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SUMMARY

The Safety Test Engineering Program (STEP) is concerned with the safety
testing of the small aerospace SNAP 10A/2 reactors and with the loss of fluid
testing of a typical pressurized water reactor. Specifically, the aerospace
portion of the STEP project includes the transient and destructive testing of
the beryllium-reflected SNAPTRAN 2/10A-1 reactor and the water-reflected
SNAPTRAN 2/10A-3 reactor. The Loss of Fluid Test Program (LOFT) will be
performed on a 50 MW(t) pressurized water reactor representative of commercial
pressurized water reactor systems.

Testing of the SNAPTRAN 2/10A-1 reactor was limited to a performance
evaluation of the stepper and impulse drum drive-units and a critical loading of
the reactor. Further work was postponed until termination of the SNAPTRAN
2/10A-3 water-immersion destructive test.

During the first portion of this report period (January to April), data
acquisition systems were installed, evaluated, and calibrated for the SNAPTRAN
2/10A-3 destructive test which was performed April 1, 1964. The latter portion
of the report period (April to June) was devoted to the interpretation and
presentation of the test results.

Technical progress in the Loss of Fluid Test Program included final
selection of the test site and completion of the preliminary mechanical design
of the reactor vessel and internals. Nuclear, heat transfer, and hydraulic studies
and a blowdown analysis were also completed. A preliminary investigation of
the estimated contamination of the LOFT containment system and a radio-
logical computer program (RSAC) for determining the inhalation doses were
also completed.
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I. SNAPTRAN 2/10A-1 TEST

A performance evaluation, mechanical check-out, and critical loading were
completed on the beryllium-reflected SNAPTRAN 2/10A-1 reactor during the
period reported in the STEP Project Quarterly Technical Report for July 1963
through September 1963 -- IDO-17012. The beryllium-reflected system was then
removed from the test facility and replaced by the water-reflected SNAPTRAN
2/10A-3 system. The experimental program for this system was completed
before notable work on the SNAPTRAN 2/10A-1 program resumed.

A modified SNAPTRAN 2/10A-1 reactor was installed in the IET facility
upon completion of the water-immersion destructive test on the SNAPTRAN
2/10A-3 reactor. The modified reactor was altered to provide a more positive
means of preventing the impulse drums from rotating back through the maximum
reactivity position following an impulse. This machine, referred to as the
modified SNAPTRAN 2/10A-1 reactor or simply as SNAPTRAN 2/10A-1, will
be used for nondestructive and limited damage testing. The original machine
has been designated for destructive testing and has been referred to both as
SNAPTRAN 2/10A-1 and SNAPTRAN 2/10A-2 in previous quarterly reports.
However, all references to SNAPTRAN 2/10A-1 in the following sections of
this report will pertain to the modified, nondestructive reactor package.

1. PERFORMANCE EVALUATION

A performance evaluation of the drum drive-units was conducted following
assembly of the SNAPTRAN 2/10A-1 reactor package, revision of the control
system, check-out of the control console and electrical circuitry, and pressure
testing of the high pressure nitrogen system. This evaluation included individual
drive-unit tests and coupled drive-unit tests on the stepper and impulse drum
systems. Initially, several tests were performed at lowpressures to competency
test the cylinders before testing at normal operating pressures.

1.1 Stepper Drum-Unit Performance Evaluation

Ten separate and twenty-three coupled-step tests were performed on the
stepper units. In all cases the test cycle was controlled by the program se-
quence timer. Nitrogen pressures used during the performance evaluation of the
drive units were as follows: stepper drive -- 350 psig; and stepper damper --
1000 psig.

The design specifications of the stepper drums require a maximum drum
travel time of 60 msec for a 45 step at a 500 psig driving pressure and a
maximum drum travel time of 150 msec for a scram from 0 to 1350. The
actual times required for the various stepper drum movements are shown in
Tables I, II, and III. In all cases the average drum travel time for a 450 step
was approximately 59 msec using a drive pressure of 350 psig, and the drum
travel time from scram initiation to +135* was less than 150 msec. Because of
the consistently short insertion times, the stepper drives were operated at
350 psig rather than the design pressure of 500 psig.
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TABLE I

SNAPTEAN 2/10A-1 STEP TESTS -- DRUM B[a]

Initial
Test Drum Position

1 45 1'

2 45*1'

3 44 50'

4 45 0'

5 45*i'

6 45 0'

7 45 3'

8 45 0'

9 45 1'

10 44 59'

11 44*53'

[a] Drive pressure --

Final
Drum Position

179042'

179045'

179 34'

179034'

179 34'

179034'

179034'

179034'

179*36'

179 36'

179 35'

Fire to Start
of Drum Movement Fire to 00

(msec)(msec

87 150

65 129

77 141

75 140

102 162

87 150

70 140

75 135

80 140

96 157

83 139

Scram to Start
of Drum Movement Scram to +135

(meec) (msec)Z

83 219

90 232

97 242

97 241

100 244

99 230

104 232

100 230

104 247

105 247

103 240

350 psig; damper pressure -- 1000 psig.

TABLE II

SNAPTRAN 2/10A-1 STEP TESTS -- DRUM C[a]

Initial
Test Drum Position

1 44*55'

2 4500'

3 45*0'

4 45*0'

5 4444'

6 44059'

8 44*59'

9 44 58'

10 44*59'

[a] Drive pressure --

Final
Drum Position

180034

180035'

180 45'

180 22'

180028'

180 23'

180 27'

180016'

180 25'

180*35'

Fire to Start
of Drum Movement

(msec)

81

84

90

85

85

90

92

90

92

89

Fire to 00
(msec)

141

144

140

140

141

150

142

144

148

139

Scram to Start

of Drum Movement
(msec)

81

88

100

102

95

97

95

97

97

91

Scram to +135'
(msec)

218

214

222

225

205

210

210

229

231

230

350 psig; damper pressure -- 1000 psig.
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TABLE III

SNAPTRAN 2/0A-1 COUPLED STEP TESTS[a]

DrInitionrPion Fire to Start Start of Drum Scram to Start Start of DrumDrm tion Drmo ti of Drum Movement Fire to 0 Movement to 0 of Dram Movement Scram to +135 Movement to +135
Teat B C B C (msec) (msec ) (msec) (mecc) (msec))

1 45'18' 45l4' 17937 18034' 76 132 56 96 224 128

2 44 42 450' 17936' 18031' 71 131 60 97 219 122

3 4630' 4631' 17937 18032' 77 130 53 97 216 119

4 4512' 457' 17936' 18034' 71 133 62 89 222 133

5 459' 4545' 17937' 180 32' 74 135 61 92 217 125

6 454' 4451' 17938' 18038' 72 130 58 87 210 123

7 4447' 4451' 17937' 18036 74 129 55 90 214 124

8 453' 452' 17938' 18036' 63 128 65 85 216 131

9 4 4 5 8 ' 45'' 17938' 18032' 72 135 63 86 210 124

10 44 58' 451' 17937' 18032' 71 131 60 80 210 130

11 456' 451' 17937' 18033' 69 130 61 78 214 136

12 453' 4458' 17937' 18036' 73 131 58 73 207 134

(a] Drive pressure -- 350 psig; damper pressure -- 1000 psig.

1.2 Impulse Drum-Unit Performance Evaluation

The design specification of the impulse drums requires a maximum travel
time of 30 msec from -135 to +1350 with a drive pressure of 1000 psig. Nitrogen
pressures used during the performance evaluation were 400 psig for the im-
pulse scram lockout and 100 psig for the impulse drive. The actual times re-
quired for drum travel are shown in Tables IV, V, and VI. Only on the first
coupled impulse test (Table VI) was the specified time of 30 msec exceeded.
The average drum travel time was approximately 28 msec.

Differences in the times required for the impulse drums to reach 0* are
shown in Table VI. By adjusting the fire relays so they actuated simultaneously,
the impulse drums moved through 0 together. Tests 10 through 16, and 21
through 23 were conducted using different impulse drum fire-relay actuation
times which gave simultaneous drum movement through 0. The first 9 tests
were performed before the actuation times were changed. The fire relays were
not adjusted to actuate simultaneously during tests 17 through 20.

The effect of one drum lagging the other was mathematically examined to
determine if this effect would cause an unsafe condition. The investigation showed
that, for a given drum travel time, lagging of a drum results in less energy
release than if both drums move through 0* together.

1.21 Sprag Clutch Failure. The sprag clutch on the "D" drive machine
failed during a 1000 psi impulse test. The hydraulic load cell effectively stopped
drum rebound after approximately 420. This compares to an 8 drum return with
normal sprag clutch operation. Visual inspection following the incident re-
vealed no detectable damage to the load cell, drum spline shaft, sprag-clutch
actuator motor, or position indicating switches. The sprag clutch, however,
was found to be damaged and, therefore, was removed and inspected. Gal-
ling had occurred between the rotating raceway and the sprag dog actuator
assembly as shown in Figures 1 and 2. The galling apparently occurred during
drum rebound and the resulting force bent the actuator level arm as seen in
Figure 3. Thus the sprag clutch was not actuated, although the lever arm made
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TABLE IV

SNAPTRAN 2/1OA-1 IMPULSE TESTS -- DRUM A[a]

Initial
Test Drum Position

1 138 37'

2 137 42'

3 137 46'

4 138 35'

5 138 29'

6 138 35'

7 138 33'

8 138 38'

9 138 40'

10 138 39'

[a] Drive pressure --

Final
Drum Position

18114'

181022'

180*59'

180 7'

181 13

180 45'

180 58'

179 40'

18024'

180*52'

Fire to Start
of Drum Movement

(msec)

61.0

58.4

58.4

61.0

61.3

57.6

55.2

61.6

63.1

57.4

-135 to 0

(msec)

14.2

14.4

14.6

15.2

14.9

14.2

14.2

14.5

14.3

14.3

Drum Travel Time

00 to 135 -]
cosec)

14.2

13.5

13.8

12.7

13.6

13.7

14.3

14.5

12.7

14.3

135 to +135
(msec)

28.4

27.9

28.4

27.9

28.5

27.9

28.5

29.0

27.0

28.6

1000 psig.

TABLE V

SNAPTRAN 2/10A-1 IMPULSE TESTS -- DRUM D[a]

Fire to start Drum Travel Time

Initial Final of Drum Movement -135 to 0 00 to +135 -135 to +135
Test Drum Position Drum Position (sec) (msec) (msec) (msec)

1 142 27' 191*14' 46.6 13.4 11.9 25.3

2 142 41' 190 59' 45.9 12.4 12.4 24.8

3 142 29' 191 24' 44.8 13.5 12.5 26.0

4 142 38' 190 55' 57.1 13.5 12.4 25.9

5 142 31' 190*59' 45.7 12.7 12.3 25.0

6 142*26' 190 22' 39.1 13.4 12.3 25.7

7 142 27' 190 10' 36.4 13.5 12.3 25.8

8 142 25' 189 20' 43.8 13.8 12.5 26.3

9 141 51' 189 15' 44.8 13.4 12.2 25.6

10 141 46' 189 30' 43.3 14.1 12.5 26.6

[a] Drive pressure -- 1000 psig.
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TABLE VI

SNAPTRAN 2/OA-1 COUPLED IMPULSE TESTS

Position
of Drum A

Initial Final

138034' 159*47'

138025' 16907'

139030' 16401'

138027' 163039'

138023' 166033'

138016' 170051'

138016' 183037'

138013' 183026'

138010? 167045'

138015' 183026'

138017' 171055

138022' 180047'

137019' 18306'

13806' 186022'

13807' 183056'

13803' 183010'

13804? 163035'

13708' 163023'

13803' 166043'

13809' 164013'

13805' 183019'

137053' 179045'

137053' ---

Drum Travel Time (msec)Position
of Drum D

Initial

138015?

138026

138*25?

138023'

138016'

138015'

138017?

138017'

138015?

138019?

138018'

138018'

13741'

138012'

138017'

138015'

138019'

137041'

138019'

138025'

138019'

138017'

138*17'

Final

19001'

189026'

188038?

188045'

179050'

189047'

182058'

182031'

187033'

182031'

18800'

18404'?

182015?

175017'

183057'

184051?

183045'?

183057'

188032'

193051'

184021'

185013'

-135 to 00

13.9

14.0

13.9

13.3

11.0

15.2

13.5

14.5

13.5

13.5

12.9

15.0

14.0

14.0

14.4

12.9

12.9

12.5

13.2

18.6

13.6

13.6

13.8

Drum A

00 to +1350

17.0

15.7

15.0

14.6

18.0

12.5

14.7

14.0

15.0

14.0

15.6

14.8

13.9

14.8

14.7

14.1

15.8

15.2

16.0

14.6

14.5

14.9

15.2

-135' to +1350

30.9

29.7

28.9

27.9

29.0

27.7

28.2

28.5

28.0

27.5

28.5

29.8

27.9

28.8

29.1

27.0

28.7

27.7

29.2

33.2

28.1

28.5

29.0

-135 to 00

16.0

14.9

15.0

14.7

16.0

13.0

13.0

14.0

15.0

13.9

13.9

15.0

14.0

13.9

14.3

12.9

15.8

14.5

14.3

10.8

13.7

14.1

13.7

[a] Drive pressure -- 1000

Test

1

2

3
4

5
6

7

8

C;' 9
10

11

12

13

14

15

16

17

18

19

20

21

22

23

Drum D

o0 to +1350

14.9

14.6

14.0

14.0

13.0

16.0

14.2

13.5

14.0

14.1

14.0

14.0

13.8

15.0

14.2

14.1

11.4

10.8

14.0

16.9

13.1

13.5

14.3

-135 to +1350

30.9

29.5

29.0

28.7

29.0

29.0

27.2

27.5

29.0

28.0

27.9

29.0

27.8

28.9

28.5

27.0

27.2

25.3

28.3

27.7

26.8

27.6

28.0

Drum A

Fire to 0

107.9

111.2

104.0

97.9

91.0

119.5

84.7

84.5

89.4

71.9

99.8

87.0

88.9

89.9

91.1

90.1

92.0

95.3

91.5

97.6

89.9

92.8

86.9

Drum D

Fire to 00

104.5

109.0

101.3

94.8

91.0

117.0

85.2

85.0

86.9

71.6

98.4

87.0

88.9

91.0

91.1

90.1

88.6

91.9

89.2

94.9

89.9

92.5

87.3

Drum

Separation
Time at 00

(msec)

3.4

2.2

2.7

3.1

0

2.5

0.5

0.5

2.6

0.3

1.4

0

0

1.1

0

0

3.4

3.7

2.3

2.7

0

0.3

0.4

psi for all tests.
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Fig. 1 Sprag clutch rotating raceway.
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Fig. 2 Sprag clutch dog actuator.
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contact with the sprag clutch "on" indicator switch. Following installation of
a new sprag clutch on Drum D and inspection of Drum A the drives were checked
at drive pressures of 500 to 1000 psi. Both sprag clutches operated satis-
factorily at drive pressures of 500, 750, 900, and 1000 psi. Mechanical check-
out of the impulse drive units was continued until 25 satisfactory tests had been
completed for each unit.

