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ABSTRACT

The Nuclear Test Gage at the Savannah River Plant is
analyzed for hypothetical transients resulting from supercriti-
cality. Inherent shutdown mechanisms that are independent of
the scram systems are postulated for the calculational model.
When the scram systems are assumed to be inoperable, these
shutdown mechanisms are shown to limit the maximum number of
fissions during the transient. For a reactivity addition of
unlimited positive linear ramp, the model is used to calculate
that a maximum of 5.3 x 10'% fissions have occurred at the time
the facility is shut down by inherent self-limiting mechanisms.
This is well below the 4.1 x 10'° fissions corresponding to total
vaporization of the core. Both the calculated maximum and the core
vaporization cases lead to off-site effects below 10-CFR-100
exposure guidelines. The maximum reactivity addition that could
be incurred due to charging a test assembly having very high

*%U content would not cause a sensible temperature rise if the
charging speed is less than 1.5 ft/sec and if the scram system
is operable.
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INTRODUCTION

The Nuclear Test Gage {NTG) has been used at the Savannah
River Plant for many years! to measure the reactivity worth of
fuel and target assemblies. The NTG is fueled with enriched
uranium-aluminum alloy, is moderated with H»0, and has zero
coolant flow. The NTG operates in a subcritical mode; however,
a special assembly with sufficient reactivity to causc super-
criticality could theoretically be inserted in the NTG.

There are probable shutdown mechanisms that operate inde-
pendently of the scram systems. The investigation described
here determines, based on these shutdown mechanisms, the maximum
number of fissions at shutdown even if the safety systems fail
to operate. The maximum number of fissions before shutdown
establishes the upper limit of possible off-site exposures in
the unlikely event of such an incident.

In routine operation of the NTG, the assemblies to be tested
are charged to the NTG by an automatic charging system at a rate
of 0.51 ft/sec. However, manual charging of the assemblies at
significantly higher speeds is possible. This study determines
a set of parameter pairs (assembly Ak, charging speed} for which
the present reactivity scram system would prevent a sensible
temperature rise,

THE NUCLEAR TEST GAGE
DESCRIPTION

The Nuclear Test Gage (NTG) is a subcritical, light-water
moderated device fueled with enriched uranium. The NTG is used
to determine the reactivity worths of components to be irradiated
in research or production reactors by comparison with standard
pieces of known content (See Appendix). The operation of the
NTG is based on the sensitivity of neutron multiplication to
small changes in ncutron absorption or production. Operation
in the suberitical mode offers advantages both in safety and in
speed over critical operation. The NTG and associated equip-
ment are shown in Figure 1. The cutaway drawing in Figure 2
shows the major components of the assembly.

The lattice tank shown in Figure 3 is 38-7/8 inches

long, 38-1/4 inches wide, and 44-1/4 inches high. The tank
exterior is 1/4-inch-thick 1100-H14 aluminum. A 4.579-inch-

-7 -



FIGURE 1. Nuclear Test Gage and Associated Equipment
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diameter sleeve extends through the tank to accommodate test
material. This central test hole is surrounded by 120 tubes of
Type 1100 aluminum, each 38-7/8 inches long. Each tube has an
0D of 1.090 inches and an ID of 1.020 inches. The tubes are
hexagonally arranged, with a center-to-center spacing of 1.687
inches.

The fuel is unclad enriched uranium-aluminum alloy in the
form of cylinders, 1 inch in diameter and 12 inches long. The
mass of fuel in the NTG with the standard lattice (166 slugs)
is 3.64 kg 2%*°U (3.90 kg total uranium). 1In critical experiments
with the NTG fuel at OQak Ridge National Laboratory, the optimum
spacing for minimum critical mass was determined to be 1.687
inches.? With this spacing, any accidental deformation of the
core produces a decrease in the reactivity of the device. A
change of 0.1 inch in the lattice spacing reduces k by 1%.

The Hy0 moderator is stored in the stainless steel dump
tank (Figure 2) when the NTG is shut down, About 200 gallons
of moderator are pumped into the lattice tank by a 10-gpm pump.
Addition of water at this rate increases reactivity at a maximum
rate of 0.0031 k/sec. The moderator level in the lattice tank
is limited by a 1.02-inch-ID overflow tube, which empties into
the dump tank.

