the following paragraphs, analyses of the major reactor accident mechanisms are discussed.

Analyses of these potential mechanisms show that while reactor damage may result, the
..... v---s-sel=== wi ..... mit ',he consequences of any credibl accident by containm.ent ... ..

radioactive products of the accident. The probability of an accident is quite low because of

redundancy of procedural and equipment safeguards.

7.3.1 Fuel Handling Accidents

Operating procedures specify that fuel elements will not be allowed in the vicinity of the reactor

pool immediately before nor during any operation of the reactor as a critical assembly with the

pressure vessel head removed. However, it may be postulated that this procedure can be

violated and a fuel element could then be accidently dropped on a fully-loaded core during

critical testing. Because the over-all length of a fuel element is 54. 35 inches while the core

diameter is only 24 inches, the reactivity insertion depends upon the final resting position of

the fuel element. If the fuel element was somehow homogeneously distributed across the top

of the core, a maximum reactivity insertion of 0. 5% would be introduced. The period trip

and flux trip would scram the withdrawn rods and limit the excursion. The Borax tests demon-

strated that reactors of the type that include the GETR can withstand a reactivity increase of

1. 7% A k/k without damage to the fuel. Since the 0. 5% a k/k insertion from this accident is

well below the demonstrated 1. 7% a k/k, no physical damage would be expected.

Irradiated fuel elements are transferred under water from the core to the fuel storage racks

in the storage canal. Natural convection of water assures the irradiated elements will at all

times be cooled, and makes it virtually impossible for melting or fission product release to

occur. Only one fuel element is transferred at a time, and each element is permitted to decay

in rigidly secured, poison-linedstorage racks. Therefore, should a fuel element be accidentally

dropped during transfer from the core, neither a critical array nor thermal damage would result.

7. 3. 2 Reactor Startup Accident

A startup accident can be one of the most severe operating accidents involving an increase in

reactivity. In formulating such an accident, it is assumed that the reactor is started with

normal coolant flow from source level by withdrawing the control rods at a maximum

rate of 7. 3 X 10-4 A k/k/sec. Recent rod calibration data for the bank of six control rods

show the maximum reactivity withdrawal rate is 6. 1 X 10A4 A k/k/sec; however, for con-

servatism, a 10 i/sec or 7.3 x 10-4 A k/k/sec withdrawal rate is assumed. While it is

assumed that the transient starts from 10.7 rated power (5 watts), the bulk coolant temperature

(140 0 F) corresponding to maximum operating conditions is used in the transient calculations for

added conservatism. An instrument scram trip setting of 60 MW is assumed, with a scram

response time of 40 msec from the time of receipt of a scram signal to the time at which
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the control rods start to drop. This response time corresponds to the most accurate of recent

instrument measurements. The following data are then used to calculate the ratio of peak

power (P max) to the power at the trip point (Ptrip):

1. Neutron life time of 5. 5 x 10-5 seconds;

2. A trip to source neutron level of 1. 2 x 10

3. Reactivity withdrawal rate of 7. 3 x 10-4 A k/sec;

4. Rod scram acceleration 0. 9 g corresponding to a reactivity insertion of
$465/sec/sec;

5. A shutdown margin of -$12; and

6. No credit is taken for a negative temperature and void coefficient.

It is assumed that power turnaround in the transient is caused entirely by rod insertion, and no

credit is taken for temperature coefficient effects. Analysis shows that the ratio of Pman to

Ptrip is 1. 75. (1) The resultant peak power heat fluxes and burnout ratios are tabulated below,
and Figure 7. 1 shows a plot of relative power versus time after beginning the transient.

Startup Accident

Overpower trip, MW 60

Effective delayed neutron fraction 0. 0073

Ppeak/Ptrip 1.75

Peak power, MW 105

Energy release. MW-sec 11
Peak heat flux, Btu/h-ft 2  2.31 x 106

Burnout correlation used Bernath

Correlation safety factor 1.4

Burnout heat flux including safety factor, Btu/h-ft 2  2.43 X 106

Burnout ratio 1.05

The conditions for these calculations are:

Core coolant velocity, ft/sec 23

Coolant channel equivalent diameter, ft 0.0183

Coolant channel heated perimeter, ft 0. 1191

Inlet water temperature, ° F 140

Subcooling at hot spot, OF 263

Pressure at hot spot, psia 140

It can be seen that the minimum burnout ratio is 1. 05 under the pessimistic assumptions for
this startup accident. Nucleate boiling will occur in the fuel coolant channels during this

accident. It is doubtful that boiling will progress into film blanketing of fuel plates, however,

because of the extremely short time involved in the excursion.
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If instead of startigat source level, a reactivity addition accident is postulated with the

reactor operating at some higher initial level, the resultant excursion would be less than tile

startup accident excursion. For example. assume the reactor is operatin, at a steady-state

50-MW when the control rods are withdrawn at the same fast rate of 7. 3 10-4 k k sec used

in the startup accident analysis. Further, as in the startup accident. neglect the temperature

coefficient and assume the excursion is turned around by a flux trip at 60 MW. Figure 7. 2

shows the dynamics of this transient. From the negligible power overshoot above trip, it is

apparent that no fuel damage could result from any credible reactivity addition from operating

level. Even if one assumes both the reactor inlet temperature, coolant flow, and rods were

at their most unfavorable values at the time of this reactivity addition, the maximum fuel plate

temperature would not exceed 3860F (Case IV, Section 4. 6) during the transient.

7.3.3 Primary Coolant Recirculation Accidents

A very fast decrease in recirculation flow will decrease the fuel burnout ratio for a short

time. If the flow contihues to decrease, there will be a scram followed by an emergency

cooling trip (Section 4), the system will depressurize, the coolant in the pressure vessel

will coast to a stop, and a flow reversal will occur as a result of the thermal buoyancy

effect (Figure 4. 41). During the flow reversal, boiling will occur in the core, but the

surface heat flux will be sufficiently reduced to preclude thermal burnout. A rapid decrease

in primary coolant flow can be caused by any one of the following:

1. Loss of electrical power to the primary pump;
2. Failure of the drive shaft between the motor and primary pump;
3. A primary pump shaft seizure which rapidly reduces the pump speed:
4. A sudden gross failure of the primary system.

Of the above described malfunctions, none would result in excessive fuel cladding tempera-

tures or thermal burnout.