2. NUCLEAR OPERATIONS

Reactor loading operations were started with uninstrumented fuel to ascertain
what modifications, if any, were necessary to obtain sufficient space for in-
core instrumentation. Excessive binding, due to dents in the reactor vessel and
due to improper spacing of the beryllium-filler locating pins on the lower
grid, was encountered. The mechanical difficulties were corrected and the
reactor was brought critical June 10, 1964, with 34 fuel rods in the core.
Criticality was achieved with Drums A, TABLE VII
B, and C at 0* and Drum D at 22*25'.
Extrapolation of 1/M plots indicated an CRITICAL DRUM POSITIONS
"all drums-in" critical loading of 33.9
fuel rods. The full core loading of 37 - A B C D

rods was attained June 11, 1964. Critical 1 85 31' 0 180 85033'
drum positions for a few operational 2 67*20' 67020' 67020' 67 20'
configurations were investigated and are
listed in Table VII. The core was un- 3 34 56' 34 56' 1800 1800
loaded to prepare instrumented fuel rods 4 0* 60046' 60046' 1800
for the transient test program.
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II. SNAPTRAN 2/10A-3 TEST

The SNAPTRAN 2/10A-3 destructive test, which consisted of a nuclear
excursion resulting from the immersion of a SNAP 10A/2 reactor in water, was
conducted during this report period. The SNAPTRAN 2/10A-3 test program
included assembly and mechanical check-out of the reactor package; design,
installation, and calibration of all data acquisition units; conduct of a destructive
test; and interpretation and presentation of the test results.

Those aspects of the experimental program directly related to the de-
structive test are presented according to the following general format:

(1) Nuclear Test Program -- initial critical experiment, sleeve-
height critical, water-height critical, and power calibration.

(2) Data Acquisition System -- description, performance, eval-
uation, and calibration of detecting, signal conditioning, and
recording systems.

(3) Destructive Test Preparations -- preparation of reactor, test
facility, and experimental instrumentation, and conduct of
"dry" runs.

(4) Experimental Results -- results of the destructive excursion
including radiological evaluation.

(5) Post-Test Analysis -- chemical and metallurgical analysis of
hydrogen distribution in fuel, fission-product buildup in fuel,
and sodium concentration in environmental-tank water.

(6) Conclusion -- analysis and interpretation of experimental and
radiological results of destructive test.

Previous quarterly reports listed at the beginning of this report may be
referred to for a description of the test package, the results of the mechanical
check-out, and the details of the fuel and NaK loading.

1. NUCLEAR TEST PROGRAM

The nuclear test program consisted of an initial critical experiment
including a sleeve-height critical, a water-height critical, and a power cali-
bration. The power calibration, because of its importance in the interpretation
of the test results, is described separately and in detail in Section 11.2.

The initial critical test was performed January 22, 1964. Criticality was
attained at an approximate power level of 5 watts. The procedure for attaining
criticality consisted of raising the calorimeter water level in one-inch incre-
ments starting six inches below the bottom of the reactor. The sleeve remained
seated as the water height in the calorimeter was increased. Neutron multi-
plication data were taken after each water addition, and continuous 1/M plots

10



were maintained. When the water level was approximately four inches above the
reactor core, the sleeve was withdrawn in increments determined by 1/M plots
as a function of sleeve height. The critical sleeve height observed was 7.27
inches above the bottom of the fuel rods as shown in Figure 4.
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Fig. 4 Critical sleeve height and critical water height of SNAPTRAN 2/10A-3 reactor.

Upon completion of the sleeve-height criticals, a water-height critical was
conducted by bringing the reactor critical with the water level approximately
four inches above the top of the reactor, lowering the water level in small
increments to decrease power, and then re-establishing critical by raising the
Binal sleeve. This procedure was followed until the reactor was critical with
the bottom of the Binal sleeve just touching the surface of the water. The critical
height was found to be 8.95 inches above the bottom of the fuel rods.
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2. POWER CALIBRATION

The initial attempt at obtaining a thermodynamic power calibration by the
use of a water-filled calorimeter tank as a heat sink was not successful due to
insufficient water circulation within the tank. Poor circulation caused tempera-
ture gradients and random convection currents throughout the water volume and
between the sleeve-water interface. Thus, the quality of the resulting data was
inadequate for a calorimetric power determination.

However, during the power calibration experiment the outputs of all the
in-core energy probes and thermocouples were recorded on magnetic tape and
these outputs indicated the heating and cooling rate for specific points within
the reactor. The heating and cooling of a typical energy probe and the current
output of a typical ionization chamber used during this experiment are depicted
in Figure 5. The outputs of the probes were appropriately normalized to the
volume-weighted, average temperature in the core immediately after scram.
The product of the maximum rate of change of temperature as a function of time
along the cooling curve and an appropriately averaged fuel heat capacity per-
mitted an energy rate determination.
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Fig. 5 Time history of typical energy probe and nuclear detector during power calibration.

The first step in attaining this determination was to make a thermal energy
balance for a particular volume element represented by the location of the energy
probe within the cylindrical core. The generalized partial differential equation
representing thermal balance of the heat conduction with a source term added
is:
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[C (T,r) T(r,t)] = V K (T,r) V T (r,t) + s (r,t)

STORED = TRANSFERRED + GENERATED

where:
T = temperature

r = space variable

t = time

C = volume heat capacity

K = thermal conductivity

S = the source term per unit volume, or volumetric heat generation
rate.

If it is assumed that:

(1) The field considered extends over a single homogeneous body (the fuel);

(2) The body is isotropic;

(3) The physical properties of thermal conductivity, density, and specific
heat, which appear as coefficients in the differential equation, are independent
of position and time; and

(4) No phase change takes place within the field;

then the heat balance equation can be written as:

T (r,t) = C(T) 2 T (r,t) + S(rt) .

These assumptions are valid since the fuel is a uniform material and the
fuel temperature peak and temperature rise are less than 200F above the am-
bient temperature (65F).

For the low peak temperatures and the small temperature changes involved,
the thermal conductivity K(T) is essentially independent of temperature and can
be written as a constant. The specific heat capacity of the fuel can be repre-
sented by the empirical equation Cp = 0.0898 + 8.44 x 10-5 T cal/g-*C between
the temperatures of 25 and 850C. The specific heat capacity used in these
calculations was an average heat capacity, Cavg, defined over the temperature
range involved as follows:

T2

(0.0898 + 8.44 x 1o-5 T) dT

T (T + T )

C = f 1 = 0.0898 + 8.44 x 10- 5  2 2
avg T2 -T1
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Thus, for a cylindrical geometry, the heat balance equation takes the form:

a T (r,t) _ K 1a T (r,t) +o T (r,t) +
dtr 2 J C

avgar avg

Again, if it is assumed there is no heat loss from the fuel other than that
removed by the coolant, then for large reactivity removals, the period of the
removal transient is so short that there is insufficient time for significant heat
transfer from the fuel. Therefore, during the time immediately following the
transient, the heat transfer term can be eliminated from the balance equation
without significant error in the calculation, and

T (r,t) S(r,t)

avg

Thus, the maximum change in the slope of the temperature versus time
curve corresponds to the maximum change in the source term; that is,

(rt) CaT (r,t)
S (r,t)ti Cavg at max

Each value of the source term thus obtained, representing the volumetric
heat generation rate at a particular probe location, was normalized to an average
core generation rate. The normalization factor was obtained from the point-
to-average source edit of a R-Z diffusion-theory computer program which was
written to satisfy the critical configuration of the power calibration experiment.
As a point of interest, the two NaK thermocouples and all energy probes, with
the exception of EP-3, EP-6, EP-15 and those probes located in the water, were
evaluated to obtain a power level using the Cp of the fuel and the appropriate
point-to-average source factor. Temperature data and results of calculations
are shown in Table VIII. Probes EP-3, EP-6, and EP-15 produced inconclusive
data in that they were highly insensitive to the temperature changes encountered
during the test. TABLE VIII

POWER CALIBRATION RESULTS

Radial Axial Temperature

Detector Distance from C Distance from C fficentc) CkW-sec Peak-to-Average Power
Code Transducer (cm) (cm) max p FFactor (kW)

TC-1 NaK PPCo 3.71 0 0.268 11.73 0.629 1.97

TC-2 NaK PPCo 6.50 0 0.223 0.766 1.72

EP-1 Al 73-6.5-0 3.71 0 0.278 0.629 2.05

EP-2 Al 74-6.5-5 3.71 0 0.234 0.629 1.73

EP-4 Al 96-6.5-5 3.71 0 0.260 0.629 1.92

EP-5 Al 97-6.6-5 3.71 0 0.260 0.766 2.13

EP-ll Al 95-6.5-5 6.50 - 7.62 0.168 1.04 2.05

EP-12 Al 90-6.5-10 1.85 0 2.75 0.592 1.91

EP-13 Al 79-6.5-10 3.71 0 0.266 0.629 1.96

EP-14 Al 88-6.5-10 6.50 0 0.248 0.766 2.23

EP-19 Al 76-6.5-10 6.50 + 7.62 0.207 0.782 1.90

EP-20 Al 91-6.5-10 6.50 +14.0 0.116 1.42 1.93

14



Since the average heat capacity used in the calculation represented that of
the 10 weight percent probes, only the cooling curves represented by the 10
weight percent probes, as shown in Figure 6, were used to calculate reactor
power. Of the five 10 weight percent probes thus available for calculation, only
four produced consistent values. These four probes produced values which were
averaged to obtain 1.94 kW for the power level at which the ionization chamber
currents were read for calibration.

The accuracy of this power calculation depends primarily on: a knowledge
of the precise location of the active portion of the energy probe within the core,
the value of the fuel heat capacity over the temperature range involved, and
the rate at which power decrease occurs. Because of the size of the SNAPTRAN
2/10A-3 core, the location of the active portion of the energy probe within the
core must be known to within 5 cm in order to obtain accurate point-to-
average source factors. Flux gradients near the reflectors and possible inter-
sticial flux disadvantage factors can introduce 10 percent errors.

15



EP-12 R=l.85 Z=0 T5-5 256F

EP-13 R=3.71 Z=0 T 5-14 254F
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3. DATA RECORDING AND PROCESSING

An analog magnetic tape system was used as the major recording media
for recording and processing data from sensors measuring nuclear and physical
phenomena during the SNAPTRAN 2/10A-3 destructive test. Magnetic tape was
chosen in preference to other recording media because of higher accuracy,
broader bandwidth, separability of recorded information, and inherent rapid
and automated reduction techniques. Oscillographs were chosen as "backup"
recording devices for measurements not requiring broad bandwidths and for use
during the data processing phase of operation.

The magnetic tape system consists of 154 channels: 143 channels for data
acquisition and 11 channels for timing information, that is, one channel of timing
information for each 14 channel transport. Six of the 11 transports are Ampex
Model FR-600, and five are portable Ampex Model FR-1300. The FR-600's are
used for primary measurements requiring a high degree of accuracy. The FR-
1300's although originally obtained to record backup information, are used inter-
changeably with the FR-600's in the recordingprocess because of the very small
difference in performance between the two models. Performance evaluations of
the FR-600's and FR-1300's were reported in Quarterly Technical Reports
IDO-16961 and IDO-17058.

The total 84-channel capability of the FR-600 transports may be used for
FM recording (dc to 20 kcps bandwidth, 1/2 percent accuracy band) or up to 50
percent direct recording (300 cps to 250 kcps bandwidth, 5-10 percent accuracy
band). The 70 channel capability of the FR-1300 transports is split evenly be-
tween FM (dc to 20 kcps bandwidth, 1 percent accuracy band) and direct (300
cps to 300 kcps bandwidth, 5-10 percent accuracy band) channels.

Seventy oscillograph channels (dc to 3 kcps bandwidth, 3-5 percent ampli-
tude accuracy band) are available for data recording. The oscillograph channels
are divided between an 18-channel direct-writing transport and two transports
which use film paper requiring development by chemical means. The 18 channels
of information obtained from the direct-writing oscillograph are available
immediately after each test. The remaining oscillograph records take approxi-
mately 1/2 hour to develop.

3.1 Interconnection of Record Media

As shown in Figure 7, interconnection of the various recording media to
signal conditioning equipment was accomplished through the use of two patch
panel facilities -- the "driver" and "tape" patches. Signals are routed to the
oscillographs and FR-1300 tape recorders through the driver patch thus per-
mitting complete flexibility in channel selection. Signals are routed to the FR-
600's through the driver and tape patches. Although channel selection capability
exists at both patches, FR-600 selections are normally reserved for the driver
patch; the tape patch being used for data processing.

The driver patch panel is the termination point for all signal conditioning
equipment output signals, and it provides the capability of routing these signals
to any of the record channels. Complete channel selection capability if thereby
provided.
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Fig. 7 Diagram of recording system interconnections.