Six ion chambers are located in the NTG lattice tank. The
neutron-sensitive coating material is enriched '%B.  These
chambers are not gamma compensated; thus, they measure the sum
of the neutron and gamma fluxes.

Four of the six ion chambers are connected in parallel and
feed the differential electrometer. The output of the differen-
tial electrometer determines the acceptability of the material
being tested. The remaining two ion chambers actuate the safety
system,

A 5.14-Ci RaBe source supplies neutrons to the assembly,
The neutron yield is ~1.x 108 neutrons/sec, based on a specific
neutron yield of 19 neutrons/ (uCi-sec). The active portion of
the source is centered axially in the lattice, but is offset
radially from the center line by 2.92 inches (center to center).

Test assembly fuel is charged into one end of the NTG, 1is
passed through the test hole, and is discharged from the opposite
end. A constant speed motor operating through a fixed gear train
drives a pusher, which moves the test material into the test
hole at 0.51 ft/sec. The automatic charging machine stops
insertion of components when a scram signal is received. The
coasting time of the machine is equivalent to 0.19 second at the
normal drive speed.

- 11 -



NTG SAFETY SYSTEM

Although the NTG is intended to be subcritical, many safety
features are included that are common to critical assemblies.

The NTG is shut down (scrammed) by the simultaneous dropping of
the two safety sheets and the dumping of the moderator. These
two systems can be actuated either manually or automatically.
Automatic scram circuits have separate ion chambers, battery
power supplies, monitors, and scram relays. The ion chambers
are at opposite sides of the NTG core. Scram set points corre-
spond to an equilibrium reactivity of 0.990 k.

The two safety sheets are 34-3/8 inches long by 13 inches
wide and contain 1/8-inch boral clad with 0.020-inch aluminum
(1100-H14). The sheets are suspended by electromagnets attached
to cables. Interruption of the electrical current to the electro-
magnets releases the safety sheets. When the sheets are inserted,
the core is divided into three sections. The reactivity worth
of the safety sheets is approximately 30% k. Approximately 0.4
second is required for the sheets to fall from the full-out posi-
tion to the midplane.

The H20 moderator can be removed quickly from the tank by
means of an air-operated dump valve. The water will drain to
the midplane of the core in less than 6 seconds. The NTG will
scram (safety sheets fall and moderator dump valve opens) when:

The key-operated master power switch is turned off.
® The master scram button is depressed.
® Either of the shield doors is raised.

® The electrical power fails to any instrument in the
safety system,

® The test button on the response time measurement
equipment is depressed.

® Both picoammeters are bypassed.

¢ The current reading on either picoammeter exceeds
the trip point.

e The source rod retaining pin is removed.
e The source rod is removed.

® Charger speed exceeds 0,55 ft/sec.

- 12 -



ABNORMAL OPERATION OF THE NUCLEAR TEST GAGE

Although many rigid safety features and written procedures
control the operation of the NTG, abnormal operation is possible,
Individual operating errors or equipment failures that would have
the greatest effect on NTG reactivity are test pieces with very
high 23%y content, source rod removal, and manual charging at
a fast rate; however, no single error or malfunction of equipment
can cause a damaging transient.

HIGH 2°°U CONTENT

If the 2% content of the test piece were sufficiently high
the NTG could be made critical. During routine testing of a fuel
tube, the 2%y content is procedurally limited to 125 g/ft, for
which pulsed neutron experiments have indicated a k of 0.980 when
the test assembly is centered in the test hole. The effect of
225 content on keff is illustrated in Figure 4, with PDQ-5°
calculations being normalized to experiments at 0 g/ft,

3

I I | I

. @ Results of Pulsed Experiments
O Results of PD0-5 Calculations 7

keff of NTG

0.94 H i ! |
G 400 800 1200 1600 2000

2359 Content of Test Assembly, g/ ¥t

FIGURE 4. Reactivity of NTG as a Function of
235} Loading of Test Assembly
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SOURCE ROD REMOVAL

Complete removal of the source from the lattice will increase
k by 0.0052. The NTG would not be critical, but approved limits
would be exceeded.

Before the source rod can be removed, a padlock must be
unlocked and removed; a scram is initiated when the source rod
retaining pin or the source rod is removed. Safety sheet action
will occur under these conditions before the rod can be moved,
If removal of the source rod retaining pin or the rod itself did
not cause a scram, k could increase from the maximum permissible
vaiue of slightly less than 0.990 to about 0.994.