The flow coastdown for any of the above is rapid; however, because of the short time con-

stant of the plate fuel and the short scram response time*, the resultant fuel plate tempera-

tures would not be severe.

An analysis was made of a "worst case" coolant recirculation malfunction. The transient

analysis was performed with a nodalized description of the system and a General Electric

digital computer code. The resultant maximum cladding temperatures and maximum bulk

water temperatures in the hottest channel are shown in Figure 7. 3. The following assump-

tions were made:

1. The primary pump fails by some mechanism and the primary coolant flow coasts
to zero flow in 8. 8 seconds (Figure 4. 41).

*For the above accidents, the longest scram response time from initiation until the rods start
into the reactor is < 150 msec.
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2. The scram is not initiated until the primary coolant flow decays to 85% of normal.

3. The control rods begin to enter the core 150 msec after the scram is initiated.

4. The emergency cooling valves do not open until the primary coolant flow coasts
to 24% of normal.

5. The power decay was calculated based upon a $12 scram and a 30 day fuel
irradiation time.

6. The "hot s got" was agsumed to be operating with a steady-state thermal heat flux
of 1.1 x 0A Btu/h-ftz. This is the maximum heat flux in the GETR core at 50 MW.
This heat flux results from the worst possible rod bank and neutron flux skewing.

7. The fuel surface heat-transfer coefficient was assumed to be 90% of calculated.
The coefficient was calculated from the best available information for parallel plates.(2)

8. The model was modified to simulate boiling characteristics during the time the maxi-
mum cladding temperature was above saturation.

9. The water inlet temperature was assumed to be 140°F during the coastdown to zero
flow (maximum value).

10. The water temperature entering the bottom of the hot channel after the flow reverses
was assumed to be in "hot layers" with the hottest water entering first.

11. The water entering the bottom of the core through the emergency coolant valves were
assumed to be the maximum pool temperature of 135 0 F.

The consequences of any other coolant recirculation malfunction might be expensive and

require more time to repair. However, the core temperature transients would be less

severe and would result in no core damage severe enough to release fission products

to the pool.

A flow coastdown was analytically determined for a double-ended pipe break, and an analysis

was made of the resultant temperature transient. It was assumed that the 20-inch pipe on

the inlet side of the pump instantaneously severed and separated. This would immediately

initiate a scram signal. The calculated flow coastdown was slightly faster than for the

pump failure "worst case" above; however, the resultant peak cladding temperature was

less. At the time the rods started into the reactor (150 msec), the flow was calculated to

be 94% of normal, and the rate of coolant decay with respect to time was, less than the above

pump failure "worst case". If the pipe were severed on the discharge side of the pump, the

pump would continue for some finite time and the consequences would be less severe.

In the event there should be a gross failure of the primary system, the siphon break valves would

open when the pressure at the highest elevation in the primary system exit line fell below atmos-

pheric. The emergency cooling valves on the inlet lines would not open until the flow had coasted

to about 25% of normal. If the break were sufficiently large, the inlet lines could siphon water

from the pool through the inlet emergency cooling valves until the pool level was lowered to the

inlet emergency cooling valve level (12 feet above the top of the core). At that point the siphon

effect would be broken. If the pool make-up system did not operate and reflood the inlet emer-

gency cooling valves, a free surface would form and the net flow through the vessel would stop.

Bulk boiling would occur in the core until decay heat dropped to a sufficiently low level.
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Pool water would flow in through the emergency cooling check valves to replace that which

boiled away. Analysis shows that before this could happen, the peak heat flux would be

< 90, 000 Btu/h-ft 2 and the total core heat generation caused by delayed neutrons and gamma
heating would be < 4 MW.

If the primary pump shaft were to freeze, a scram signal would be initiated, the flow would
rapidly coast down and an emergency cooling trip would result. The GETR primary pump

is a centrifugal- type pump and the probability of sudden freezing of the shaft is very small.
In any event, it is felt that the pump would make a few revolutions before coming to a com-
plete stop because of the inertia of the water and motor torque. (the pump operates at 1200 rpm
or makes. one revolution each 50 msec). In addition, considerable water would flow past the
pump during the flow coastdown. An exact analysis of the coastdown caused by a shaft
seizure was not performed; however, it is felt that the results would not be more severe
than the other coolant recirculation malfunctions analyzed.

Analysis of the possible coolant recirculation accidents show:

1. Inertia will keep the system sufficiently "hard" during the first few hundred
milliseconds to preclude thermal burnout, i. e. , if minor boiling occurred in
the core, the steam would be swept out before hydraulic instabilities would
occur. In all transients analyzed, the fuel 8 .ladding peak temperature during
this initial time interval did not exceed 360 IF.

2. The surface heat flux was sufficiently reduced, before the system became
"~soft" or "spongy, " to preclude fuel cladding failure caused by thermal
burnout or hydraulic instabilities.

3. There would be boiling during the flow reversal in the higher powered fuel
channels. The boiling would tend to shorten the time for complete
flow reversal.

4. A loss of system pressure would accompany any of the coolant recirculation
malfunctions discussed. However, the analyses indicate the fuel plate tempera-
tures would be below saturation temperature before the flow has reached 85%/ of
normal, i. e. , the scram is sufficiently rapid so that there is no chance for fuel
plate damage from thermal effects.

7. 3. 4 Failure to Scram

A scram may be initiated manually by the reactor operator or automatically as tabulated in
Section 4. 7. Neutron and pressure monitoring instrumentation is selected and placed so

that more than one instrument will promptly scram the reactor should a malfunction in the

nuclear or primary cooling system occur. The neutron flux is independently monitored by
at least three scram- initiating instruments in the sub-megawatt startup range and by at

least two scram- initiating instruments in the megawatt operating range. Primary coolant

flow rate is measured by the f low- proportional differential pressure across the primary

heat exchanger, and across the reactor vessel. Scram- initiating pressure instrumentation

monitors. each A P position as well as the primary pump suction pressure. The circuitry

between the pressure-flow instrumentation and the control rod magnets is fail-safe: failure

of the circuit causes a reactor scram. Each control rod has an independent release mech-

anism to prevent a failure of one control rod from influencing the action of the other

control rods.
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A scram failure is considered highly improbable since it requires a coincident failure of at
least two relay armatures, or the accumulation of at least four, burned-closed contacts

during the period of operation following the last preventive maintenance check. Failure of

the reactor to scram as a result of conditions slightly in excess of the established limits

does not place the reactor in seriouls danger because these limits are established with a

margin of safety. The reactor could be scrammed manually under such conditions with
adequate safety. Operational monitoring of critical parameters is required at short intervals

during operation.