The tape patch, consisting of three individual 400-connection patch panels,
permits simultaneous and independent data recording and reduction. Tape
recorder inputs and outputs are parallel to all three panels, thus allowing inter-
connection between panels. Inputs from the driver patch are connected to one
panel and inputs to data reduction equipment are connected to one of the other
two panels. The third panel is used for complex patching arrangements between
tape transports which cannot easily be handled on the other two panels.

3.2 Data Processing

The system as assembled permits the optimum application of data re-
cording and processing equipment to the SNAPTRAN test series. Features of
the system include easy selection of recording and processing mode and the
ability to process data at optimum rates. Processing of SNAPTRAN magnetic
tape data was accomplished by time-base expansion (TBE) in the analog domain
with subsequent print-out on oscillographs, strip chart records, and X-Y plots.

3.21 Magnetic Tape. The magnetic tape transports have a speed function
switch which permits tape speed changes by factors of 2, 4, and 8. Changes in
the electronics, necessary due to speed changes, occur automatically when the
tape speed is changed. The electrically switchable speed feature aided in the
time-base expansion process since there was no need to realign electronics or
wait for warm up time when switching from one speed to another.

Electronics for recording in both the FM mode with a dc to 20 kcps band-
width at 60 ips and in the direct mode with a 300 cps to 250 kcps bandwidth at 60
ips were available. Since the FM and direct electronics were plug-in units,
change from one mode to another was easily accomplished.
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One channel on each transport was used for timing information consisting
of a 100 kcps signal recorded in the direct mode to provide 10 isec timing
resolution. A crystal controlled oscillator having a long and short term stability
of one part in 108 was the source of the 100 kcps signal.

To ensure correct impedance matching, alignment of reproduce electronics
was performed with the electronics attached to the equipment with which they
would be used. All alignment was done after a one-hour warm up period which
was sufficient to permit the equipment to be stabilized to within specifications.

To ensure high quality information for the original recordings and the
processed recordings, the highest grade of self lubricating instrumentation tape
was used. The self lubricating feature minimized the amount of oxide shed from
the tape and, therefore, the number of information "dropouts" caused by oxide
dust particles separating the tape from the recording heads. The dropout rate,
specified for the tape used, was one per reel. To minimize the possibility of
tape stretch and the associated degradation of data, 1.5-mil-thick tape was used.
The 1.5-mil thickness limited total recording time to 15 minutes at 60 ips.

3.22 Dual Preset Scaler. A dual preset scaler was used to relate the timing
information recorded on magnetic tape to the programming requirements of the
various read-out equipment. The scaler could be used to start and stop an X-Y
plotter at times related to the magnetic tape timing channel. The scaler also
had a pulse output corresponding to a relay closure. Thus, the scaler could
also be used as a frequency divider for higher frequencies or as a pulse shaper
if the scaler was set for one-to-one division.

3.3 Read-out Equipment Description

Read-out equipment consisted of X-Y plotters, oscillographs, and strip
chart recorders. The X-Y plotters were 11- x 17-inch analog plotters. Non-
linearity on the X and Y scales was not greater than 1 percent of full scale.
Time-base (X scale) nonlinearity occurred only beyond 11 inches of the 17-
inch full scale excursion on the X axis. Frequency response of the X-Y plotter
was 1 cps for full scale deflection. Provision for remote operation was built
into the plotters and required a contact closure for operation.

The oscillograph was an 18-channel "direct write" device having a non-
linearity and readability of 3 percent when used in conjunction with the driver
amplifier for each channel. The oscillograph-driver amplifier combination has
a frequency response which is flat from dc to 3 kcps although the driver ampli-
fiers have a frequency response of dc to 15 kcps.

The potentiometric strip chart recorders were of a pulse type chart drive
manufactured by F. L. Moseley. The pulse drive could either be powered by an
internal oscillator or by external pulses. The external pulse-drive feature per-
mitted direct actuation of the recorder drive from the timing channel if an
adequate time-base expansion was available or from a frequency divided timing
channel obtained from the preset scaler. The maximum pulse rate that the re-
corder would accept was 240 pps for a chart speed of 60 inches per minute.
Linearity and frequency response were essentially the same as that for the
X-Y plotters.
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3.4 Operation for Time-Base Expansion (TBE)

After recording data at a normal 60 ips record speed, data are played
back into the oscillograph at a TBE of eight. This TBE of eight requires patch
panel changes and a speed change from the record speed of 60 ips to a playback
speed of 7-1/2 ips. This results in an effective bandwidth for the oscillograph
of 24 kcps (TBE of 8 x the dc to 3 kcps oscillograph bandwidth). The oscillo-
graph is run at a speed of 128 ips for wideband data and at slower speeds for
lower bandwidth information. Data so processed are used for "quick look"
purposes and are considered to be limited in accuracy by the oscillograph
( 3 percent) and have a maximum time resolution of 100 psec. These data can
be processed at speeds of approximately 10 minutes per reel.

Subsequent to the "quick look" oscillograph recording, additional slowdowns
(TBE's) are performed until the bandwidth of the data is at or below the recording
bandwidth of the X-Y plotters or strip chart recorders. Thus, for a signal having
a spectrum with no components greater than 4 kcps in bandwidth, a 4000 slow-
down would be required for read-out onto a 1 cps recording device. To simplify
operational requirements, TBE by factors of eight are the only ones used so
that TBE's of 8, 64, 512, 4096, 32768, ... are the factors available; therefore,
a slowdown of 4096 would be used for 4 kcps data since this is the nearest
higher factor of TBE to 4000 available. Plots produced by this process are then
used for data analysis. The method involved in TBE is illustrated schematically
in Figure 8.

The original recording (obtained at 60 ips) is played back at 7-1/2 ips to
obtain the TBE of 8. While the original recording is played back at 7-1/2 ips,
the signal is re-recorded on another transport at 60 ips. The re-recorded signal
when played back at 7-1/2 ips is time-base expanded by a factor of 64. The
process is repeated for additional time-base expansion factors.

RE-RECORDED ON ANOTHER
ORIGINAL RECORD AT 60 IPS. TRANSPORT AT 60 SH
PLAYED BACK AT 7-1/2 IPS PLAYED BACK AT 7-1/2 IPS
FOR 8 TBE. FOR 64 TBE.

T -- _T2

RE-RECORDED AT 60 PFS.
64 TBE PLAYED BACK AT PLAYED BACK AT 7-1/2 IPS
7-1/2 PFS, FOR 512 TBE,

T- - - - - - - - - ) - - - - -- T
3 4

Fig. 8 Equipment schematic for time-base expansion.
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Proper impedance matching must be provided between the two or more re-
corders being used in the TBE process. The method used to obtain correct im-
pedance matching is that of aligning the reproduce equipment to the particular
record equipment with which it will be used.

3.5 Bandwidth and Signal-to-Noise Ratio Limitations

Although loss of information due to bandwidth limitations is not associated
with the time-base expansion of data recorded in the FM mode, loss of direct
mode recorded data does occur during time-base expansion because of the
frequency response characteristics of the direct system. Bandwidths of FM and
direct record equipment operated at different speeds are shown in Table IX.
Since the upper FM cutoff frequency at 7-1/2 ips is 2.5 kcps or 1/8 that at 60
ips, information will not be lost due to bandwidth limitations of the FM system
during the TBE process. The lower FM frequency limit of dc at all speeds also
does not result in loss of data during the TBE process. Unlike the upper direct
cutoff frequencies at 60 ips and 7-1/2 ips which are separated by a factor of 8
as in the FM case, the lower direct mode cutoff at 7-1/2 ips is only 1/3 that at
60 ips. Separation is, therfore, a factor of only 1/3 compared with the factor of
1/8 required. Thus, a 60 ips direct recorded signal when slowed down by a factor
of 8 would have an effective lower cutoff at 800 cps as opposed to the originally
recorded 300 cps. All of the information recorded in the direct mode would be
lost in the slowdown process if the process were carried far enough.

TABLE IX

TAPE RECORDER BANDWIDTHS

Speed FM Direct

60 ips dc to 20 keps 300 cps to 250 kcps

7-1/2 ips de to 2.5 kcps 100 cps to 32.5 kcps

The technique used to minimize the low frequency cutoff effects of the direct
system during the slowdown process consists of re-recording in the FM mode
as early in the slowdown process as is consistent with the bandwidth require-
ments of the data being handled. For data obtained in the SNAPTRAN test
series, which has not exceeded a 150 kcps bandwidth, direct recorded information
is re-recorded in the FM mode at the first re-recording step. This procedure
results in an effective information bandwidth of 800 cps to 160 kcps since there
is no further bandwidth degradation once the signal has been transferred to the
FM mode. Direct recorded information below 800 cps is either obtained from an
oscillograph trace produced at a playback speed of 60 ips or from a parallel
FM channel.

As in the bandwidth case, there is little degradation of signal-to-noise ratio
from the FM signal during the time-base expansion process. A typical signal-
to-noise ratio for an FM signal recorded at 60 ips and played back at 7-1/2 ips
is 46 dB if the noise components from equipment preceeding the tape are
neglected.
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3.6 Experimental Results

SNAPTRAN 2/10A-3 destructive test measurements recorded on magnetic
tape were processed through (a) reproduction into oscillographic recorders
after a time-base expansion of 8; and (b) reproduction into X-Y plotters at a
time-base expansion of 4096.

Oscillograph traces produced at a tape time-base expansion of 8 were ob-
tained from the original data tapes as well as from "dubbed" tapes. Amplitude
inaccuracies for either case did not exceed the 3 percent error associated
with data originally recorded by oscillograph. Time-base correlation of better
than 100 isec between oscillographs produced from different tape transports
was obtained for most channels.

The 100 sec correlation between traces was obtained by counting pulses
from To which was 119.6 msec or 1196 pulses prior to an arbitrarily defined
peak power on tape transport Number 3. Significant noise spikes and/or data
pulses in the vicinity of peak power which were known to occur at the same time
on a large number of channels were used to verify the 100 isec correlation.

Data traces were produced on X-Y
plots for interpretation and presentation.
To accommodate the one cycle per
second frequency response of the X-Y
plotter, the original data which had a
bandwidth of less than 4 kcps was time-
base expanded by a factor of 4096. To
determine the amplitude accuracy asso-
ciated with the time-base expanded
analog tape, dc offsets were compared
as reproduced from the original tape
and the time-base expanded tape. Of the
15 data channels checked on five trans-
ports, none showed an error greater than

2 percent. Of those channels checked,
70 percent showed an error of less than

1 percent as indicated in Table X.

To determine the time-base
accuracy of the time-base expanded
tapes, X-Y plots of data channels having
the same noise spikes were produced.
A time scale of 100 isec/in. was used,
thus providing readability of 10 isec.
As illustrated in Figure 9, the peaks of
the first noise spike on each of two
energy probe traces are separated by
30 psec. On the other 18 energy probe
30 psec.

TABLE X

SNAPTRAN 2/1OA-3
DESTRUCTIVE TEST ZERO AND
GAIN ACCURACY FOR 4096 TBE

DC Offset (volts)

Transport-
Channel

3-4

3-9
3-11

6-8

6-4
4-1o

4-12

4-14

5-10

5-12

5-13

1-8

1-12

1-13

1-14

Original
Tape

1.004

0.994

1.004

1.003

1.014

0.992

1.008

1.005

1.008

1.009

0.990

0.990

1.008

0.998

1.002

4+096
TBE Tape

1.000

0.992

1.002

1.008

1.010

0.990

1.010

1.008

0.990

0.998

0.988

0.990

1.009

1.010

1.000

Percent
Error

0.4

0.2

0.2

0.5

0.4

0.2

0.2

0.3

1.8

1.1

0.8

0.0

1.0

1.2

2.0

traces, the difference was less than

3.7 Conclusions

Good quality information was obtained through time-base expansions as
high as 4096 both during the performance evaluations and during the SNAPTRAN
2/10A-3 destructive test data processing. Amplitude uncertainties no greater
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Fig. 9 Time correlation uncertainty for time-base expanded data -- SNAPTRAN 2/10A-3
destructive test.

than about 3 percent with time-base uncertainties of 15 Isec were obtained
on data from the destructive test after time-base expansion of 4096. Degradation
of signal-to-noise ratio during the slowdown process is not a problem for data
originally recorded in the FM mode and can be minimized for data recorded in
the direct mode.

4. EXPERIMENTAL SIGNAL-CONDITIONING EQUIPMENT

The measurement program for the SNAPTRAN 2/10A-3 destructive test
required an extensive experimental instrumentation system. This instrumentation
system necessarily provided: (a) signal conditioning equipment to give ampli-
fication, isolation, common mode rejection, impedance matching, and current
to voltage conversion for the various transducer signals; (b) flexibility to per-
mit changes in measurements due to detector assignment changes or failure of
a component within the measurement channel; and (c) a method of monitoring
each of the measurement channels to ascertain mode of operation, adjustment,
noise level, and operability immediately preceding test initiation.
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4.1 Experimental Signal-Conditioning Facilities

The total experimental signal conditioning system consists of a dolly in-
strumentation facility, coupling station facility, and a control room signal con-
ditioning and monitoring facility. These facilities and the associated instru-
mentation are illustrated in Figure 10.

00 A NNS

0A~

91 A

00 0 oI

Fig. 10 SNAPTRAN 2/1OA-3 experimental instrumentation system.
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The SNAPTRAN 2/10A-3 reactor was mounted on a railroad dolly and
positioned on the test pad. A coupling facility mounted on one end of the dolly
protruded into the coupling station, and the cabling from transducers on the
dolly was connected to the signal conditioning and recording equipment through
this facility.

4.11 Dolly Instrumentation Facility. Because of the numerous and varied
transducer installations on the reactor fuel and on the environmental tank,
dolly termination stations were necessary to achieve flexibility in detector
selection and to allow accessibility for detector check-out and calibration. All
transducer cables on the dolly were terminated in the dolly termination stations
with the exception of ionization chambers and piezoelectric transducers requiring
triaxial and coaxial cables. These cables were terminated at the dolly coupling
facility.