MANUAL CHARGING AT A FAST RATE

Manual charging of the test assemblies to the NTG at much
faster rates than normal machine charger speed {0.51 ft/sec)
combined with a test tube of excessively high ?°°U content could
result in a relatively high rate of reactivity increase. High
charging rates are unlikely because of procedural and equipment
deterrents.

CONSEQUENCES OF ABNORMAL OPERATION

The consequences of abnormal operation were calculated by
first determining the thermal and mechanical response of the
NTG to nuclear excursions, and then incorporating this response
into a point kinetics computer code (See p 21).

THERMAL AND MECHANICAL RESPONSE TO NUCLEAR EXCURSIONS

The physical response of the NTG core to a postulated rapid
nuclear excursion is based largely on application of experimental
data from the National Reactor Testing Station" and on kinetic
studies of heterogeneous water reactors by TRW Systems.3 The
uncertainties associated with the estimates of destructive power
ramps are large and difficult to define. Thus some of the
numerical values quoted may be tenuous. In general, however,

the responses discussed have been reported in the literature as
having been experienced either deliberately or accidentally in
nuclear transients,

The NTG core is assumed to have no radial or axial gradients
in operating conditions. Neither are tolerances in dimensional
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characteristics nor variations in mechanical properties considered
because of limitations in calculational capabilities.

Mechanisms For Heat Transfer

The lattice arrangement of the NTG would not provide effec-
tive heat removal from the fuel slugs during a rapid power excur-
sion. As shown in Figure 5, the fuel slugs are smaller in diameter
than the horizontal housings by 0.014 inch. Theoretically, there
is only line contact between the slugs and housings. At all peints
except the line contact, air gaps of thicknesses up to 0.014 inch
separate the slugs from the housings. For this geometry, an over-
211 heat transfer coefficient of one peu*/ (hr-ft“-°C) has been
estimated from generalized convection equations.® Precise deter-
mination of the value was not made because the coefficient would
have to be at least 1000 pcu/{hr-ft2-°C) to be comparable to
gamma heating of the moderator during a rapid transient.

Heat removal by thermal radiation also would be of no sig-
nificance. At the vaporization temperature of the fuel, less
than one pcu/msec can be transferred from the fuel to the moderator
by radiation. As discussed later, time intervals involved are
$0 short that the effect is not important.

The only mode of energy transfer from the fuel to the
moderator sufficiently large to consider during the initial phase
of a power transient is gamma radiation. This amounts to <5%
of the fission energy .

Thus, the fuel slugs may be assumed to be initially heated
adiabatically by the fission energy, adjusted for escape of
gamma radiation and neutrinos. The effect of volumetric expan-
sion of the slugs must be considered, however, in the physical
response of the system to a rapid transient. The slugs would
expand to fill the volume of the housings when the average slug
temperature reached 520°C. Because of the reduction in air gap

temperature difference between the fuel and the moderator, the
heat flux on the housing surface would rapidly rise above the
300, 000 pcu/ (hr-£t?) burnout heat flux. Because the high vapor
film resistance would prevent effective heat transfer to the
moderator, the slug temperature would continue to increase
adiabatically until the transient is terminated by core destruc-
tion. Because the tota] energy transferred by convection during
surface boiling is very small as discussed later, the assumption
of adiabatitk heating throughout a rapid transient is reasonable.

* 1 pcu = quantity of heat required to increase the temperature of
one pound of water 1°C.
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Moderator Density Change

The density of the moderator has a significant effect on
a4 transient because of its negative reactivity feedback. The
calculated moderator density as a function of energy accumulated
in the fuel slugs is shown in Figure 6. During the interval in
which the slug average temperature increases to 520°C (35 MW-sec)
the density change is effected only by the 5% gamma energy absorbed
by the water. When the slugs expand to fill the housings, the
moderator in contact with the housings undergoes a rapid
transition from single phase liquid, through the nucleate boiling
regime, and then into film boiling. Based on Reference 5, about
0.1% of the heat generated during the excursion is converted into
steam through surface boiling which reduces the average density
of the moderator. The volume of steam formed by 0.1% of the
thermal energy is based on the specific volume at 100 psi, the
approximate pressure estimated within the vapor film before
fragmentation.S '