The failure to scram from an overpower transient would result in boiling in the reactor core,
steam formation, and ultimately expulsion of some moderator through the rupture disks in the
primary system. The transient would be limited by the negative void and temperature
coefficients.

In the absence of a manual scram, however, the continued operation of the reactor as a

Boiling Water Reactor with primary coolant in downif low would, in all likelihood, result in

hydraulic instability in some of the coolant channels. Under such a condition, fuel plate
burnout would be expected in a portion of the core, and a release of some fission products

to the containment building would result. It is not possible to specify the number of plates
or the amount of fission products involved in such an accident, other than to say that both

would be substantially less than in the maximum credible accident.

The failure to scram, in conjunction with a maliunction as serious as a loss of primary

coolant, would result in the maximum credible accident. The probability of several such

coincident serious failures, however, is almost negligible.

7. 3.5 Maximum Credible Accident

The probability is extremely small that an accident could reach the magnitude of the maxi-

mum credible accident (MCA) described in this section. Such an accident would require at

least concurrent failures of the cooling system and scram system. Even with such im-
probable concurrent failures, the existence of negative temperature and void coefficients,
and the availability of some flow through the emergency coolant valves, makes it unlikely
that any actual accident would progress to the degree postulated in this accident. However,
the postulated conditions and consequences of this accident represent the credible upper
limits for a generic class of accidents, any one of which will cause significant core destruc-

tion and a significant release of fission products to the containment building.

7. 3. 5. 1 -Summary oif Postulated Accident

The minimum number of coincident component failures which could lead to a maximum

credible accident is three. Based upon design and operating performance, these three com-

ponents are among the most reliable in the system. Two of these failures concern relays

which must coincidentally fail with the armature stuck in the energized position. Any lesser

failure or malfunction of either relay would not prevent a scram. Loss of the main power
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does not qualify as a failure because this would scram the reactor by de-energizing the

control rod magnets. A third failure must be a rupture of the primary piping with a

concurrent rupture in the pool sidewall or bottom. Any lesser coolant failure would

permit some primary or pool water to reach the core and thereby tend to lessen the

amount of core destruction.

With the reactor operating at full power, the loss of coolant would result in a rapid rise in

fuel element temperature. The fuel first becomes steam blanketed in the central regions

of the core which causes the fuel to rise rapidly above the melting point. It is assumed

that as the fuel plates melt, they slump together and trap an optimum amount of water in the

core. More or less water than the optimum will lessen the ultimate containment building

pressure. Therefore, it is assumed that just a propitious amount of water is trapped among

the collapsing fuel plates to cause a violent steam explosion, disperse the core, and terminate

the nuclear reaction. Steam explosions, such as those postulated, have occurred in experiments

made by Long. (3)

The entire fuel-bearing portion of the core is assumed to be molten before the ensuing steam

explosion disperses the core. The nuclear energy required'to accomplish complete melting

is approximately 200, 000 Btu. While the melting point of aluminum and the meat is 660

and 1000 C, respectively, it must be assumed that a portion of the core is dispersed as

20000p or smaller particles of at least 12000C. The results of SPERT-I tests, (4) and ex-

periments by Epstein,(5) and Higgins and Schultz, (6) all show there is negligible chemical

reaction between aluminum and water (steam) at lower temperatures or larger particle sizes

than those postulated. Therefore, while no definite credible mechanism can be postulated

to explain the formation of the requisite minute particles having their inordinate superheat,

it is assumed that the particles are formed as a result of the steam explosion.

A chemical reaction is assumed to occur between the hottest molten particles, representing

10% of the aluminum in the fuel bearing portion of the core, and the water vapor present.

The post-accident analysis of SL- I and the SPERT-1 data show, respectively, that only

2. 8 and 0. 4% of the aluminum will react with water. IHowever, for conservatism, a 10%

aluminum-water reaction is assumed.

The reactor pressure vessel is assumed to be ruptured by either the steam or hydrogen

from the highly exothermic aluminum-water reaction. The hydrogen formed by the reaction

of metal with water and the core fission products are thus released to the containment building

atmosphere. The steel missile shield prevents the expulsion of any credible reactor parts

from pool-pressure vessel area. The hydrogen which issued from beneath the missile shield

is assumed to ignite and burn when it mixes with the air in the containment vessel.

The containment building air is heated by the hydrogen combustion and the product of the

metal-water reaction. The total energy initially released amounts to 439, 000 Btu

which results in initialpost-accident containment building temperature and pressure of

163 F and 2. 0 psig. Of the total of 439, 000 Btu, the nuclear-caused core melting contri-

butes 200, 000 Btu, the metal-water reaction contributes 126, 000 Btu, and the combustion
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of hydrogen contributes 113, 000 Btu. Chemical reactions between water and the experiments

or the uranium in the fuel are relatively insignificant.

Figure 7. 4 shows the pressure characteristics of the containment building after the postu-

lated maximum credible accident. The initial rise in pressure is followed by a pressure

decrease as the thermal energy in the containment building atmosphere is transferred to

the massive heat sinks of concrete and steel in the building inner structure and walls. Con-

currently, however, it is assumed there is a small leak from the fuel storage canal adjacent

to the reactor. Water leakage, dripping upon the polymorphic residual mass of the core,

would then be flashed to vapor. This vapor pressure, when added to the temperature-caused

decreasing building pressure, results in the second peak in the containment building pres-

sure curve. It is imperative, if the maximum containment building pressure is to result,

that justthat quantity of water which can be vaporized be allowed to drip upon the decaying

core. Any more or less water will cause a lower second peak. Neither of the peaks, how-

ever, exceed the 5. 0-psig design rating of the containment building.

The fission products released to the cloud in the containment building are assumed to be:

100% of the noble gases; 25% of the halogens; 15% of the volatile solids; and 0. 3% of all other

solid fission products from a 50-day equilibrium core. Assuming no plate-out or activity

washdown, the maximum integrated 2-hour exposure dose at the nearest site boundary is

824 mrem from direct gamma radiation from the containment building.