4.12 Coupling Station Facility. To meet the bandwidth and gain requirements
of measurements associated with piezoelectric crystal transducers, some con-
ditioning equipment, such as electrostatic charge amplifiers and cathode
followers, was located in the coupling station.

Charge amplifiers were used to amplify the signals from quartz crystal
transducers. Quartz crystal transducers are usually restricted to dynamic
measurements, but when used with a charge amplifier, these transducers were
capable of short-term static measurements. The capacitance of the transducer
and its connecting cable was found to be critical at low ranges on the charge
amplifiers. In general, the combined capacitance of the transducer and input
cable should not be greater than ten times the value of the feedback (range)
capacitor within the amplifier. To eliminate the cable capacitance problem,
the charge amplifiers were located in the coupling station which was in close
proximity to the detectors. Twelve channels of Kistler Model-808 charge ampli-
fiers were installed in the coupling station. These amplifiers had a response of
dc to 20 kcps, a linearity better than 0.1 percent, an input impedance greater
than 1011 ohms and an output impedance of less than 100 ohms.

Chromel-Alumel-thermocouple reference-junction stations were located in
the coupling station to permit the use of standard copper leads from the coupling
station to the control room. These thermocouple stations had temperature
stability better than 0.20F and could be adjusted to any reference tempera-
ture between 25 and 125F. Each junction isolation was better than 500 megohms.

All measurements other than those requiring coaxial and triaxial cables
were transmitted from the coupling station to the master termination station
through multi-conductor cables.

4.13 Control-Room Signal-Conditioning and Monitoring Facilities. The
signal conditioning equipment located in the control room included low-level
signal-conditioning amplifiers, isolation amplifiers, strain gauge power supplies
with bridge completion circuits, carrier amplifiers, micromicroammeter ampli-
fiers, and the necessary patch and monitor hardware to observe noise levels,
select record media, and calibrate individual components as well as the complete
signal channel.

Signal cables from the coupling station were terminated at the master
terminal station in the control room. From the master terminal station all
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leads were routed to a programming patchboard or to a quick plug-in connector
panel such as the master strain gauge patch panel shown in Figure 10. This
patch system allowed complete flexibility in monitoring the various transducers
wired into the control room. Through this system accessibility was achieved,
and appropriate adjustments in the event of component failure within a measure-
ment channel could be made in the conditioning equipment just before the de-
structive event.

Amplifiers utilizing the input patch programming system are shown in
Figure 11. The bridge completion circuit, with associated power supply, can be
patched to any strain gauge, pressure transducer or accelerometer. A bridge
completion board was used to plug in the resistance required to complete the
transducer bridge circuitry. The signals from the bridge are routed to the input
patch board in order that an amplifier may accommodate any gain requirements.
Forty completion circuits with associated power supplies were employed in
this system. The power supplies used for this application were Microdot PB-
290 units having the following specifications: dc output voltage continuously
variable from 0 to 15 V, current capability to 200 mA, regulation better than
0.5 percent; ripple lower than 200 pV rms; isolation current less than 0.01 pA
at 60 cps.

The input patchboard accommodated three modes of signal conditioning:
(a) for voltage gains at bandwidths from dc to 100 kcps and high common
mode rejection, low-level differential amplifiers were employed; (b) for voltage
gains at bandwidths from 5 cps to 250 kcps, ac isolation amplifiers were
used; and (c) for signals not requiring gain or isolation, leads were routed from
the input patch directly to the data recording patch -- bypassing all signal con-
ditioning equipment.

Eighty-eight low-level differential amplifiers were used for low-level
signal conditioning. Twenty of the amplifiers were the chopper stabilized type
(Redcore Model-361) with a frequency response capability of dc to 20 kcps.
The remaining 68 amplifiers were UED Model-DA-23 with a frequency response
capability of dc to 100 kcps. Both types of amplifiers had high common mode
rejection of 100 dB at 60 cps, output impedance less than 1 ohm, and an accuracy
and linearity better than 0.5 percent. Discrete gain settings were incorporated
in the low-level amplifiers to eliminate the uncertainity of setting variable gains
in multi-channel installations. The amplifiers provided 10 and 100 percent of
full scale output (10 volts) to permit recording of the full dynamic range avail-
able from the amplifier. The uncertainties of gain stability, linearity, and short-
term drift for each type of channel utilizing low-level amplifiers are no greater
than 1 percent of full scale.

Outputs from piezoelectric transducers, such as the Crystal Research pres-
sure transducers, are unstable at dc voltages. These transducers require ac
cathode followers or high input impedance, broad bandwidth, ac isolation ampli-
fiers. Twelve Keithley-102B ac isolation amplifiers having an input impedance
less than 400 megohms and a bandwidth of 2 cps to 200 kcps were used to con-
dition signals from the transducers.

The micromicroammeter patch and monitor system including amplifiers
routed directly from the master coaxial and triaxial patch panel is illustrated
in Figure 12. As shown in this figure, the system incorporates carrier ampli-
fiers, micromicroammeters, and a coaxial divider circuit similar to the jump

26



- LOW LEVEL
- ' MONITOR PANEL

00%

10%

LOW-LEVEL

TERMOCOUPLES A P FERS - TO DRIVER AMPLIFIERS
ENERGYTPROBES AND OSCILLOGRAPH

AND MISC. DETECTORSRERDG

- D A T A

BRIDGE COMPLETION ABOARD
FOR STRAIN, PRESSURE,
ACCELEROMETER AND TIME BR IDGE ISOLATION
OF ARRIVAL TRANSDUCERS COMPLETION AMPLIFIERS

LOW LEVEL
CUMP" PATCH

AN* IC EETR

L~ R\% Jv A
.At

o c 4j ,y1 N '1 f

.- 

9s

9 1 '

{ 
v

F t

.b

a.q. 
ys

7 a 
pp : r i.

Fig. 11 Low-level amplifier patch and monitor system.

27

I
:



circuit used in the low-level conditioning system. The system, containing 10
micromicroammeters and 16 carrier amplifiers, was separated from the
low-level amplifiers in order to accommodate simultaneous check-out and cali-
bration.

CARRIER AND
pp AMMETER

MONITOR PANEL

FROM INDUCTANCE

TRANSDUCERS DA TA TO RECORDING
RECORDING

CARESPATCH 
SYSTEMS

CARRIERS
AMPLIFIERS
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LOG AND LINEAR _, . x
AMMETERS '~ ".

FROM CHARGE Ei
AMPLIFIERS '

AND CATHODE
FOLLOWERS " ,i

MONITOR AND SIGNAL
DIVIDER PANEL

Fig. 12 Micromicroammeter patch and monitor system.

4.2 System Performance

The noise levels of the conditioning amplifier system were approximately
0.2 percent of the full scale output signal. The accuracy and linearity of the out-
put signals from 80 percent of the conditioning amplifiers were better than 0.1
percent; the remaining 20 percent of the amplifiers exhibited accuracy and
linearity of better than 1 percent. Twenty percent of the amplifiers used during
the destructive test had a frequency response capability of dc -- 20 kcps (17.5
psec rise time); 70 percent had a frequency response capability of dc -- 100
kcps (3.5 isec rise time); and 10 percent had a frequency response capability
of 5 cps -- 250 kcps (1.4 psec rise time).

Signal-conditioning equipment limited the dynamic range to 6 to 7 decades
for logarithmic current amplifiers, to 3 decades for logarithmic voltage ampli-
fiers, and to 2-1/2 decades for linear amplifiers. The dynamic range coverage
was further limited to 1-1/2 decades per recorder channel. Since many signals
extended over several decades of dynamic range, a large number of amplifiers
and recording channels was required to cover the range of a single parameter.
The following techniques were used to reduce the amount of equipment necessary
for a given measurement.
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(1) Range Compression -- logarithmic current and voltage ampli-
fiers were used to compress several decades of detector out-
put current or voltage into the 1-1/2 decade range coverage
of the recorder signals.

(2) Signal mixing -- the outputs from several transducer elements
were recorded by the same recorder channel. By this means
several events separated in time were observed on the same
analog trace.

(3) Amplifier "stacking" -- where more than 2-1/2 decades of linear
range coverage from one transducer were required, two ampli-
fiers were used. The ranges of 2-1/2 decades per amplifier
were overlapped to give a total coverage of 4-1/2 decades.

A complete calibration was performed on all signal-conditioning equipment
several times prior to the destructive test. The data obtained from the cali-
brations were used to evaluate the operational state of each channel of con-
ditioning equipment.

A post-test calibration was also performed to determine if any conditioning
equipment failures had distorted the test data as they were recorded. The results
of these calibrations show that all channels were operational during and after
the destructive event.

5. EXPERIMENTAL INSTRUMENTATION CALIBRATION
TECHNIQUES

The SNAPTRAN 2/10A-3 transient instrumentation system was composed of
broad bandwidth dc differential amplifiers, broad bandwidth ac amplifiers, dc
logarithmic voltage amplifiers, logarithmic current amplifiers, and isolation
amplifiers. These amplifiers were used separately or compositely to convert
and amplify analog signals describing the particular transient phenomena
conveyed by transducers. The analog signals were recorded by oscillographs,
strip chart recorders, and magnetic tape recoders (FM and direct modes).
In the recording process the low amplitude detector signals were conditioned
by dc amplifiers and sensitive current amplifiers to voltage levels acceptable
to magnetic tape and oscillograph electronics.

For data interpretation and for evaluation of the operational state of the
system, some accurate prediction of system performance was needed. To
determine the characteristics of the transient instrumentation system, a
calibration technique was required to indicate the static and dynamic response of
the system.

Typical of the situation for which calibrations were required are:

(1) Establishing the system gain when many componenets are
involved;

(2) Checking a signal conditioning chain for misalignment; and
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(3) Evaluating the electrical characteristics of preamplifiers,
signal conditioning equipment, and readout and data storage
devices under conditions which closely simulate the final
measuring situation.

To achieve a system calibration, an automatic voltage calibration source
was designed and used with manual calibration sources to insert voltages and
currents of known amplitude, waveform, and period at the amplifier or low-
level signal-conditioning system inputs. These signals, simulating the output
generated by a transducer, were recorded on magnetic tape and oscillographic
equipment for channel interpretation. The system fidelity and distortion effects
were observed by viewing the calibration signals on oscilloscopes and oscillo-
graphic records.

The dynamic response of a system can best be analyzed by considering
individual instruments; however, because of system complexity and the time
available for test preparation and countdown, a method of calibrating many data
channels simultaneously was utilized. This method gave an indication of general
problem areas. A more extensive series of tests was then conducted on the
particular instrument channel indicating a malfunction.

Routine system calibrations were completed weekly to detect system com-
ponent changes in linearity, gain accuracy, and transient response, and to produce
a record of system performance.

An indication of the repeatability of the system was obtained by noting
successive calibration runs. Although the calibration of a system could not
compensate for such variations as noise and drift, common sources of trouble
were detected. Oscillographic reproductions were made of the routine calibrations
recorded on magnetic tape to verify proper funtionality of the system. All
magnetic tape recordings of routine calibrations were stored for future reference.

All calibrations recorded on magnetic tape were reproduced on an oscillo-
graph using the standard playback procedures for transient test data. Before
recording data on any oscillograph, a calibration of all galvanometers was com-
pleted. This was done using the automatic low-level voltage calibration source
to impress a reference voltage at the galvanometer driver-amplifier input.
The galvanometer deflection was noted and set by manipulation of the driver-
amplifier gain to give the required deflection. The driver amplifier was then
zeroed according to detector ranging requirements. Upon completion of all
galvanometer settings, a programmed, reference voltage signal was recorded
on the oscillograph. This oscillograph record was filed as a reference for analysis
of subsequent test data. Playback of transient test or calibration data was then
undertaken. The SNAPTRAN 2/10A-3 experimental instrumentation calibration
record and playback procedures are listed in Tables XI and XII.

5.1 Low-Level DC Amplifier Calibration

The low-level signals from a majority of nonnuclear detectors as well
as some nuclear ionization chambers were amplified by dc differential ampli-
fiers. A calibration of these channels was obtained by impressing a low-level
voltage to the input of all dc amplifier channels. A diagram of a typical dc
amplifier data channel is shown in Figure 13.
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TABLE XI

SNAPTRAN 2/1OA-3 EXPERIMENTAL
INSTRUMENTATION CALIBRATION RECORD PROCEDURES

CALIBRATION SOURCE ONDITIONIF' EQJIPMED MAGNETIC TAPE RECORD SETTINGS OSCILLOGRAPH RECORD SETTINGS
SE TTIN GS

Signal Signal Level solation Record Tape Timing Full Scale Chart
Operation Equipment Type Level Gain lifier Amplifier Amplifier Speed Signal Level Offset Speed Timing

Offset sin-Polar- Full
ity-Offset Scale

Low Level Amplifier Auto-Ramp-Step Ramp- t 40-48 mV 25 Zero As per test * 1.4 V 60 ips 100 kcps "A" 1V-60 m As per 8 ips 1 kcps
Channel Calibration Calibrator Step and Conditions "B" lV-72 m Test
(all dc low levels) t 400-480 m "C" lV=72 mm Con-

ditions

AC Linear Voltage 20% Step 1 kcps -10 mV p-p 100 --- --- 1.4 V 60 ips 100 kcps --- --- --- ---
Amplifier Channel Calibrator Square and
Calibration (t 2%) Wave -100 mV

p-p

AC Log Voltage "Daven" dB 1 kcps 0 dB 100 Zero As per test 1.4 V 60 ips 100 kcps --- As per 8 ips 1 kcps
Amplifier Cali- Attenuator Square 00 mV PS Conditions test
bration (all chat- Wave o 70 dB Con-
nels containing .1 mV ditions
voltage log ampli-
fiers

Current Log "Gyra" or Decade 0OA to --- Zero As per test i.4 V 60 ips 100 kcps~12 am/ As per 8 ips 1 kcps
Amplifier Channels Automatic Steps 0 A Conditions decade test

Current - Step Con-
Current Cali- ditions
brator

Channel Wiring "Tektronix" 1 kcps 25 Low As per test a 1.4 V 7-1/2 --- --- As per 0.5---
and Patching Model 531A Square 50mV Level Conditions ipa test ips
"Ring-Out" Amplitude Wave lAmliiers Con-

Calibrator 0 mV 100 ditions

Keithley
ac Ampli-
fiers

l V Jump

Patch

Amplifier "Daven" dB 1 kcps 1 V Output --- --- As per tea 1.4 V 7-1/2 --- --- As per 0.5

Gain Check Attenuator Sine Amplifier Conditions ips test ips
Hewlett- Wave Con-
Packard ditions

204B Oscil-
lator

Note: All channels containing ac voltage amplifiers are recorded on Direct Mode.