64 T T I

60

56 -

3

2521 —
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248} —
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4 5% of fission energy is assumed to —
be absorbed by bulk moderator from
gamma rays. An additional 0.1% is
assumed to form steam during surface
a0l beiiing.
36 r | l | i
0) 40 80 120 160 200 240

Cumylative Emergy in Fuel, MW-sec,

FIGURE 6. Density of Moderator During Rapid Power
Transient in the NTG
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Mechanisms For Shutdown

The mechanism for termination of a reactivity transient in
the NTG depends on the total heat generation and on the duration
of the transient. The least destructive shutdown mechanism
would be boiling of the moderator. However, the rate of heat
generation in the fuel must be extremely slow in order to trans-
fer the heat without melting the fuel. About 270 MW-sec is
required to raise the moderator temperature from 25°C to 100°C,
but the duration must be about 2 hours because of air gap resist-
ance between the slugs and the housings,

A relatively calm meltdown can be achieved if the total
energy absorbed by the fuel lies in the range of 49 to 136 MW-sec.
Forty nine MW-sec is sufficient to begin melting of the fuel.

The debris will then drop toward the bottom of the vessel as
approximated by the following equation:

o, - P
X = 1/2g ( > 1)t2

s
where:
X = distance traveled, ft
g = acceleration due to gravity, 32.2 ft/sec?
Py = density of the fuel, 1b/ft?
P, = density of the moderator, 1b/ft®
t = time after start of movement, sec

Based on this equation, 350 milliseconds is assumed to allow
sufficient core displacement to make the NTG deeply subcritical
and to terminate the incident.

The effects of steam surrounding the fuel and of the
viscosity of the fuel are assumed to be compensating, Based on
data in Reference 4, the temperature of the fuel can reach about
1400°C without fragmenting during a rapid power transient. A
temperature of 1400°C corresponds to about 136 Mé-sec for the
NTG under adiabatic conditions.

In the range of 136 to 220 Mi-sec, the fuel can be frag-
mented by a water hammer effect from the collapse of the vapor
film surrounding the molten fuel. An impact pressure pulse of
about 100 psi results in a rapid increase in contact surface
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area for boiling. An estimated 10% of the total thermal energy
in the fuel will be converted into high pressure steam when
fragmentation occurs.$

If more than 220 MW-sec is absorbed by the fuel, the core
will disintegrate from the sudden increase in specific volume
caused by vaporization of the metal. Again, a steam explosion
will occur,

Rate of energy addition determines whether the vaporization
stage can be reached. The lifetime of the vapor film (steam)
surrounding the housings is about 10 msec after the film begins
to form.® If the energy in the fuel is between 136 ‘and 220 MW-sec
at a time 10 msec after surface boiling starts (35 MW-sec), the
transient may be assumed to be terminated in an additional 0.5
msec based on impact experiments cited in Reference 5. About 0.3
msec is typical of the time required to fragment the metal, 0.1
msec for the pressure pulse rise time, and 0.1 msec to displace
the core one slug diameter from its original position. The shock
expansion was calculated to be in the acoustic regime. If more
than 220 MW-sec is absorbed by the fuel, the core will disintegrate
from the sudden increase in specific volume caused by vaporization
of the metal. Again, a steam explosion will occur. If less than
10 msec has elapsed when 220 MW-sec¢ has been reached, the
transient may be assumed to be terminated 0.5 msec after the
220 MW-sec point.

Steam Explosions

The evaluation of shock wave pressure during postulated
steam explosions is based on experiments of Stoner and Bleakney®
who exploded small charges of TNT in the open air and measured
the pressure registered at various distances from the charge.
These data were expanded by Lipsett® for generalized use. Based
on 136 MW-sec energy in the fuel at the minimum conditions for
fragmentation and a 10% energy conversion, the equivalent mass
of TNT is 7 1b.® At conditions for start of fuel vaporization,
the TNT equivalent is 11 1b and that for total vaporization is
55 1b. It is unlikely, however, that more than a few percent
of the core could be vaporized. The associated overpressures
as a function of distance for explosions are plotted in Figure 7
for an unimpeded shock wave in air. At a distance of about 2 ft
to the vessel wall or top, the shock pressure would be in the
range of 600 to 1000 psi should a steam explosion occur.