7.3. 5. 2 Pressure from the Maximum Credible Accident

The containment building pressure has been analytically determined for the maximum cred-

ible accident postulated. All events which could credibly contribute to the magnitude of the

accident are assumed to occur, irrespective of the truly remote probability of occurrence

of some of the events.

Nuclear Reaction

The magnitude of the nuclear reaction is derived from the energy necessary to melt the

entire reactor core. Once molten and deformed, the reactor core would be subcritical

and the nuclear reaction would be terminated. Although there are several possible choices

of nuclear accidents which could cause extensive core destruction, it is apparent that no one

method can credibly describe the possible circumstances completely. Therefore, an incident

has been assumed in which 200, 000 Btu are introduced to the system. The origin of this in-

cident is not clearly' defined.

The 200, 000-Btu energy release is pessimistically high when compared with the 130-150, 000

Btu involved in the SL-1 accident, SPERT-1 and BORAX-1 tests. Hiowever, for conservatism

the 200, 000-Btu value is used. The distribution of the energy resulting from the nuclear re-

action is discussed in the fullowing paragraphs.
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Chemical Reaction

The chemical reaction is conceived to take place only when the molten aluminum is sprayed

or blown into water. In one sense the chemical reaction may be described as a dispersion

of the entire mass of molten aluminum in water with the probability that 10% will react with

the water. Any other assumption appears to lead to an artificial situation of mixing definite

amounts of aluminum and water and expecting them to react in a predetermined manner.

Indeed, when reaction is the object of experiments, it is a difficult matter to initiate any

significant reaction. Unless the metal is molten and very finely divided, the reaction does

not proceed very far before quenching out. To obtain a violent aluminum-water reaction,

it is necessary that the metal be not only molten, but, according to some studies, (7)

actually above the melting point (660 0 C) by several hundred degrees, to 11700 C perhaps.

The assumption of dispersion also allows a dispersion by rapid steam formation. The

energy of the material which does not enter into the chemical reaction is assumed to be

dissipated in water to form steam.

Energy from nuclear event, Btu 200, 000

Aluminum in active core zone, lb-moles 7.21

Aluminum entering chemical reaction
(10%), lb-moles 0. 72

Heat to products entering chemical reaction,
Btu 25, 600

Heat dissipated to water to make steam,
Btu 174, 400

Steam formed, lb-moles 9. 7

Considerations of alternate methods of handling the problem resulted in reduced amounts of

heat getting to the air in the containment building. For example, inclusion of part of the

molten metal within the hydrogen bubble would mean a reduction of the amount of aluminum

reacting and hence a reduction in the amount of heat ultimately getting to the air.

According to Epstein, 14000C metal droplets smaller than 2, OOO are required if the reaction

is to proceed to the degree postulated. How this exact combination of conditions can be

achieved in a reactor incident is rather difficult to imagine. There is some question whether

or not a chemical reaction of this kind, in reality, has ever been observed in a reactor accident.

The following reaction is considered to pertain:

2 Al(c) + 3 H20(g) -O - A12 0 3  + 3 H 2  (-195 kcal() ( (g) + g-)15,mo le TATU)

Aluminum entering reaction, lb-moles 0. 72

A120 3 formed, lb-moles 0.36

H2 formed, lb-moles 1.08

Standard heat of reaction, Btu 126, 000

The heat of this water- metal reaction (126, 000 Btu) is assumed to go to the A12 0 3 and H2

products of the reaction. The gas bubble formed from the chemical reaction consists of

36. 8 lb of aluminum oxide and 2. 2 lb. of hydrogen. It is assumed that there is no steam

formation nor mixing with water because of the short time intervals involved in the process.
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Consideration of water and steam formation results in reduced amounts of heat getting to the air

in the containment building and a resultant lower building pressure.

The expansion of the gas bubble which initially contains water vapor, aluminum oxide, and

hydrogen is largely dependent upon the thermodynamic state of the Al2 03. The bubble expands

as it travels upward and the increase in volume forces water ahead of it. Water vapor formation,

discussed above, has been considered insignificant in the bubble thermodynamic calculations. It

will be accounted for, however, in obtaining the final building pressure.

The path of the bubble expansion in the actual case is in two directions; down and up. It can be

shown that the bottom of the reactor pool fails before the anchors of the upper missile shield are

moved. Thus, in an actual incident, large amounts of gas are moved into the sub-pile rooms and

the machinery access rooms rather than into the containment space above the pool. This is not

considered in the calculations since conceivably all the heat of gases going into the lower portions

of the building could become communicative with the space above the third floor level. The re-

sultant expansion considered in the calculations gives a pessimistic result since more heat is

added to the air in the space above the third floor than would be expected.

The high-temperature thermodynamic properties of aluminum oxides are well known, (8) both

below and above the melting point (2015 to 2045 0 C). From these data, and the corresponding

characteristics' of the hydrogen gas which is the other product of the chemical reaction, it is

possible to compute the total energy release and the amount delivered to the air.

Since less work is done on the water during an isothermal expansion process (which leaves a

maximum amount of heat in the hydrogen), the expansion process was assumed to be isothermal.

Based upon this assumption and the properties of A1 2 0 3 , a maximum hydrogen temperature of

2200°C was calculated. The expansion work assumed was that work which the gas bubble does

during its expansion from the core centerline to the missile shield.

Heat in A12 0 3 from chemical reaction, Btu 126, 000

Heat in A1 2 0 3 from nuclear event, Btu 25,600

Total heat available for transfer to H2  151,600

Boundary work of isothermal H2 expansion
against water, Btu -91,100

Heat available for transfer to containment
building atmosphere, Btu 60, 500

As a result of the isothermal expansion of the gas bubble, water is removed forcibly from the

pool and is fQllowed or interspersed with the gas bubble. It is assumed for calculations that the

hydrogen emerges from the pool at 2200 F after the isothermal expansion, and is ejected from

the pool in a way in which it will react chemically as:

H + 1/2 0 - H20(g) + (-58 kcal

Moles H 2 0 formed in H2 reaction, lb-moles 1.08

Standard heat of reaction, Btu 113, 000
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Information on the characteristics of the hydrogen burning( 9 ) show that the hydrogen emitted
from the pool at 2200 0 C is to-be expected to ignite. The flame propagation speeds of hydrogen
are such that it will only burn when slowed down to less, than 8 ft/see, otherwise the flame would
be blown out. Hydrogen is flammable within the limits 4 to 74% by volume in the atmosphere,
therefore it- would be too dilute to burn when completely mixed with the containment building air.
Minimum ignition temperature for self-supporting combustion is 5750uC; therefore, if the gas is
widely dispersed, complete combustion might not be ex-pected and the building temperature at
the end of the incident would be reduced.