TABLE XII

SNAPTRAN 2/1OA-3 EXPERIMENTAL
INSTRUMENTATION CALIBRATION PLAYBACK PROCEDURES

MAGNETIC TAPE PLAYBACK SETTINGS OSCILLOG(APH PLAYBACK SETTINGS MOSELEY PLAYBACK SETTINGS

Operation Alignment Impedance Reproduce Tape Full Scale Chart Full Scale Chart
Amplifier Speed Level Offset Speed Timing Level Offset Speed
Full Scale

Low Level Amplifier Driver Impedance 1.4 V 60 ips "A" Oscillo- + 30 mm 2 ips 0.1 sec 3 V + 1.5 V 24 ipm
Channel Calibration graph 2.5 V = lines

60 m

AC Linear Voltage Driver Impedance 1.4 V 60 ips "A" Oscillo- + 30 mm 32 ips 0.01 sec --- ---- ----
Amplifier Channel Record-Amplifier graph 2.5 V = lines
Calibration 60 mm

AC Log Voltage Driver Impedance 1.4 V 60 ips "A" Oscillo- + 30 m 32 ips 0.01 sec 3 V + 1.5 V 24 ipm
Amplifier Channel Record-Amplifier graph 2.5 V = lines

Calibration 60 m

Current Log Amplifier Driver Impedance 1.4 V 60 ips "A" Oscille- + 30 um 2 ips 0.10 sec 3 V + 1.5 V 24 ipm

Channel Calibration graph 2.5 V = lines
60usm

"Ring-Out" Check Not Critical t 1.4 V 7-1/2 "A" Oscillo- + 30 m 0.5 ips 1.0 sec --- --- ---
ips graph 2.5 V = lines

60 mm

Amplifier Gain Check Not Critical 1.4 V 7-1/2 "A" Oscillo- + 30 mm 0.5 ips 1.0 sec ---- ---- ----
ips graph 2.5 V =

60 m
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RECORD MODE
dc DIFFERENTIAL ISOLATION FM TAPE

AMPLIFIER AMPLIFIER RECORD

CAL RATION
SOURCE

DRIVER
AMPLIFIER

OSCILLOGRAPH

REPRODUCE MODE
FM DRIVER

REPRODUCE AMPLIFIER

OSCILLOGRAPH

STRIP
CHART

RECORDER

Fig. 13 Typical low-level calibration channel -- block diagram.

An automatic low-level voltage calibration source was used to calibrate
all dc amplifier channels simultaneously and to deliver a low frequency ramp
and step voltage of either polarity. A programmable, dc-voltage, power supply
with remote sensing was incorporated in the calibration source. The power
supply programming was achieved by a "Ledex" rotary stepping switch. The
linear ramp was generated by motor-driven precision potentiometers. Standardi-
zation of the calibration source was made by referencing the output voltages to an
accurate differential voltmeter. The accuracy of standardization was then
dependent upon the resolution with which the calibration source output voltage
could be set and upon the instrument used to set the output voltage level.

5.11 Calibration Source Accuracy. Overall accuracy of the automatic cali-
bration source is better than 1 percent for the 400 mV output level, 1 percent
for the 40 mV output level, and better than 2 percent for the 10 mV output level.
The output voltage ramp linearity is dependent on the linearity of the shunted
output potentiometers which have a linearity tolerance of 0.3 percent. A typical
low-level calibration signal as shown in Figure 14 provides the following
information:

(1) The first linear ramp provides a check of amplifier linearity.

(2) The second ramp provides a check of recorder speed and ampli-
fier saturation level (second ramp is 120 percent of full scale
to provide any clipping indication).

(3) The negative going ramp and step combinations provide a check
for amplifiers yielding negative or reversed polarity signals.

(4) The 100 and 10 percent full scale input signals provide a check
of the dc amplifier output ranges.

The step voltage functions provide indication of (a) amplifier time response,
(b) amplifier overshoot or damping, and (c) amplifier amplitude, range, and gain.
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Fig. 14 Typical low-level calibration signal.

5.2 AC Linear Voltage Amplifier Calibration

A typical ac amplifier on a direct-mode record-channel is shown in Figure
15. The ac linear-amplifier calibration was accomplished using a 1 kcps positive
square-wave calibrator signal from a Tektronix Model-531A oscilloscope
(amplitude accuracy 3 percent). This signal was applied to a linear attenuator
designed to attenuate the calibration signal by a manual switching procedure. A
typical oscillographic trace of the ac calibration signal is shown in Figure 16.
The attenuator was designed to give 100, 80, 60, 40, 20, 10, 8. 6, 4, and 2 percent
steps. Stepping accuracy was within 0.2 percent for 2 percent steps. Overall
calibration error was less than 5 percent. The input impedance of the attenuator
was 3.5kg resistive to achieve negligible loading of the oscilloscope calibrator
signal. Approximately fifteen low-level amplifiers could be calibrated simul-
taneously without loading. A peak-to-peak signal level of 100 mV full scale
was applied to the low-level amplifiers at a gain of 100.

RECORD MODE
20% ST
MANUAL
CALIBRA

I kcps
AMPLITUDE

CALIBRATOR

REPRODUCE MODE
DIRECT TA
REPRODUCE

EP 100 kcps dc DIRECT
DIFFERENTIAL TAPE

TOR AMPLIFIER RECORD

DIRECT

5cps-250 kcps ac TAPE

AMPLIFIER RECORD

1PE DRIVER
CE AMPLIFIER

OSCILLOGRAPH

Fig. 15 Typical ac amplifier calibration channel -- block diagram.
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Fig. 16 Typical ac amplifier calibration signal.

5.3 Logarithmic Voltage Amplifier Calibration

A typical data channel using logarithmic signal conversion is shown in
Figure 17. AC low-level conditioning equipment for providing logarithmic
amplification was also supplied a calibration signal from the Tektronix Model-
531A calibrator source by a precision Daven decade-attenuator. This attenuator
has a maximum error of 0.1 dB at 1000 cps when terminated with a pure
resistance and an input and output impedance of 600 ohms. The amplitude of the
calibration signal, as depicted in Figure 18, was varied by manual switching of
the attenuator.

RECORD MODE d c LOG DIRECT or F M

ATTENUATOR 5cps-250 kcps ac VOLTAGE ISOLATION TAPE
NETWORK AMPLIFIER AMPLIFIER AMPLIFIER RECORD

AMPLIUDE
CALIBRATOR1

0-100 kcps do do LOG

AMPLIFIER VOLTAGE DRIVER
AMPLIFIER AMPLIFIER

-- OSCILLOGRAPH

DIRECT or FM TAPE DRIVER
R E PRODUCE E AMPLIFIER

OSCI LLOGRAPH

Fig. 17 Typical data channel using logarithmic voltage signal conversion -- block diagram.
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Fig. 18 Typical logarithmic voltage amplifier calibration signal.

5.4 Logarithmic Current Amplifier Calibration

A typical logarithmic current amplifier or electrometer channel is shown
in Figure 19. The performance of all logarithmic current amplifiers was ob-
served by application of an accurately known current to the inputs of the current-
logarithmic channels. A manual precision current source was used to generate
the calibration signal. The current source signal was applied in one-decade
steps as depicted in Figure 20 -- covering a range or signal level of 10- 9 to
10- 4 A. The amplifier output signals were recorded on magnetic tape and
evaluated from oscillographic reproductions. A more accurate calibration of each
individual amplifier was made utilizing twenty current values per decade to
supplement system calibration data.

RECORD MODE
CURRENT
LOGARITHMIC
AMPLIFIER

MANUAL
CURRENT
SOURCE

REPRODUCE MODE
FM TAPE
REPRODUCE

ISOLATION FM TAPE
AMPLIFIER RECORD

DRIVER
AMPLIFIER

OSCILLOGRAPH

DRIVER
AMPLIFIER

OSCI LLOGRAPH

Fig. 19 Typical logarithmic current amplifier or electrometer calibration channel -- block
diagram.
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Fig. 20 Typical logarithmic current calibration signal.

5.5 Operational Checks and System Performance Evaluation

Before the destructive test countdown, a check of all data channels was
completed. Primary and secondary checks were made to identify possible
patching errors and faulty connections and to check amplifier response and over-
all system integrity. A "ringout" signal was switched singularly and con-
secutively to each data acquisition channel and recorded on magnetic tape at a
recording speed of 7-1/2 cps. Oscillographic recordings were made from the
magnetic tape data, and the channels were examined to determine system
continuity.

To obtain a record of the gain of each channel before the destructive test,
a known voltage step was recorded on magnetic tape to give the variation
of channel amplitude with time. The channel gains were then observed on oscillo-
graphic reproductions of magnetic tape data.

5.6 Post-Calibration

Calibration techniques similar to those described were used in obtaining a
calibration after the destructive test. This calibration was performed to supple-
ment the predestructive calibration and to reveal any changes which might have
occurred in the instrumentation as a result of the test.

6. TEL EMETERING AIR-MONITORING SYSTEM

A remote telemetering air-monitoring system on the IET radiological
grid was used to measure the intensity of airborne particulate and direct gamma
radiations from fission products released to the atmosphere during the de-
structive test. The remote monitoring stations in this system had the capability
of (a) measuring particulate activity and direct radiation intensity, (b) radio
telemetering of data, (c) radio control of sampling, and (d) radio control of
data read-out. The telemetering stations were equipped with self-contained power
sources and thus were completely portable.
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6.1 System Description

The telemetering air-monitoring
system consisted of 25 motor-generator
powered remote stations controlled by
one base station. The remote stations
were located on the grid in a downwind
direction from the test cell as shown
in Figure 21.

6.11 Remote Station Description.
Each remote station unit contained both
a high-level and a low-level ionization
chamber for measuring cloud gamma
dose and an air particulate monitor
for measuring airborne activity. Each
remote station also contained a motor
generator set and an analog-to-digital
data conversion and transmission
system.

The particulate monitor consisted of
a lead-shielded geiger tube placed co-
axially within a cylindrical fixed filter.
The filter was of the HV-type and was

REMOTE MONITORING
STATION NUMBER

4234

50GOM ARC 6

601

IlET

Fig. 21 Telemetering grid layout at the IET
Facility.

considered to be 99.9 percent efficient for particle sizes down to 1 micron.
The flow through the filter was manually controllable over a range from 0 to 2
cfm. The geiger-tube filter arrangement had an overall efficiency of 0.03 percent.
The geiger output pulses were stored in a memory circuit from which a voltage,
proportional to the stored counts, would generate an audio frequency shift which
became a part of the composite modulation of the carrier. The maximum count
rate input to the memory was 1 x 105 counts/second which was equivalent to
approximately 1.7 R/hr at the filter. The gamma dose monitors consisted of two
separate ionization chamber channels each of which was connected to a charge
storage-electrometer circuit arrangement. The output voltage from the electrom-
eter was used to effect an audio frequency shift in a similar manner to the par-
ticulate system. The range of gamma dose was 0 to 15 mr for one channel and
0 to 150 mr for the other.

Each remote station consisted of an insulated, aluminum, skid-mounted
enclosure as shown in Figure 22. This enclosure contained all the station in-
strumentation and subsystems. The station signal conditioning equipment was
contained in a separate instrument package which in turn was mounted inside the
remote station enclosure as shown in Figure 23. Station subsystems included a
motor-generator power source, thermostatic temperature control system, high-
temperature-actuated CO 2 fire system, and battery charging equipment.

6.12 Base Station Description. The base station contained equipment, as
shown in Figure 24, for receiving and transmitting FM radio signals. The station
also contained signal detecting, signal conditioning, interrogating, self-testing,
and read-out equipment. Signal detection was performed by a frequency counting
system consisting of two scalers which operated alternately. Signal-conditioning
equipment consisted of a logic system used to detect errors and to identify the
station being monitored. Interrogation could either be manual or automatic at
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Fig. 22 Remote monitoring station.
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Fig. 23 Interior of remote monitoring station.
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Fig. 24 Base station equipment.
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preset time intervals. Self-testing equipment included fixed-frequency audio-
tone generators for check-out of the logic systems, scalers, and read-out
equipment. Data read-out was obtained by either an electric typewriter or an
electric paper-tape punch.

6.2 System Operation

The method of operation of the telemetering air monitoring system for the
SNAPTRAN 2/10A-3 destructive test was as follows: Several hours before the
destructive test, vacuum pumps in the remote stations were started so back-
ground particulate air activity on the particulate filter would reach the equilibrium
value. Several minutes before the test, sequencial read-out of all stations was
started at the maximum scanning rate and continued until all activity had passed
the remote stations or until individual stations indicated readings above back-
ground. At this time, only stations showing activity were read out. When no
increase in activity was apparent on the particulate air sampling counters,
interrogation proceeded at approximately 1 cycle every 10 minutes until suffi-
cient data were collected.

6.21 System Control. Interrogation of a particular station was accomplished
by transmitting the audio tone code of that station by FM radio from the base
station. Upon receiving the audio tones, the remote station with the corresponding
tone code replied by transmitting data in the form of audio tones. If, when in-
terrogating a remote station, operation of the vacuum air pump was desired,
an additional audio tone was transmitted from the base station. The vacuum
pump then continued operating until the station was interrogated without trans-
mission of the additional audio tone.