Other energy sources that could contribute to the destruc-
tion of the NTG and surrounding facilities include the release
of an additional v15% from chemical reaction.?® If the tempera-
ture of the aluminum exceeds about 1700°C, ignition is likely,
thus adding the hazard of fire from burning metal.
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Hydrogen Formation, Burning, or Explosion

Hydrogen formation, burning, or explosion would not be a
significant consideration in the analysis of a rapid excursion
in the NTG. The threshold temperature for reaction between
steam and enriched uranium fuel in an aluminum matrix is about
1200°C.  Above v1400°C fuel temperature, a steam explosion would
probably occur with an energy release at least ten times that
of a hydrogen explosion. The time interval in which a tran-
sient could be sustained for this narrow range of conditions
where hydrogen generation could be a dominant factor is too small
to permit significant hydrogen formation. Less than 1 ml of
hydrogen would be generated during 100 msec interval before core
destruction,

If, however, core disruption occurs without fragmentation,
post-meltdown conditions could be aggravated by a small accumu-
lation of hydrogen within the NTG vessel and a possible explosion.
Although detailed calculations have not been made, shock pres-
sures up to "v80 psi are possible; however, they are more likely
to be in the range 20 to 30 psi.!!

STMULATION OF KINETIC RESPONSE TO NUCLEAR EXCURSIONS

The physical phenomena described above were incorporated
into a point kinetics model of the Nuclear Test Gage. This
computer code was used to estimate the total fissions at shut-
down for various possible excursions. The computer code, which
computes transients for subcritical as well as critical systems,
included provisions to account for the adiabatic heating effects
and void reactivity feedback effects, and to represent the scram
system particular to the NTG. The heat transfer coefficient is
maintained at zero throughout the simulated transients.

The moderator temperature coefficient incorporated in
the kinetics code was
T

fdk = a[l - exp -b[T-TO)]

T
o

which gives the cumulative reactivity effect (k) due to heating
the moderator from its equilibrium temperature Ty to T, where
temperatures are expressed in °C. The void coefficient also
included in the kinetics code was

T

oo

520
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which gives the cumulative reactivity effect due to voids in
the moderator expressed as a function of fuel assembly tempera-
ture T(°C). The reactivity is based on the correlation of
moderator density vs energy absorbed in fuel (Figure 6}. The
coefficients a, b, ¢, d, and g in the above equations are con-
stants determined from lattice calculations with the HAMMER!Z2
code.

The simplifications and assumptions in the calculational
model are intended to be conservative. For example, the assump-
tions that the flux shape {and hence void distribution) is flat,
and that all the fuel melts before slumping occurs are model
simplifications. The value of 350 msec after melting is pre-
sumed sufficient time for the bottom assembly to have slumped
down to the bottom of the tank. The geometry changes that
would occur are not accounted for in the calculations, but the
reactivity of the core would be decreased significantly by the
melting that would occur first in the regions of highest flux.

The moderator and void coefficients discussed earlier are
also somewhat conservative in that the moderator coefficient is
calculated for 9% voids and the void coefficient is calculated
for 20°C. However, based on HAMMER calculations, these nega-
tive reactivity effects enhance each other so that their effects
are more than just additive as assumed.

Scram Systems Operable
Reactivity Scram System

The primary scram system is designed to prevent incidents
due to charging highly reactive test assemblies. Scram set
points correspond to an equilibrium core kegf of 0,990, Initia-
tion of a scram drops safety sheets and dumps the H,0 moderator.
However, only the effect of the safety sheets is considered in
this analysis because their response time is ten times faster
than that of the moderator. The safety sheets have a 0.21l-sec
delay time before they enter the core, and are fully inserted
at 0.53 sec with a total worth of 0.30 k. The automatic
charging system routinely used to charge test assemblies to the
NTG operates at a normal speed of 0.51 ft/sec. Standard opera-
ting procedure requires that the charging speed shall not exceed
0.55 ft/sec. However, charging assemblies manually at much
higher speeds is possible. Tests indicate that manual charging
speeds might range up to 14 ft/sec, while a probable manual
charging speed might be one ft/sec,
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A set of parameter pairs (test assembly Ak, charging speed)
was calculated for which the NTG would show no sensible tem-
perature rise provided the scram system operates properly. The
reactivity worth curve of the safety sheets is shown in Figure 8.
The reactivity worth of an assembly was computed assuming a
cosine flux shape along its length. As discussed in the Appendix,
this assumption is conservative. The scram was initiated in the
code when the relative power (relative flux level) had increased
to four times its initial value. This would correspond to an
increase in keff from 0.96 to 0.99 if the relative flux values
were equilibrium values., However, because the NTG was on a
positive transient, by the time ¢/¢, = 4, the value of keff was
significantly higher than 0.99. The actual value depended on
the particular transient imposed.
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FIGURE 8. Safety Sheet Response