Because of the high velocity gas stream, it appears reasonable that the air temperature should
respond quickly to the heat addition and come to an equilibrium. In the event equilibrium would
not be reached, if hot gases were trapped at the top of the building for example, it can be shown
that for diatomic gases with approximately equal molar specific heats, there would be no change
of pressure even if the gases existed in the containment building at different temperatures.
Were the gases different, with the cold gas having a higher molar specific heat, there would then
be a pressure decrease on mixing.

It is assumed that all of the water above the core centerline will be removed from the pool and
pressure vessel as a result of the violence of the reaction. However, water expulsion from the
pool is by no means certain. In fact, it could be conceived that in the opposite extreme there
could be almost 'no water expelled. The speed of the reactions shown by water-metal reaction
tests that have been conducted to date, suggest, however, that some water would be expelled from
the pool. Building pressure calculations have been made for various volumes of water expelled;
however, the value of final pressure and temperature is not affected by the amount of water
removed unless there is some accounting made of the heat transferred to the water during this

process. The value of maximum pressure i ,s computed with the heat transfer to water neglected.

The 230, 000 ft 3 of containment vessel air is heated by the hydrogen gas and A1 2 0 3 entering
from the reactor pool and by the combustion of the hydrogen gas. Pressure in the building is
determined from the equation of state once the air temperature is calculated. Partial pressures
of water vapor are added to the pressures calculated.

Heat from H 2 combustion, Btu 113, 000

Heat from gas bubble, Btu 60, 500
Total energy to heat air, Btu 173, 500

Building volume, ft 3  230,6000
Wt. dry air, lbs. 16, 300
initial building temperature, 0 F 100

Cv Y Btu/lb- 0F 0 63 1
Building air temperature rise, F 6

Building pressure rise above atmospheric, psi 1. 7

Partial pressure of water vapor (assumes
all energy notL inI air Jul Iin steam, ), pio

Total building pressure rise, psi 2. 0
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Therefore, immediately following the maximum credible accident, the containment building

pressure will rise to 2. 0 psig. Shortly thereafter, the pressure will begin to decrease as the

heat contained in the air is transferred to the steel containment building walls and concrete
inner structure.

A significantly higher containment building pressure can result if it is assumed the fission

product decay heat is used to flash additional water to steam. For this vaporization to occur,
it is'necessary to postulate a slow but continuous l eakage of water onto the molten core. If
such a remote, but not impossible, event occurred, the vapor pressure of the steam formed

would add to the existing containment building pressure. Calculations show the pressure could
rise as high as 4. 4 psig before the building air was saturated and thermal equilibrium was re-
stored. Figure 7. 4 shows the time sequence of the containment building pressure after the MCA.

7.3. 5. 3 Missile Shielding

This section presents a discussion of the consequences of an explosive energy release from the

maximum credible accident and a description of the shielding designed to protect the contain-
ment building from damage by the variety of high-energy missiles and shock waves w hich might
be initiated. Missile shielding is provided over the top of the reactor and between the pool and

canal. In addition, blast mats were placed in the biological shield to minimize damage to the
concrete. Both the shield over the reactor and the shield in the canal can be removed during

refueling operations.

The thickness of the missile shields and blast mats were based upon the original reactor design
analyses. These analyses were based upon assumptions about the MCA which, with current
knowledge, were unduly pessimistic. As a result, the installed, missile shielding represents a

significant overdesign for the credible accident conditions.

The energy released by the nuclear incident was converted to an "equivalent" amount of TNT, (0
and the pressures and impulses from the shock wave were estimated from data given by Cole. (0
It is known that the results obtained in this manner provide several times greater shield thick-

nesses than would be required to contain an actual accident involving an energy release of
326, 000 Btu caused by core meltdown and chemical reaction as postulated for this maximum

credible accident.

The shield over the reactor pool consists of an octagonal- shaped steel slab 11 ft wide and approxi-

mately 13 inches thick. Calculations show only 8 inches of steel is sufficient to stop any credible

missiles which might originate from the maximum credible accident. The shield is mounted on

wheels to permit its removal during refueling and it is restrained when in place over the pool to

withstand a total upward force of about 800, 000 lb. This is more than adequate restraint, since
the bottom of the pool would collapse and relieve the pressure before a force of this magnitude

could be attained.
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The bottom of the reactor pool is 2-ft-thnick reinforced concrete slab and is designed to carry
the reactor and water load of approximately 150, 000 lb. It is estimated that a, total force of
about 450, 000 lb will cause failure. This force is substantially less than required for missile
shield failure..

To guard against the possibility that test capsules, vessel fragments, or other high-energy
missiles may be projected through the opening between the pool and canal, a steel shield
is mounted in the opening and used as a gate leading to the canal. The shield is approximately
3-ft wide, 20-ft high, and 6-inches thick. The shield thickness plus the water backup of the

canal was determined to be adequate for protection against penetration by missiles. If an
explosive energy release should occur, part of the shock wave energy would be channeled into
the beam port area, and absorbed by the plug. (A plug consisting of alternate layers of steel
and redwood is placed in the outer end of the port and backed up by a thick steel plate anchored
into the biological shield.)

-It is estimated from data given by Cole that the peak pressures in the shock wave impinging
upon the inner surface of the biological shield is in the neighborhood of 16, 000 psi. To
minimize damage to the concrete, redwood blast mats are incorporated in the biological shield.
The blast mat configuration is based on work done by the Armour Research Foundation. (1

7. 3. 5. 4 Radiological Effects of the Maximum Credible Accident

The maximum credible accident would cause fission products to be dispersed by the energy of
the assumed nuclear and chemical reactions. Some of the soluble fission products might then

be mixed with any water surrounding the reactor; others would be carried upward with the
bubble of hydrogen and water.. The bubble would be deflected by the missile shield and disperse
into the enclosure volume. Additional dispersion would also result from the hydrogen combustion.