Automatic gain changing in the ionization-chamber channels prevented
overranging of these channels. A timer module in the remote station auto-
matically lowered the sensitivity of these channels by a factor of two 15 minutes
after interrogation and again at 40 minutes. Interrogation of a remote station
automatically reset the two ionization chamber channels to maximum sensitivity.

Remote stations were interrogated in numerical order, either individually
or in groups, with any station being skipped or read out as desired. Read-out
was either manual or automatic. Interrogation intervals of one minute to one
hour were available for automatic read-out selection. Each station required
approximately 10 seconds to interrogate, thus giving a minimum time interval
of 250 seconds when all 25 stations are interrogated. Lights on the base station
control panel (a) identified the station being interrogated, (b) indicated the re-
mote station vacuum pumps which were operating, and (c) identified the station
replying. The base station interrogation automatically proceeded even when a
remote station failed to reply.

6.3 System Read-Out

An electric typewriter and an electric paper-tape punch are used for data
read-out. The tape data read-out is of standard form suitable for computer
processing. The typewriter read-out format consists of 10 groups of numbers in
a horizontal line as shown in Figure 25.

The first three groups indicate the station number, time, and day, re-
spectively. The fourth and fifth groups indicate the particulate counter channel
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1204 0934 007 113 428 012 995 265 446 643
1205 0934 007 140 365 102 064 224 866 673
1206 0934 007*

Fig. 25 Typical typewriter data read-out.

read-out. The sixth and seventh groups are the 15 mR and 150 mR direct ra-
diation ionization-chamber read-outs. The eighth groups is a read-out pro-
portional to the remote station standard cell voltage and is used to correct the
other data for errors caused by electronic equipment drift. The last two groups
indicate conditions concerning the starting battery and vacuum pump systems.
The third station interrogated did not reply; hence, an asterisk appears in the
read-out shown in Figure 25, indicating error. Voice communications for use
during calibration were possible between the base station and the remote stations.

6.4 System Calibration

Calibration of the remote station ionization chambers used for direct gamma
radiation measurements was achieved by using a cobalt-60 source placed
equidistant from the two chambers and then recording the read-out data. From
these data, a calibration curve similar to that shown in Figure 26 was plotted
for read-out versus radiation level. Repeatability was found to be within
6.2 percent.

A cesium-137 source was placed around the geiger tube in place of the
particulate air filter to obtain efficiency data for each particulate air sampler
channel. Counting accuracy of the particulate air sampler channel was within

17.5 percent of the actual reading, and repeatability was within 6.2 percent.
A B C 0 E F

0

A. 15 mr CHAMBER BEFORE 15
B. 15 mr CHAMBER AFTER 15 M

C. 15 mr CHAMBER AFTER 40 N

D. 150 mr CHAMBER BEFORE 15
E. 150 mr CHAMBER AFTER 15I

F 150 mr CHAMBER AFTER 40

MINUTES

INUTES BUT BEFORE 40 MINUTES

MINUTES

MINUTES

MINUTES BUT BEFORE 40 MINUTES

MINUTES

10 100
RADIATION LEVEL AT ION CHAMBER,(mrem)

Fig. 26 Typical ionization chamber calibration.
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6.5 System Performance

Twenty-four remote stations were in operation during the SNAPTRAN
2/10A-3 destructive test. Of these stations, five began reporting data 3 to 6
minutes after the test. Three of the stations gave good decay curves from the
air samplers -- indicating that an appreciable sample had been taken and that
the system was functioning properly. Although 19 stations reported no increase
in radiation level above background level, information was obtained from these
stations concerning cloud path and dispersement.

7. DESTRUCTIVE TEST PREPARATIONS

The SNAPTRAN 2/10A-3 test program consisted of an initial experimental
program to determine the nuclear and mechanical behavior of the reactor, and
a destructive test initiated by rapid removal of a poison sleeve from around the
submersed reactor. To effect the rapid reactivity insertion necessary for suc-
cessful conduct of the destructive test, and to prepare the reactor and the test
area for the destructive test, several weeks of predestructive test preparations
were necessary.

Although the occurrence of a secondary criticality following the destructive
excursion was considered unlikely, a high capacity drain system was installed
to increase the rate of water removal from the environmental tank following the
destructive test, thereby preventing the critical formation of a water-reflected
fuel configuration. The system employed a high capacity pump which withdrew
water from the environmental tank through a drain line extending over the tank
wall and discharged it into the test-cell floor drain. With this pump, the water
level could be lowered to the bottom of the reactor vessel in five minutes.

To obtain visual coverage of the destructive event, two television cameras
were mounted on movable booms which were motor driven and remotely con-
trolled. One, a swinging boom, was mounted on the berm immediately east of
the test pad; the other, an extension boom, was mounted in a special housing
above the test cell furnace enclosure. In addition to the two television cameras
extending from these booms, a third camera, which surveyed the entire test
area, was mounted on top of the 150-foot weather tower located east of the cell.
A detailed discussion of the closed-circuit television surveillance system is
given in STEP Project Quarterly Technical Report,IDO-17012.

A radiological grid area surrounding the test cell was instrumented with
radiological equipment for monitoring the fission products released to the at-
mosphere. This grid consisted of nine arcs with radii of 25 to 2500 meters. The
heavily instrumented portion of the grid was located in a 600 sector north-
northeast of the test cell. Each arc contained equipment designed to measure
the direct radiation during the power excursion and to determine the fallout and
fission product concentration as a function of distance from the test cell. The
radiological instrumentation used on the grid consisted of high-volume air
samplers for determining beryllium and fission product activity in the air,
fission-gas detectors for determining noble gas activity, fall-out plates for
collecting beryllium and fission product particulates, film badges for measuring
total exposure, and remote area monitors for measuring dose rates.
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Edgerton, Germeshausen, and Grier (EG&G) auxiliary photographic equip-
ment, including three periscopes, a target grid, and a remotely controlled winch,
were installed. The periscopes allowed the cameras to view the reactor vessel
and at the same time be protected from the destructive effects of the nuclear
excursion. The target grid was utilized in focusing the high speed Dynafax and
EP-600 cameras which were to provide silhouette photographs of vessel ex-
pansion. And the winch was to be used for moving the dolly on which the cameras
were installed from the immediate test area, thereby preventing radiation damage
to the film. Following installation, the equipment was performance evaluated
to assure proper operation and to determine the effect of camera operation
on other test instrumentation.

During the final stages of test preparation, "dry runs" were conducted to
familiarize participating personnel with the countdown procedures and to pro-
vide an integral check of all operational and experimental instrumentation. Co-
ordination of the U. S. Weather Bureau, ID Site Survey, Phillips Petroleum
Company Health and Safety, and operations personnel was maintained throughout
these runs.

8. DESTRUCTIVE TEST -- NUCLEAR MEASUREMENTS
AND INSTRUMENTATION

The nuclear history of the SNAPTRAN 2/10A-3 destructive test was ob-
tained through neutron and gamma measurements. The data obtained from these
measurements provided an assessment of the burst shape, reactor period,
maximum power, and the nuclear energy resulting during the test.

8.1 Nuclear Measurements

Thirty-five channels of nuclear data were recorded on magnetic tape.
These data were obtained from fast neutron measurements through the use of
scintillation detectors and from thermal neutron and gamma measurements
through the use of ionization chambers. Nuclear range coverage as shown in
Figure 27 was obtained by staggering or overlapping the coverage of several
chambers. A summary of the detectors used during the destructive test is given
in Table XIII, and the locations of all nuclear detectors are shown in Figure 28.

8.11 Fast Neutron Coverage. A flight tube was installed in the reactor
pedestal to provide a means of obtaining fast neutron measurements. The tube
was devoid of water, thus eliminating thermalization of the fast neutron flux.
The flight tube, a steel tube having a water-tight cap, was located off center
below the core and parallel to the pedestal. Figure 29 shows the details of the
flight tube and its location with respect to the core and the nuclear detectors
underneath the flatcar. Neutrons leaving the core passed through one inch of
water, entered the aluminum cap, traveled down the tube, and passed through a
lead plug at the bottom. The lead plug increased the neutron to gamma ratio by
attenuating the gamma rays more than the neutrons, thereby reducing the gamma
contribution to neutron measurements obtained from gamma-sensitive neutron
detectors. Detectors located beneath the tube were more than seven feet from
the reactor, thus reducing the possibility of their being destroyed before ter-
mination of the power burst.
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TABLE XIII

SNAPTRAN 2/1OA-3 NUCLEAR DETECTOR SJMMAY]

Code Detector Location

General Electric Neutron Mini-Chamber, (Damaged) In-Core
N-l A S/N 5452640 (1)(3)(4) Z = -3 in.

N-2 B General Electric Neutron Mini-Chamber, In-Core (1)(4)(5)
S/N 5452641 Z = +2 in.

General Electric Neutron Mini-Chamber, (Damaged) In-Core
N-3 C S/N 5452642 (4)(12)(13) Z = +2-1/4 in.

N-4 D General Electric Neutron Mini-Chamber, (Damaged) In-Core
S/N 5452639 (12)(26)(27) z = -1-1/2 in.

General Electric Neutron Mini-Chamber, 1-1/2 in. from Binal Sleeve
N-5 E S/N 5452251 Z = +2-3/4 in., 8 2000

General Electric Neutron Mini-Chamber, 2-1/2 in. from Binal SleeveN-6 F S/N 5452262 Z = +2-3/4 in., 8 2000

General Electric Neutron Mini-Chamber, 3-1/2 in. from Binal Sleeve
N-7 G S/N 5452249 Z = +2-3/4 in., 8 2000

20thCentury Neutron Chamber, -X Axis, X = -26-1/2 in.,
N-8 H S/N T 845r = 41 in., Z = -31-1/2 in.,

R = 33 in.

-X Axis, X = -20 in.,
N-9 I General Electric Gamma Chamber, r 5 i Z in.,

N9I S/N 4131132 B = 43 in.,Z=-6i.
R = 43 in.

X = 9-1/2 in., Y = -16 in.,
N-10 J Reuter Stokes Semi-Rad Neutron Chamber, r = 26 in., Z = 18 in.,

s/N E-531 R = 20 in.

X = 8-1/2 in., Y = -15 in.,
N-ll K Reuter Stokes Gamma Chamber, r = 38 in., Z = -3/4 in.

x/N E-643 R = 31 in.

N-12 L Reuter Stokes Semi-Bad Neutron Chamber, X = -2 in., Z =-301in.,
S/N D-1542 R = 30 in.

N-13 M ITT Phototube with Pilot Scintillator Flight Tube -- Position 2
B, S/N 1462

N-14 N ITT Phototube with Pilot Scintillator Flight Tube -- Position 1
B, S/N 1421

N-15 0 20th Century Neutron Chamber, Flight Tube -- Position 5
S/N UH-164

N-16 P Reuter Stokes Semi-Bad Neutron Chamber, Flight Tube -- Position 4
S/N E-530

Under Flatcar -- X 1-1/2
N-17 Q /euter Stokes Gama Chamber, ft, Y 1-1/2 ft,S/N E-498 Z -9-1/2 ft

General Electric Gamma Chamber, Under Flatcar -- ZX 1 ft,
N-18R S/ 545839Y 7-1/2 ft, Z -9-1/2

ft

N-19 S ITT Phototube with Pilot ScintillatorB, S/N 1478 Flight Tube -- Position 3

[a] r = center of core to center of chamber;

R = center of chamber to surface of vessel.
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Scintillators having an eight-decade dynamic range were used to measure
the fast neutron field from 3 x 10 12 to 1018 nv. To use the wide dynamic range
and fast response time of the scintillators, six-decade logarithmic electrometers
and 4-1/2 decade linear amplifier systems were used to condition the signals
from the scintillators. Figures 30 and 31 show the instrumentation used with
the scintillators.

- 90V

525
M F D

ITT
SCINTILLATION

DIODETRIAXIAL CABLE
__, /

'-IWU

ISOLATION
AMPLIFIER

COAXIAL

CABLE MGEI
LOGARITHMICMAETC

E LECT ROME TER TRECRE

Fig. 30 Scintillation diode and logarithmic electrometer circuit.
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-- TA PE

100% TAP RECORDER

bo% TAP
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Fig. 31 Scintillation diode and low-level amplifier circuit.
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8.12 Thermal Neutron Coverage. Nuclear detectors installed in the en-
vironmental tank were used to measure the thermal neutron flux. To prevent
oscillation due to the destructive test pressure shock wave, chambers in the
environmental tank were shock mounted in water-tight detector holders insulated
with horsehair. The detector holders were then mounted on compliant fixtures
whose resonant frequency was less than one cycle per second. Nuclear detectors
placed in the environmental tank, underneath the flatcar, and beneath the flight
tube provided overlapping range coverage from 5 x 10 7 to 3 x 1020 nv. Thermal-
lized neutrons were measured beneath the flight tube by placing paraffin above
the semi-rad and the ionization chambers. The semi-rad chamber was used
because it has a collection time of ten nanoseconds and a seven-decade dynamic
range. The instrumentation systems used with the neutron detectors are shown
in Figures 32, 33, 34, and 35.

REUTER-STOKES GAMMA DETECTOR
GENERAL ELECTRIC GAMMA IONIZATION CHAMBER
20 th CENTURY NEUTRON IONIZATION CHAMBER

COAXIAL CABLE
HIGH VOLTAGE
POWER SUPPLY

ISOLATION

AMPLIFIER

LOGARITHMECERN 
TI

Fig, 32 Ionization chamber and logarithmic electrometer circuit.

REUTER - STOKES
SEMI - RAD DETECTOR

~1
TRIAXIAL CABLE

- 300 V 225 MFD

300

ISOLATION

C FAX iALS -AMPLIFIER

ELECTROMETER TAP

Fig. 33 Semi-rad chamber and logarithmic electrometer circuit.
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Fig. 34 Miniature ionization chamber and low--level amplifier circuit.
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Fig. 35 Semi-rad chamber and low-level amplifier circuit.
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Four miniature ionization chambers were sealed in the reactor vessel and
three were located external and adjacent to the core. These chambers, covering
the range from 3 x 1012 to 1015 nv, were used to measure the in-core and
reflector flux distribution. The instrumentation used with these chambers is
shown in Figure 34.