The results (Figure 9) indicate that, for any credible test
assembly, a charging speed of 1.5 ft/sec or less would permit
the scram system easily to shut down the NTG before any sensible
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temperature rise occurs in the fuel assemblies. kefs values*
were calculated for the NTG charged with test assemblies having
2350 loadings of 1000, 1500, and 2000 g/ft (Figure 9). As men-
tioned earlier, the HAMMER-PDQ results were normalized to neutron
pulse experiments for lower g/ ft values. Although these computer
codes are considered to be quite suitable for such calculations,
there is considerable uncertainty in the actual reactivity of

the NTG when loaded with these very heavy test assemblies be-
cause there is no experimental verification in this range. How-
ever, even assuming an error in Keff as large as 1%, a charging
speed of less than 1.5 ft/sec would permit the scram system to
shut down the NTG before any sensible temperature rise. Although
not shown in Figure 9, calculations for a charging speed of

0.55 ft/sec indicate no sensible temperature rise for az test
assembly having a Ak as high as 0,22.

The normal delay time after scram initiation until the
safety sheets enter the core is 0.21 second with the safety

sheets being fully inserted by 0.53 second. If either the delay

*Note that kepe values indicated in Figure 9 are really keff
= 0.96 + Ak,gsy» where k = 0.96 is the reactivity of the NTG
before charging with a test assembly.

- 24 -



time or the "full-in" time were lengthened, the effect would be
to allow the transients to continue longer and hence to allow
greater temperature rise before the reactor is shut down. Thus,
there would be a reduction in the amount of reactivity that could
be charged and still have the scram system prevent sensible tem-
perature rise. Increased delay time was calculated maintaining

a constant time of 0.32 second for the safety sheets to move

from the top of the core to fully inserted. Thus, increases in
the delay time were also added to the full-insertion time, so that
the effect simulates a delay in release of the safety sheets.

An initial reactivity of 0.96 and an assembly charging speed of
0.55 ft/sec were assumed.

The results of these calculations are shown in Figure 10.
Even though the curve indicates the delay time has a pronounced
effect, an additional delay of at least 0.2 sec could be
tolerated at the charging speed of 0.55 ft/sec and still have
the reactivity scram system prevent any sensible temperature rise.

1.20 T T T

,_.
—
o
|
1

Kefs = 0.96 + QkaSSy for which Scram System
Prevents Sensible 7(<1°) Temperature Rise
o —
[&] =]
I I
i |

1.00 i | i
0 0.1 0.2 0.3 0.4

Increment Added to 0.21-Sec Delay Time After Scram
Initiation Before Safety Sheets Enter Core

FIGURE T0. Effect of Increasing Delay Time Before Safety
Sheets Enter Core

Charging Speed = (.55 ft/sec
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Tachometer Scram System

Another scram system on the NTG is intended to scram the
reactor 1f the charging speed exceeds 0.55 ft/sec. If the
reactivity of the NTG is less than 0.99 before inserting the
test assembly, and if the test assembly is charged at speeds
>0.55 ft/sec, then the tachometer scram can be considered addi-
tional protection over and above the reactivity scram system
because the tachometer device will then be the initiator of the
scram. However, for charging speeds <0.55 ft/sec the reactivity
scram must be relied on for automatic protection against super-
critical incidents.

Scram Systems Inoperabie

This portion of the study is designed to determine if the
proposed shutdown mechanisms will limit the total fissions at
shutdown to some maximum value. Continuous linear reactivity
insertions were imposed, and the total fissions at shutdown were
calculated for both shutdown mechanisms. Transients for a large
rate of reactivity input, k' = 0.2 sec ', are illustrated in
Figures 11 and 12. Reactivity increases rapidly due to the
imposed X', reaching prompt critical at 82 msec. The power then
rises rapidly with minimal feedback from the moderator { gamma
heating only) until 198 msec, at which time the assemblies have
filled the housing tubes and boiling begins. A very fast nega-
tive reactivity transient ensues due to the voids; the power
drops so that the assembly temperature stays fairly constant for
a while. The imposed K continues; the power increases to a level
at which further heating of the assembly occurs with consequent
greater feedback due to additional voids.