As the bubble expanded it would mix with the air in the enclosure. Then, as it made contact
wit h the enclosure shell, the bubble w ould be cooled; the pressure within the enclosure would be

reduced and the water which had been vaporized by the occurrence would be condensed. Con-

densate would collect some of the soluble radiogases and particulates as they dropped back to

the lower regions of the enclosure. Radioactivehalogens and particulate material would also

be removed from the gaseous phase through plating or settling. The quantity of radioactive

material in the vapor space would be reduced through natural radioactive decay; out-leakage

of radio-gas would be reduced as the enclosure pressure decreased.
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A small fraction of the gaseous fission products would leak out of the enclosure and diffuse
downwind from the enclosures. This leakage would never exceed 2% per day at rated enclo-

sure pressure and would be substantially less at the reduced pressure existing in the enclosure

after the gas came to thermal equilibrium with the metal of the enclosure shell. An evaluation

was made of the off-site exposures which would result from the release of radioactive gases
from the enclosure. This evaluation was based on the transport of fission products from the

fuel to the enclosure free volume. The release of fission products into the containment build-

ing is not expected to exceed the following percentages:

100% of the noble gases (Kr and Xe)

25% of the halogen (I and Br)
15% of the volatile solids (Te, Se, Ru, Cs)

0. 3% of all other solid fission products

The inventory of fission products in the core before the accident is shown in Table 7. 1. The
inventory of fission products in the enclosure vapor space at various times after the accident

is shown in Table 7.2. For evaluation, no credit was taken for activity washdown or plate-out

during the period.

TABLE 7. 1 Megacuries in Core Before Maximum Credible Accident

Time after Noble
Accident Gases

Volatile
Halogens Solids

10 min
15 min
30 min
1 hour
3 hours

10 hours
1 day
3-days

10 days
30 days

12.8
11.4
10.7

9.3
7.8
5.3
3.8
2.0
0.85
0.07

11.4
10.7
10.2

9.0
6.7
4.8
2.5
1.2
0.5
0.09

15.0
13.5
10.7

7.8
5.8
4.2
3.5
2.7
1.9
1.2

Other Solids

92.8
85.7
78.5
71.4
57.8
44.2
37.1
31.4
25.0
21.4

'TABLE 7. 2 Megacuries of Fission Products in the Containment following
Maximum Credible Accident

Time after
Accident

10 min
15 min
30 min

1 hour
3 hours

10 hours
I day
3 days

10 days
30 days

Noble
Gases

12.8
11.4
10.7

9.3
7.8
5.3
3.8
2.0
0.85
0.07

Halogens

2.85
2.67
2. 55
2.25
1. 67
1.20
0. 63
0.30
0. 13
0.02

Volatile
Solids

2.25
2.02
1.60
1.170.87
0.63
0.52
0.40
0.28
0.18

Other Solids

0.28
0.26
0.24
0.21
0.17
0.13
0.11
0.09
0.07
0.06
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Direct External Gamma Radiation from Enclosure

The quantities of fission products just described were assumed to be the only contributors

to the direct external gamma radiation from the enclosure.' This direct radiation is a

sensitive function of the gamma energy levels of the radioisotopes present. The large

thickness of air available between the enclosure and the site boundary, however, provides

a variable shielding effect for each of the different gamma energy radioisotopes. There-

fore, the exposure contribution was Calculated for each gamma radiation level of isotope

and daughter fission products in the noble gas, halogen, and volatile solid fission product

categories. Shielding and build-up factors for both air and the steel enclosure wall were

considered. Because of the nonsymmetrical shielding provided at the reactor, approxi-

mately 50% of the enclosure free volume would be visible from the west and northwest of the

site (nearest site boundaries) and up to 85% of the free volume could be visible from other

directions. The integrated 2-hr dose from the containment building due to direct external

gamma radiation was calculated.

The results of these calculations for distances ranging from 800 meters, which is the distance

to the nearest site perimeter; to 3200 meters are:

Distance Dose (mR)

800 meters 824

1600 meters 50

3200 meters 0. 22

Leakage from Enclosure

The out-leakage of various fission product groups was determined (Table 7. 3) based upon

the enclosure free volume fission product inventory outlined above, and upon the contain-

ment building leak rate. The fission product out-leakage at any point in time can be cal-

culated from the containment building pressure and the corresponding fraction of the

maximum 2% per day leak rate. The radiological effects of the leakage were evaluated

for three atmospheric conditions: strong inversion, neutral and unstable conditions, with

wind speeds of 1, 5 and 5 meters/sec, respectively. (Noted I-1, N-5 and U-5 respectively.)

TABLE 7.3 Leakage Rates from Containment Following a
Maximum Credible Accident (pCi/sec)

Time after Volatile Other
Accident Noble Gases Halogens Solids Solids

10 min 2, 960, 000 660,000 520, 000 65, 000
15 min 2, 600, 000 610,000 467, 000 61, 000
30 min 2,470,000 590,000 370,000 55,500

1 min 2, 150, 000 520, 000 270, 000 48, 600
3 hours 1, 900, 000 380, 000 200, 000 39, 300

10 hours 11,220,000 221,000 145,000 30,000
1 ccay 870,000 146,000 120,000 25 400
3 days 460,000 69, 000 92, 000 20 800

10 days 190,000 30, 000 65, 000 16, 200
30 days 16,000 4,600 41,000 13,800
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Meteorological Diffusion Evaluation Methods

The atmospheric diffusion methods of Sutton were used for the neutral and unstable cases.

Because of the empirically indicated inadequacies of the Sutton method for inversion conditions,

calculation methods based on Hanford(1 2 ) diffusion results were used for the inversion cases.

It was assumed that the weather conditions involved no precipitation and that the incident oc-

curred during hot summer weather. Precipitation would deposit more contamination close to

the plant than these calculations show, thus reducing contamination levels further away.

Leakage from the enclosure is considered to occur near the ground level. This appears

reasonable as most enclosure penetrations are near the natural grade level. If the postulated

leakage occurred at some significantly different height, -such as by emission from the stack,

the off-plant consequences of the passing cloud dose, ground deposition, and inhalation would

be vastly reduced because much of the radioactivity would remain aloft until gaseous diffusion

resulted in substantial dilution of the material.