8.13 Gamma Coverage. Gamma detectors located in the environmental tank
and underneath the flatcar provided overlapping coverage from 3 x 106 to 1015
R/hr. These detectors were used with six-decade logarithmic electrometers
and 2-1/2 decade linear amplifier systems as shown in Figures 32 and 36.

20th CENTURY IONIZATION CHAMBER I I AMPO EL A LI
GENERAL ELECTRIC IONIZATION CHAMBER I I

10o%
_ _TAP - MAGNETIC

- _TAPE

L es RECORDER

SHIELD TAP

COAXIAL
CABLE

HIGH VOLTAGE

SUPPLY

Fig. 36 Nuclear channel using low-level amplifier.

8.14 Miscellaneous Coverage. For the flux range of greatest interest,
1012 to 1020 nv, redundant gamma and neutron measurements were made. One
group of measurements was made in the environmental tank and another be-
neath the flatcar and flight tube.

After the nuclear detectors were located in the environmental tank and
underneath the flatcar, the reactor was operated at a low power to check nuclear
detector sensitivities. A discussion of the power calibration procedure and
results is given in Section 11.2.

8.2 Nuclear Instrumentation

The expected reactor period of 500 microseconds required instrumentation
systems having an overall frequency response of 20 kcps. Specifically designed
instrumentation and standard and modified commercial instrumentation were
used to obtain the fast response time necessary to document the destructive
test.

8.21 Logarithmic Electrometers. To use the wide dynamic range and fast
response time of the nuclear detectors, a six-decade logarithmic electrometer
was constructed by modifying a linear electrometer. The electrometer input was
biased at 10-8 amperes to ensure a minimum frequency response of 100 cps
and to bias the electrometer above the noise level. The electrometer had a fre-
quency response of at least 1 kcps over most of its operating range. A twenty-
point per decade calibration was made on each electrometer.
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8.22 Linear Systems. To obtain nuclear coverage of the expected peak power,
2-1/2 decade coverage was obtained from a chamber using a low-level amplifier.
Four and one-half decade coverage was obtained by using two amplifier systems.
The instrumentation systems are shown in Figures 34 and 36. The frequency
response of all components in these systems was 50 kcps except for the magnetic
tape which was 20 kcps.

8.23 Power Supplies. Battery power supplies having low noise levels were
used to power the miniature ionization chambers, semi-rad chambers, and
scintillators because the minimum output voltage of the existing ac high-voltage
power supplies was too high and the maximum output current of the supplies
was too low. Capacitors were placed in parallel with the battery to store suffi-
cient energy to power a chamber during a 5 msec power burst with less than
1 percent error due to power supply loading. The electrical circuits are shown in
Figures 30, 33, and 34.

To reduce cable leakage current by at least two decades and thereby permit
operation at a lower flux level, triaxial cable was used to electrically shield the
signal high-voltage lead to the chamber.

8.3 Conclusions

The range of the neutron and gamma fields was encompassed by overlapping
detector coverage from 5 x 107 to 3 x 102 0 nv and from 3 x 106 to 1015 R/hr
with instrumentation systems having a 20 kcps overall frequency response. The
performance of the complete nuclear instrumentation system, except for three
miniature ionization chambers, was well within the measurement requirements
as defined prior to the test. The quality of the resulting data was sufficient to
permit treatment and analysis of the nuclear information with an adequate degree
of accuracy.

9. DESTRUCTIVE TEST MEASUREMENTS -- NONNUCLEAR

Nonnuclear measurements of pressure, strain, displacement, acceleration,
and temperature were performed during the SNAPTRAN 2/10A-3 destructive
test to obtain information which would aid in determining the mechanical energy
release and to observe the physical effects resulting from mechanical disassembly
of the reactor. These measurements were provided by detectors positioned in
the reactor core and on the reactor vessel and support structure; in the en-
vironmental tank and on the railroad flatcar; and in the atmosphere above the
tank as well as at more distant positions outside the immediate test area. The
reactor consisted of 37 fuel rods in a cylindrical vessel 9 inches in diameter
by 13 inches long. The reactor vessel containing the core was inverted and
mounted on a pedestal centered in an environmental tank 14 feet in diameter
by 10 feet high. The entire system was mounted on a railroad flatcar as shown
in Figure 37. The detectors in the core were subjected to a NaK environment
while those in the environmental tank were subjected to both water and at-
mospheric environments. All detectors were subject to temperature changes --
particularly those in-core and in the atmosphere outside the test building. The
physical configuration of the SNAPTRAN 2/10A-3 test package is described in
greater detail in STEP Project Quarterly Technical reports IDO-17012 and
IDO-17058.
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Fig. 37 SNAPTRAN 2/10A-3 reactor and flatcar assembly.

9.1 In-Core Nonnuclear Measurements

Standard nonnuclear measurement techniques were not applicable for in-
core use because of the relatively short period of time for hydrogen release
and vessel rupture as compared to the time required for energy transfer from
the fuel to other regions of the core and for subsequent detector response.
Therefore, special fast-response energy probes were the only nonnuclear de-
tectors used in the core. These probes were fabricated from two 0.5-mil
Chromel-Alumel wires embedded in small fuel samples and were used for in-
core measurements of fuel temperature. The probes were also useful for
nuclear measurements and are discussed elsewhere regarding this application.
The fuel samples in the probes were (a) 10 weight percent U-235, (b) 5 weight
percent U-235, and (c) zirconium-hydride. The 10 weight percent samples were
identical to the fuel material and were expected to experience and indicate
temperatures corresponding to the fuel temperature. Similar results were
expected from the 5 weight percent probes, whereas the zirconium-hydride
probes were used chiefly to provide information for assessing the gamma con-
tribution to the total fuel temperature.

Fourteen probes were sealed in the core in the following distribution:
six 10 weight percent probes, six 5 weight percent probes, and two zirconium-
hydride probes. Six probes (three 5 weight percent and three 10 weight percent)
were located outside the vessel. These probes were aligned in a radial array
with those inside the core. Information concerning energy probe identification,
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location, and measurement is summarized in Table XIV, and a cross-sectional
view of the probe placement in the core and water reflector is shown in Figure 38.

9.2 Pressure Measurements

Pressure transducers were installed in the environmental tank to aid in
determining the pressure generation and propagation characteristics and to
provide information which could be used in determining the mechanical energy
release. These transducers were of the strain gauge, crystal, and variable

TABLE XIV

SNAPTRAN 2/1OA-3 ENERGY PROBE SUMMARY

Code Measurement

Gamma Heating

Gamma Heating

Temperature

Temperature

Temperature

Temperature

Temperature

Temperature

Temperature

Temperature

Temperature

Temperature

Temperature

Temperature

Distribution

Distribution

Distribution

Distribution

Distribution

Distribution

[a] Energy probes located

Z

Z

Z

Z

Z

Z

Z

Z

Z

Z

Z

Z

Z

Z

= 0.0

= 0.0

= 0.0

= 0.0

= 0.0

= 0.0

= 5.5

= 3.0

= 0.0

= 0.0

= 0.0

= 0.0

=-3.0

=-5.5

in.

in.

in.

in.

in.

in.

in.

in.

in.

in.

in.

in.

in.

in.

Probe Location

In-Core

(4)(5)(13)[a]

(5)(13)(14)

(1)(5)(6)

(5)(6)(15)

(15)(16)(31)

(31)(32)(Be-2)

(8)(19)(37)

(8)(9)(21)

(1)(2)(3)

(6)(7)(17)

(16)(17)(33)

(32)(33)(Be-1)

(9)(10)(22)

(10)(11)(24)

Between Binal Sleeve and Vessel

Z =-2.0 in.

Z =-2.0 in.

Reflector Outside Binal Sleeves

EP-1

EP-2

EP-3

EP-4

EP-5

EP-6

EP-10

EP-l1

EP-12

EP-13

EP-14

EP-15

EP-19

EP-20

EP-7

EP-16

EP-8

EP-17

EP-9

EP-18

= 0.0

= 0.0

= 0.0

= 0.0

in. R = 0.75 in. from Binal sleeve[b]

in. R = 0.75 in. from Binal sleeve

in. R = 1.5 in. from Binal sleeve

in. R = 1.25 in. from Binal sleeve

in interstices formed by the indicated pins.

[b] R and Z are radial and axial distances from the core centerline.
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Z

Z

Z

Z

Fuel

Fuel

Fuel

Fuel

Fuel

Fuel

Fuel

Fuel

Fuel

Fuel

Fuel

Fuel

Flux

Flux

Flux

Flux

Flux

Flux
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impedance types. The transducers in the tank were submersed in water and were
expected to be subjected to high pressure fields following vessel expansion and
disassembly. These transducers, with the exception of the Crystal Research
devices, were sealed in waterproof protective cases similar to the one illustrated
in Figure 39. The cases, in turn, were mounted on 3/4-inch OD by 1/4-inch ID
piping which provided a compliant support having a few cycles per second
resonant frequency. A typical transducer case and shock mounting is illustrated
in Figure 40. The transducer lead wires were routed through the piping and out
through the environmental- tank bottom, thereby providing protection for the
leads. The Crystal Research pressure transducers were capable of withstanding
10 5 psi water pressure, and thus werenot sealed in protective cases. They were,
however, mounted on 0.25-inch stainless steel rods as shown in Figures 40 and 41.

The pressure transducers in the environmental tank were positioned as
shown in Figure 42. The location of these tranducers and their range capability
and measurement purpose are summarized in Table XV. Measurements from
those detectors located along the negative X-axis were considered as primary
sources of data, while measurements taken along the negative Y-axis were
considered less important because of reflection effects caused by periscopes
and other instrumentation projecting into the tank. Three sets of two trans-
ducers each were located in the tank at 0, 45* and 900 to determine whether reactor
disassembly was symmetrical or preferential. Several transducers were located
beneath the calorimeter support flange, near the tank floor and walls, and near
the water surface. The transducers beneath the support flange were expected to
remain intact and water-covered longer than those nearer the reactor vessel and
water surface and, therefore, were expected to provide the most complete
pressure time-history of the excursion. The transducers at the tank wall and

2 I

3
I2 3 4 5

--- 4

6

1. PRESSURE TRANSDUCER 5
2. PRESSURE CASE

3. FLANGE ADAPTER

4. SUPPORT PIPE (3/4 IN. OD., 1/4 IN. ID.)

5. TRANSDUCER LEAD WIRE

6. O-RING PRESSURE SEAT

Fig. 39 Typical pressure transducer case.

1. PRESSURE CASE

2. CRYSTAL RESEARCH PRESSURE TRANS-

3.

4.

5.

DUCER

SUPPORT ROD (1/4 IN. S.S.)

SUPPORT PIPE (3/4 IN. O.D., 1/4 IN. I.D.)

WELDED TO TANK FLOOR

Fig. 40 Typical pressure transducer shock
mount.
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TABLE XV

SNAPTRAN 2/1OA-3 PRESSURE TRANSDUCER SUMMARY

RANGE
CAPABILITY

CODE DETECTOR (psi) LOCATION

P-1 A Kaman Nuclear Model K-1200-3, S/N 48 10 K Y - -18 in. i-T
Z -32 in.

P-2 B Crystal Research Model R-63, S/N 431 150 K Y = -24 in. In-Tank
Z = -32-1/4 in.

P-3 C Norwood Model 114, S/N 6514 60 K Y = -28 in. In-Tank
Z = -2-3/4 in.

P-4 D Crystal Research Model R-63, S/N 432 150 K Y = -37 in. In-Tank
Z = 2-1/8 in.

P-5 E Kaman Nuclear Model K-1200-3, S/N 49 30 K Y = -4 in. In-Tank
Z = 0 in.

Y = -47-1/2 in. In-Tank
P-6 F Crystal Research Model R-63, S/N 441 150 K Z = 2-1/4 in.

P-7 G Kistler Model 617A, S/N 4387 70 K Y = -72-1/2 in. In-Tank
Z = -1/2 in.

P-8 H Crystal Research Model R-63, S/N 442 150 K Y -69 in. In-Tank
Z = -1/2 in.

P-9 I Consolidated Electrodynamics Corporation 1 K X = -24 in. In-Tank
Model 4-317, S/N 2156 Z = -30 in.

P-10 J Crystal Research Model R-63, S/N 433 150 K X = -27 in. In-Tank
Z = -23-3/4 in.

P-ll K Norwood Model 114, s/N 6477 60 K X = -27-1/2 in. In-Tank

Z = 2-1/2 in.

P-12 L Crystal Research Model R-63, S/N 434 150 K X = -29-1/2 in. In-Tank
Z = 3n.

P-13 M Norwood Model 114, s/N 6479 60 K X = -43-1/2 in. In-Tank
Z = -1-3/4 in.

P-14 N Crystal Research Model R-63, S/N 435 150 K X = 43-1/2 in.In-Tank
Z = 2-3/4 in.

P-15 0 Norwood Model 114, S/N 6484 60 K X = -71-3/4 in. In-Tank
Z = -3/4 in.

P-16 P Crystal Research Model R-63, S/N 437 150 K X = -71-1/4 in. In-Tank
Z = 0 in.
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TABLE XV (Cont.)

SNAPTRAN 2/10A-3 PRESSURE TRANSDUCER SUMMARY
RANGE

CAPABILITY
CODE DETECTOR (psi) LOCATION

P-17 Q Consolidated Electrodynamics Corporation X = -24-1/4 in. In-Tank
-d Ql 1 K

Y = -14-1/4 in. Z = -53-1/2 in.

P-18 R Kistler Model 617A, S/N 4388

P-19 S Crystal Research Model R-63, S/N 438

P-20 T Crystal Research Model R-63, S/N 439

P-21 U Norwood Model 114, S/N 6649

P-22 V Crystal Research Model R-63, S/N 440

P-23 W Norwood Model 114, S/N 6485

P-24 X Crystal Research Model R-63, S/N 444

P-25 Y Norwood Model 114, S/N 6486

P-26 Z Crystal Research Model R-63, S/N 443

70K X= -45 in.