The fissions produced from this type of transient as a
function of ramp rate are shown in Figure 13. For the model
described above, the shutdown mechanisms are such as to limit
the total integrated fissions to 5.3 x 10'%, The mechanism
for the occurrence of the maximum at about 0.4 k/sec is that,
at high K values, the 10.5 msec limit (after 136 MW-sec inte-
grated energy has been absorbed in the fuel assemblies) occurs
while the reactor is still subcritical due to the negative void
coefficient. Even with the continuing linear K input transient,
the reactor does not get back to critical before it has shut
down due to the steam explosion. If it were not for the second
shutdown mechanism caused by the collapsing vapor film fragmenting
the fuel, there is no indication that the first mechanism would
produce a maximum in the integrated fissions at shutdown.
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FIGURE 13. Fissions at Shutdown with No Scram

An integrated energy of 1100 MW-sec would vaporize the
entire core and would represent total fissions of 4.1 x 10'9.*
The shutdown mechanisms described above yield total fissions
that are about one eighth of that produced by vaporizing the
entire core.

The general study described above for constant K is appli-
cable for particular Ak insertions in a given time. For example,
the charging of a 2-ft length of test assembly at 4 ft/sec
(Ak = 0.07) would provide a K of 0.14 k/sec for V0.5 sec. This
would give about the same total fissions at shutdown as a per-
sisting k of that value. This is because the mechanism of the
model is such that after initial boiling the reactor is deeply
subcritical, the power is nil, and the assembly temperature
remains fairly constant. As the imposed K persists, the power
eventually rises sufficiently to cause an increase in assembly
temperature, which in turn increases the rate of beiling and
the void fraction. The net effect is that by the time the
reactor is shut down by either mechanism described above, the
assembly temperature has not risen much over the value obtained
before the power decrease. These effects are illustrated in
Figure 11,

* In these calculations, only "170 Mev/fission is assumed to
be absorbed in the core. Most of the prompt gamma energy is
absorbed in the moderator, and the delayed B,y energy is
ignored for the rapid transients considered here.
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OFF-SITE CONSIDERATIONS

Location of NTG

The NTG is located on the Savannah River Plant site, about

17 miles south of Aiken, South Carolina.

The building that

houses the NTG is 0.96 mile from the nearest plant boundary and
three miles from the nearest town, as shown in Figure 14. A
complete site description of the area, including geology,
hydrology, meteorology and seismology data, may be found in

Rgfprence 13.
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Thyroid Exposure At Plant Boundary

The Code of Federal Regulations pertaining to atomic energy
and designated 10-CFR-100%" specifies a guideline value of
300 rem as a limiting accidental thyroid dose at the nearest
boundary of the site exclusion area.* This dose is assumed to be
associated with a 95th percentile, i.e., the probability is 0.95
that the dose would be less than 300 rem. Calculations of 24-
hour exposures (95th percentile)} were based on the following
assumptions:

& A criticality incident in which 102° fissions occur.
e No fission product buildup before the incident.

¢ A release to the atmosphere of 50% of the iodines
as they are formed.

¢ Release to the atmosphere at ground level.
e Savannah River measured meteorological data,!l®

Dose estimates reflect the integrated effect of the total
iodine released over a 24-hour period following the postulated
incident. During this peried, the variation in azimuthal direc-
tion is accounted for according to meteorological measurements.
Other dose rates for hypothetical incidents may be scaled
directly on the basis of relative energy release, i.e,, relative
number of fissions at shutdown., These results are summarized
in Table 1. As indicated in that table, no conceivable inci-
dent in the NTG could even approach the 10-CFR-100 guide.!"