Initial Dilution by Building Wake:

The immediate initial dilution of building out-leakage would occur because of the turbulent

wake the enclosure structure would produce from the passing wind. It was estimated that
the effective wake cross section is of the order of one-half the vertical cross section of the

enclosure structure. No additional immediate dilution by other nearby structures

was considered.

This effective wake has been equated to a semi-circle of equivalent area centered at ground

level. Centering the initially diluted leakage at some greater height would reduce the off-

plant effects of leakage from those evaluated. It was noted that the radius of the equivalent

semi-circle is about the same as the enclosure radius. To obtain an estimate of this initial

dilution of the leakage, the radius of the equivalent semi-circle was estimated to represent

about 1-1/2 standard deviations of the cloud width. From these considerations, virtual source
points were calculated at various wind distances dependent upon the diffusion conditions, and are:

200 meters for strong inversion A1 m/sec wind speed
130 meters for neutral conditions 5 m/sec wind speed

60 meters for unstable conditions 5 m/sec wind speed

External Radiation Dose from Passing Cloud

Evaluation of effects of passing cloud air concentrations downwind were estimated by using

the Sutton and Hanford(13 ) methods. The downwind effects, such as passing cloud dose, ground

deposition, and inhalation exposure, are a function principally of the integrated air concentra-

tion at any point. This integrated concentration subsides with distance because of turbulent

diffusion in the atmosphere, and depletion of the contaminated cloud by deposition on the ground

and ground cover. The magnitude of this effect for the example distances and diffusions is

shown in Table 7. 4.
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TABLE 7. 4 Air Concentrations pCi/cc per Ci/sec Released

Distance
(meters) Diffusion Gases Halogens Particles

800 I-1 1.3 X 10-3 8 X lo-4 1.3 x 10-3

N-5 3.3 x 10-5 1.7 x 10-5 3.3 x 10-5

U-5 8.0 x 10 4.5 x 10- 6  8.0 x 10-6

1600 1-1 7.0 x 10- 4  4 x 10- 4  7.0 x 10- 4

N-5 1.2 X 10-5 6.0 x 10"6 1.2 x 10- 5

U-5 3.0 x 10- 6  1.5 x 10-.6  3.0 x 10- 6

3200 I-1 3 . 6 x 10-4 1.4 x 10- 4  3.6 x 10- 4

N-5 3.0 x 10-6 1. 4 x 10- 6  3.0 x 10- 6

U-5 7.0 x 10-7 3.5 x 10- 7  7.0 x 10- 7

The integrated air concentrations (Table 7. 5) are based on the assumption the release is of

the puff variety, occurring in a short period of time. Therefore, corrections must be made

for longer periods of emission caused by wind direction shifts which occur during most dif-

fusion regimes. It is probably only under neutral diffusion that one wind direction might

persist without meander for the time durations of concern. As a result of the continual shift-

ing of wind direction found to occur under both stable and unstable conditions, the instan-

taneous puff concentrations are reduced by a factor of two for-these dose calculations!14)

Because of the radioactive decay of the equilibrium fission product mixture during the post-

accident period, the conversion from air concentration to dose rate yields successively

lower dose rates as the available decay period increases. The required concentration of

noble gas, halogen, and solid fission product groups in an infinite cloud was calculated for

the production of lmRad/h dose rates during the radioactive decay periods of interest in the

post-accident period. Selected values of the air concentration in an infinite cloud, in units

of microcuries per cubic centimeter, which will produce a dose rate of 1 mRad/h are given

in Table 7. 5.

TABLE 7. 5 Air Concentrations (gjCi/cc) giving 1 mRad/h Dose Rate

Volume
Decay Time Noble Gases Halogens Solids

, hour 1.6x10- 6  0.78 x 10-6 1.4 x 10-6

4 hours 2.3 x10- 6  0.79 X lo-6 2.5 x 10-6

8 hours 3.1 x 10-6 0.88 x l0-6 2.5 'x 10- 6

16 hours 4.2 x10- 6  1.0 x lo- 6  2.6 x 10-6

Iday 5.0x10- 6  1.2 x 10- 6  2.6 x 10- 6

10 days 7.0x10- 6 1.9 X 10- 6 2.4 x 10-6
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The dose from the passing cloud, based on uniform concentration and infinite cloud

considerations, was corrected for the finite cloud size and a Gaussian distribution of cloud

concentration. For the various diffusion conditions evaluated, and for the cloud sizes cal-

culated, the ratio of finite cloud dose to infinite cloud dose are:

Distance from Inversion Neutral Unstable

Containment Building (1 m/sec) (5 m/se) (15 m/'sec)i

800 meters 0.09 0.24 0.38

1600 meters 0.12 0.38 0.52

3200 meters 0.16 0.50 0.70

The dose rates from the passing cloud reflect a reduction of cloud concentration at each of

the distances evaluated because of prior ground-deposition of halogens and solids. This

correction, however, was small because most of the passing cloud dose was caused by noble

gases. The results of these cloud dose rate calculations are shown in Table 7. 6.

TABLE 7.6 Dose Rates from a Finite Passing Cloud, mRads/h

Diffusion Time 800 meters 1600 meters 2400 meters

I-I m/sec 10 min 160 109 74
15 143 97 65
30 133 90 60

1 hour 114 77 52
2 hours 102 70 46

N-5 m/sec 10min 21.0 11.9 4.0
15 18.6 10.7 3.4
30 17.2 9.9 3.2

1 hour 14.8 8. 5 2.8
2 hours 13.2 7.6 2.4

U-5 m/sec 10 min 4.1 2.0 0.7
15 3.6 1.8 0.6
30 3.4 1.7 0.5

1 hour 2.9 1.5 0.4
2 hours 2.5 1.3 0.4

At the nearest site boundary the passing cloud dose (for the inversion conditions) is approxi-

mately 235 mRads for the 2-hour evacuation period. For other conditions of higher wind

speed, the dose rate is much lower and depends upon the diffusion condition existing. In

these dose calculations, it is assumed that the receptor is on the center of the cloud path

continuously for the period evaluated and that no incidental shielding, such as that provided

by housing, is available.

Evaluation of External Radiation Dose from Ground Deposition

Fallout concentrations of radioactive materials are determined on the basis of particle

settling by eddy diffusion only, since settling by gravity is expected to be negligible. It is

expected that the particulate radioactive material which might leak from the building will be

only a few microns in diameter. If the material were of a significantly larger diameter, it

would be deposited at a fast rate within the restructive barriers of the containment building

and thus would not be available for leakage. Also, if the particles were larger, they might
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not be able to escape from the building since the leakage that may occur is expected to be

restricted to that which could pass through imperfectly closed penetration seals.

The extent of halogen and solid fission product deposition on the ground is a function of the

apparent deposition velocity. The deposition velocity is considered to be a function of the

diffusion condition and wind speed. Deposition velocities used in these calculations are:

Diffusion

Inversion
Neutral
Unstable

Wind Velocity
(m/sec)

1
5
5

Deposition Velocity (cm/sec)
Halogens Particles

0.34 0.022
2.3 0.15
4.0 0.3

The calculations include a correction for the radioactive decay after the material is deposited

on the ground. Because the amount of deposition is a function of air concentration, and be-

cause the air concentration is depleted by prior deposition at locations closer to the source,/

the deposition at the distances shown are corrected for this depletion. In addition, the dose

rate from the deposited material have been corrected for the finite size of the deposited

source. This correction is a function of the standard deviation'of cloud width. For the

sample diffusions and distances the finite and deposition pattern correction factors are:

Distance from
Containment
Building (meters)

800
1600
3200

Inversion
(1 m/sec)

0, 33
0.37
0.40

Neutral
(5 m/sec)

0.45
0.50
0. 56

Unstable
(5 m/sec)

0.51
0.57
0.63

The conversion from deposition on the ground to gamma radiation dose rate at the conven-

tional 1 meter above the ground elevation was made based upon the gamma energies present

from the halogen and volatile solid fission products which are the principal constituents of

the deposited material. The conversion is considered to be 1 x 10 mR/h at 1 meter for

each curie per square meter. The calculated ground doses are:

Distance (meters)

800
1600
3200

Inversion
(1 m/sec)

14.5
8.0
3.2

Neutral
(5 m/sec)

5. 6
2.2
0.58

Unstable
(5 m/sec)

1. 5
0.6
0.2

Evaluation of Exposure due to Inhalation

Thyroid:

Internal exposure to the thyroid is primarily caused by inhalation of the halogen isotopes

from the fission product mixture in the passing cloud. The lifetime thyroid dose was eval-

uated for the first 2 hours following the accident based upon a breathing rate of 20
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liters/minute and a dose(15)of 0. 32 Rem per halogen MCi inhaled. The results of calculations
for various distances and atmospheric diffusion conditions are:

Distance (meters)

800
1600
3200

Inversion
(1 m/sec)

160
27. 0
27. 9

Neutral
(5 m/sec)

6.8
2.4
0.6

Unstable
(5 m/sec)

0.9
0.3
0.07

Lung Dose

A review of the postulated volatile solid leakage rate shows that because of the probable in-
solubility of the radioelements involved, a dose to the lungs would be a potential mode of
exposure. Because of their abundance and half-life, the radioisotopes significant in a poten-
tial lung dose (if airborne and in insoluble forms) would be principally the five radioisotopes
Te-132, Te-132, Te-129m, Ru-103, Ru-106, and Cs-137. The leakage rate of these radio-
isotopes out of the toLal volatile solid leakage is:

Total Vol. Solid Leak
Rate (ACi/sec)

Fraction Significant
to Lung DoseTime

10 min
15 min
30 mrin

1 hour
3 hours

520, 000
467, 000
370, 000
270, 000
200, 000

0.26
0.29
0.35
0.47
0.72

Significant Lung
Dose Leak Rate
(pCi/sec)

135, 200
135, 430
129, 500
126, 900
144, 000

An evaluation of the dose to lung was made based upon the composition of these isotopes

expected in an equilibrium mixture. For each microcurie of this mixture which remains in
the, lung, a lifetime dose to lung of about 0. 38 Rems may be expected. A breathing rate of
20 liters/minute and a lung retention of one-eighth of the insoluble material inhaled were used

in the analysis. The lung dose as a function of distance and diffusion conditions are:

Distance (meters)

800
1600
3200

Inversion
(I m/sec)

8.3
4.5
2.3

Neutral
(5 m/sec)

0.4
0.15
0.04

Unstable
(5 m/sec)

0.05
0. 018
0. 004

Bone Dose

The isotopes of principal biological importance in the other solids group were investigated.

The dose to the bone would be the principal mode of potential exposure from the radioelements

expected to be present in soluble form as a result of the accident. Therefore, because of the

fraction present and half-life, the radioelements evaluated for potential bone dose include the

radioisotopes of the elements: strontium, yttrium, zirconium, niobium, barium, lanthanum,

cerium, and praseodymium. The leakage rate of this group from the containment building is:

Time

10 min
15 min
30 min
1 hour
3 hours.

Total Other Solid
Leak Rate (kCi/sec)

65,000
61,000
55, 500
48,600
39,300

Fraction Significant
to Bone Dose

0.21
0.22
0.25
0.29
0.35

Significant Bone Dose
Leak Rate (pCi/sec)

13,650
13,420
13,875
14, 090
13, 700
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Based on the uptake fractions of these significant isotopes to bone, their effective energies,

and their effective half-lives, the inhalation of lpCi of the mixture significant to bone dose will

produce a lifetime dose to bone of 0. 52 Rems. A 20 liter/minute breathing rate was used in

calculating the bone dose. The resultant doses for various distances and diffusion conditions are:

Inversion Neutral Unstable
Distance (meters) (1 m/sec) (5 m/sec) (5 m/see)

800 9.8 0. 50 0.06
1600 5.3 0.18 0.022
3200 2.7 0.05 0.005

The various radiological effects for the worse case meteorological conditions are summarized

below. It. should be noted that the dose, as shown, is delivered only at the nearest point on the

site per~meter boundary and within a 1% segment of the total site perimeter. Both the internal

and external cloud doses outside this narrow segment would be less than 10% of the tabulated

values. Dose rates at 800 meters, under the worst meteorological conditions, and integrated

over the first 2 hours following a maximum credible accident are:

Rads Reference Values* (Rads)

Total Whole Body dose 1. 1 25

Direct radiation Rad . 824
Cloud dose Rad. 235
Ground dose Rad . 015

Dose to Thyroid 160 300
Dose to Bone 9.8
Dose to Lung 8.3

Based on 10 CFR 100
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