* Although the corresponding 10-CFR-100 guidel" for whole body
exposure is 25 rem, the thyroid dose guide is the more
stringent of the two guides for accidents of this type in which
filtration of iodine is not assumed.
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TABLE 1. 24-HOUR EXPOSURE AT PLANT BOUNDARY, rem

Relative Thyroid
Energy Release Dose (0.95)

10-CFR-100 Guide . 300,
10°°Fission Excursion 1.0 1.5
Vaporize NTG Core 0.45 0.68
Continuous k, No Scram 0.058 0.09
1000 g/ft 235U, 0.55 ft/sec

- No Scram 0.034 0.05

- Scram No Tem-

(Delay time = 0.21 sec; Eggzture

sheets fully inserted in
0.53 sec)

- 32 -



APPENDI X
REACTIVITY WORTH OF A TEST ASSEMBLY

The effects on reactivity worth with a cosine flux shape
(axial) used to compute the assembly worth was compared to the
effects with the PDQ-5° calculated worth curves. Only the 24-
inch central portion of the NTG was considered. This comparison
is considered in Figure A-1 for a very light assembly (25 g/ft

*3U, and not reactive enough to initiate a scram) and for two
very heavy assemblies (2000 g/ft 2°5U, but with VIg increased to
give fictitiously high kegfg values).

1.0 T [
)
2000 g/%t,
\JZ.{: adj. to
k = 1.166
0.8 eff _
=
g B
= 25 g/ft 235y
> ‘ C
o | 2000 g/ft, .
§ 0.6 vip adj. to
£ Keff = 1.065
s
o
'_
v 0.4 ]
=
(=]
e
Q
e
L A
.2 Cosine Flux ~
0 | | ! l

0 0.2 . 0.4 0.6 0.8 1.0
Fraction of Assembly Inserted (1.0 = 24 Inches)

FIGURE A-1. Comparison of Reactivity Worths Calculated with
PDQ-5 and with an Assumed Cosine Flux Shape
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The critical parameter to consider is the rate of reactivity
insertion after scram initiation, which at slow charging speeds
will occur at about the same kegr value (v0.995) for assemblies
having different total Ak values, (At very high charging speeds
the assembly would be inserted so quickly that the shape of its
reactivity worth curve would be unimportant to the consequences
of the incident.)

For example, Curve D in Figure A-1 is for an assembly having
a total reactivity worth of 0.206 to the NTG (total keff of 1.166
minus initial keff = 0.960). A reactivity of 0,995 {approxi-
mate value of kegg when scram is initiated as explained earlier
in the text) would correspond to (0.995 - 0.960}/0.206 = 0.170,
or 17% of the total assembly worth. Above the 17% fractional
reactivity worth Curve A (cosine flux) has a steeper slope than
Curve D (PDQ-5). The relative reactivity addition rates can be
calculated for succeeding time intervals. These relative k values
are indicated in Table A-T for several assemblies.

TABLE A-I. Reactivity Addition Rates After Scram Initiation,
Expressed As PDQ-5 Calculations Relative To Cosine Flux Calculations

Relative Reactivity

Fraction of (PDQ/cos ¢)
Assembly Worth Due to Incremental
Assembly Inserted at Insertion of Assembly

Calculation by PDQ-5 Scram Initiation 0-10% 10-20%  20-40%

2000 g/ft 235y, 0.17 0.91 0.95 0.58
vEf adj.
kKeff = 1,166

2000 g/ft 235y 0.33 ©0.82 0.76 0.90
vZf adj.
kKeff = 1,065

1000 g/ft ?%°y, 0.51 0. 86 0.92 1.00
keff = 1.029

400 g/ft 2%%y 0.58 0.87 1.00 1.02
keff = 1,020

In the table, a number less than one indicates that the PDQ-5
calculation would provide an estimate of less reactivity
addition after scram initiation than the cosine flux calculation.
After scram initiation, the rate of reactivity addition is higher
with the reactivity worths calculated assuming a cosine flux
shape than with those calculated by PDQ-5. Hence, for convenience
the calculations for scram systems operable were all done with
this conservative assumption of a cosine flux shape for computed
assembly reactivity worths.
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c. If box ¢ is checked, at least one copy shall be
original ribbon or offset and be completely legible. A
clear carbon copy is acceptable as a second reproduci-
ble copy.

If box a is checked for an unclassified document, it
may be distributed (after patent clearance) to address-
ees listed in TID-4500 for the appropriate subject
category, to libraries in the U.S. and abroad, which
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It is assumed that there is no objection to publication
from the standpoint of the originating organization’s
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The purpose of this item is to determine whether a
given classified document can be distributed to access
permittees. If box a is checked, it cannot be made
available to them (Code of Federal Regulations, 10
CFR, Part 35, subpart 25.6); if box b is checked, DTIE
will determine whether or not to make it available.

Use this space if necessary to expand on answers given
above, e.g., item 6f and item 9.
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