Y = -26 in.

150 K X = 15-1/2 in.

Y = -26-5/8 in.

150 K X = 54-1/2 in.

Y = 54-1/2 in.

60 K X = 42-1/2 in.
Z = 4-1/2 in.

150 K X = 41-1/2 in.

z = -9-1/2 in.

60K X = 3o in.

Y = 30 in.

150K X = 28 in.

Y = 28 in.

60 K Y = 42-1/2 in.

Z = -4-1/2 in.

150 K
Y = 40-1/2 in.

Z = -12-1/2 in.

In-Tank

Z = 25 in.

In-Tank

Z = -55 in.

In-Tank

Z = -57 in.

In-Tank

In-Tank

In-Tank

Z = -4-1/2 in.

In-Tank

Z = -11-3/4 in.

In-Tank

In-Tank

water surface were positioned to provide pressure information concerning
pressure reinforcement and reflection at those boundaries.

A passive pressure measurement was performed by means of a series of
deformation gauges. These gauges were spaced at intervals along one radius of
the environmental tank.

9.3 Strain Measurements

Strain gauges for observing reactor disassembly and for determining the
extent of mechanical energy conversion to stress and deformation were installed
on the reactor vessel, pedestal, flight tube, environmental tank, and flatcar.

Eight Bakelite-backed foil strain gauges were installed on the vessel sides
and bottom: four 900 apart on the vessel sides and four on the vessel bottom.
Five of these gauges were equipped with dummy elements for temperature and
radiation compensation. Slack was left in the lead wires so the expansion of
the vessel during disassembly would not break the lead wires before the strain
measurement was terminated through loss of the gauge.
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Several Bakelite-, epoxy-, and paper-backed foil strain gauges were in-
stalled on the pedestal, flight tube, tank walls, flatcar structure, and in the con-
crete backing surrounding the tank. These gauges were not compensated for

temperature or radiation since both effects were expected to be insignificant at
these locations. The gauges located on the reactor vessel, support pedestal,
and flight tube are shown in Figure 43. These gauges, as well as those on the
environmental tank and flatcar, are summarized in Table XVI.

9.4 Temperature Measurements

Four fast-response Chromel-Alumel thermocouples were installed on the
superstructure above the environmental tank to measure temperature changes
resulting from steam generation upon expulsion of hot fuel into the water, and
from NaK-water and zirconium-air reactions. These thermocouples were mounted
10 and 20 feet above the reactor -- two at each height. One thermocouple at each
position was shielded from the effects of water expelled from the tank.

A fast-response thermocouple was installed on the camera tower to provide
a means of evaluating the temperature effects on temperature- sensitive acoustic
microphones. Information describing thermocouple type, location, and measure-
ment is presented in Figure 44 and Table XVII.

9.5 Displacement and Acceleration Measurements

Conductivity probes and slide-wire floats were used to determine the water
displacement and water surface profile. One vertical and one horizontal con-
ductivity probe installation was fabricated from 1/8-inch MgO stainless steel
sheathed wire. The probes were mounted so water being forced out of the tank
would short each probe, thereby giving a step output. Three slide wires for
measuring water displacement were fabricated from Nichrome wire and were
supported above the water surface by an aluminum tube. The slider contacts
were mounted on a small polystyrene float having a minimum mass-to-volume
ratio.

A linear displacement transducer having 2-1/2 inches of travel was attached
to the flatcar for the purpose of measuring flatcar displacement. Since the flat-
car was expected to be displaced approximately five inches, a mechanical mount
having a reduction ratio of 2 to 1 was used. The flatcar displacement measurement
was supplemented by acceleration measurements obtained from three vertical
and two horizontal accelerometers mounted on the flatcar structure. All accelera-
tion and displacement detectors and measurements are summarized in Table
XVIII.

9.6 Supplementary Measurements

The measurements previously discussed are important as independent
sources of information and are adequate for explaining a particular phenomenon.
The following measurements were performed to provide time-of-event and time-
history data for correlating the test events. These measurements, termed as
miscellaneous or supplementary measurements, are presented in Table XIX.

Acoustic microphones, for supplementing pressure measurements and for
providing event-time information, were installed: one above the environmental
tank, two on the camera tower at the 75-foot and 150-foot heights, and four on
the radiation grid at 25, 50, 100, and 300 meters.
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Fig. 43 Strain gauge locations.
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TABLE XVI

SNAPTPAN 2/10A-3 STRAIN GAUGE SUMMARY

Code

SG-1

SG -2

SG-3

SG- 4

SG-5

SG-6

SG-7

SG-97

SG -76

SG-77

SG-78

SG-79

SG-8o

SG-9

SG-43

SG- 44

SG-67

SG-68

SG-75

SG-81

SG-96

SG-98

SG-99

Detector

BLH-FAB-25-12-59

BLH-FAB-25-12-59

BLH-FAB-25 - 12-59

BLH-FAB-50-12-59

BLH-FAB-50-12-59

BLH-FAB-50-12-59

BLH-FAB-50-12-59

BLH-FAB-25-12-56

BLH-FAB-25-12-56

BLH-FAB-50-12-56

BLH-FAB-50-12-56

BLH-FAB-50-12-56

BLH-FAB-50-12-56

BLH-FAB-50-12-56
and

BLH-FAB-100-12-56

BLH-PA

and
BLH-FAB-50-12-56

BLH-ES-9-5

BLH-FAB-50-12-56

Nichrome Wire

Nichrome Wire
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Location

Vessel bottom center

Vessel bottom Y = 1-3/4 in.

Vessel bottom X = 1-3/4 in.

Vessel wall Y axis, Z = 0

Vessel wall X axis, Z = 0

Vessel wall -Y axis, Z = 0

Vessel wall -X axis, Z = 0

Vessel bottom X = -l in.

Flight tube top

Flight tube 6 in. down from top

Pedestal 6 in. down from top

Pedestal 21-1/2 in. down from top

Pedestal 6 in. up from tank floor

Outside tank wall

Inside tank wall

Imbedded in concrete

Flatcar structure

Around tank

Around tank



TC-6
TC-7

- z=o

SNAPTRAN 2/IOA-3

r- D

-TC-8
-TC- 5

150' INSTRUMENT TOWER

Fig. 44 Thermocouple locations.
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TABLE XVII

SNAPTRAN 2/1OA-3 THERMOCOUPLE SUMMARY

Detector

NARMAC

PPCo 2-Mil Fast Response

NANMAC

PPCo 2-Mil Fast Response

PPCo 2-Mil Fast Response

TC-1O PPCo 2-Mil Fast Response

Measurement

Air Temperature

Air Temperature

Air Temperature

Air Temperature

Air Temperature

Air Temperature

Location

10 ft above tank

20 ft above tank

10 ft above tank

20 ft above tank

75-ft height on
camera tower

145-ft height on
camera tower

TABLE XVIII

SNAPTRAN 2/lOA-3 DISPLACEENT
AND ACCELERATION DETECTOR SUMMARY

Code Detector Measurement Location

SW-2 7-ft Nichrome Slidewire Water Displacement Above Tank

SW-3 7-ft Nichrome Slidewire Water Displacement Above Tank

SW-4 7-ft Nichrome Slidewire Water Displacement Above Tank

CP-1 Water Conductivity Probe Water Displacement Above Tank

CP-2 Water Conductivity Probe Water Displacement Above Tank

CP-3 Water Conductivity Probe Water Displacement Above Tank

CP-h Water Conductivity Probe Water Displacement Above Tank

CP-5 Water Conductivity Probe Water Displacement Above Tank

DP-1 Bourns Linear Motion Flatcar Displacement Under Flatcar

Transducer, Mod-159

AC-4 CEC, Mod---202-OOOl Flatcar Acceleration Under Flatcar

AC-5 CEC, Mod-4-203-OOOl Flatcar Acceleration Under Flatcar

AC-6 CEC, Mod-4-202-OOOl Flatcar Acceleration Under Flatcar

AC-7 CEC, Mod-4-203-OOOl Flatcar Acceleration Under Flatcar

AC-8 Kistler, Mod-808 Flatcar Acceleration Under Flatcar
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TABLE XIX

SNAPTRAN 2/1OA-3 SUPPLEMENTARY DETECTOR SUMMARY

Code Detector

P-27 Bruel and Kjaer Micro-

phone, Mod-4135

P-28 Altec Microphone Mod-633A

P-29

P-30

P-31

Altec Microphone Mod-633A

Altec Microphone Mod-633A

Bruel and Kjaer Micro-
phone Mod-4135

P-32 Bruel and Kjaer Micro-
phone Mod-4135

P-33 Altec Microphone Mod-633A

TA-1 5 Crystal Pressure
Transducers 1 ft apart

AN-1 2 Fast-Response TC's 26in.

Apart

AN-2 2 Fast-Response TC's 5 ft
Apart

SW-1 5-ft Nichrome Slidewire

BW-1 Tungsten Breakwires

LC-1 Photocell

Measurement

Air Pressure

Air Pressure

Air Pressure

Air Pressure

Air Pressure

Air Pressure

Air Pressure

Water Pressure Propagation

Air Pressure Propagation

Air Pressure Propagation

Sleeve Displacement

Sleeve Displacement

Event-Time Coverage

Location

75-ft height on
camera tower

145-ft height on
camera tower

Grid at 25 meters

Grid at 50 meters

Grid at 100 meters

Grid at 300 meters

Above tank

Inside tank

145-ft height on
camera tower

Grid at 50 meters

Sleeve support rod

Sleeve support rod

Edge of tank

Time-of-arrival detectors were installed in the environmental tank and off
the test pad to measure water pressure propagation and to measure the velocity
of the blast pressure propagation in air, respectively. The time-of-arrival
detector, TA-1, located in the water, was fabricated from crystal pressure
transducers spaced one foot apart and was designed to trigger at approxi-
mately 1000 psi giving five impulse outputs. The time-of-arrival detectors,
AN-1 and AN-2, located off the test pad, were fabricated from two fast response
thermocouples spaced 26 inches apart at one location and 5 feet apart at the
other location. These thermocouples were designed to give impulse outputs as
the pressure wave arrived.

Binal sleeve displacement was measured by a Nichrome slide wire, SW-1,
mounted on the sleeve support rod. Two 1/16-inch tungsten break wires, BW-1,
were also mounted on the sleeve support rod to provide a second method of
determining sleeve displacement. The information gained from these measure-
ments was used in determining the rate of reactivity insertion.

A radiation-shielded photocell, LC-1, was used during the test to ascertain
the time of triggering of the photographic flash lamps and to correlate the
photographic and other experimental results.

9.7 Countdown Check-out Procedure

During countdown, a detector operational check-out procedure was followed
to ensure that all detectors would be operative during the test. This procedure
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consisted of mechanically exciting the microphonic modes of the detectors to
produce an output signal which was conditioned and monitored. This procedure
not only checked the detector but also checked the complete signal conditioning
channel. Instrumentation which was not particularly suited to this method of
check-out was checked by other methods; for example, slidewires were checked
by moving the center slider contact, thermocouples were checked by heating the
thermojunction, and the photocell was checked by a light source.

9.8 Conclusions

During the destructive test, detector losses were limited to those on the
reactor vessel and at the water surface. Since the destructive energy release was
in the lower portion of the expected range, detectors which were ranged for
maximum coverage showed little or no output. Environmental pressure, water
displacement, flatcar displacement, vessel and pedestal strain, and event-time
data were obtained.

10. EXPERIMENTAL MEASUREMENTS -- PHOTOGRAPHIC

Photographic coverage was provided during the destructive test through
the use of 21 high speed data and slow speed documentary cameras. Camera
types, running speeds, and positions were selected to give close-up views of
reactor disassembly as well as overall views of the total destructive event.
Those cameras used for direct viewing, as opposed to those used in conjunction
with periscopes, are summarized in Table XX.

TABLE XX

SNAPTRAN 2/1OA-3 DESTRUCTIVE TEST CAMERAS

Camera Type

Photosonics 16-1B

Waddell 16-1

Bell and Howell

Arriflex

Hulcher Press

Dynaf ax (EG&G )

EO-600 (EG&G)

[a] Limited lighting

Framing Rate

300 to 1,000 f/sec

2,000 to 10,000
f/sec [a]

16 to 48 f/sec

16 to 48

Single framing to
20 f/sec

17,680 f/sec and
8,840 f/sec

1 frame every 20
p sec

Film Size

16 mm

16 mm

16 mm

16 mm

70 mm

16 mm frames
film on 35 mm

4 x 5 in.

Film Capacity

100 and 400 feet

100 and 400 feet

100 and 400 feet

100 and 400 feet

100 feet, 2-1/1i
x 2-1/4 in.

224 16 mm frames

6 frames

restricted these cameras to a framing rate of 3,000 f/sec.
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Number
Used

9

3

2

1

2

2

2



The high speed Photosonics, Waddell, Dynafax, and EO-600 cameras were
positioned to produce data films of the rapidly changing events occurring during
the test. The slower cameras were chosen for the purpose of producing docu-
mentary, higher resolution, color photographs.

Camera stations, 1, 2, 3, 4, 5, and 10 were positioned as shown in Figure
45 to give general and multi-directional coverage of the destructive excursion.
The cameras at these stations were placed in housings designed to provide
weather and blast protection and radiation shielding. The high speed (3000 f/sec or
greater) cameras were placed closer to the test package to obtain smaller
fields of view and a correspondingly more detailed view of reactor disassembly.
At least two high speed cameras (300 to 3000 f/sec) were contained in stations
1, 2, 3, and 10. Data cameras contained black and white film, and documentary
cameras contained color films. The data cameras were equipped with timing
lights which produced 1 kcps timing marks on the side of the film; this feature
was absent on the documentary cameras.

The closest views of the reactor vessel were obtained with the use of the
Dynafax and EO-600 cameras. These cameras were positioned to view through
water-filled periscopes attached to the inside of the environmental tank.

All cameras, with the exception of those in stations 4 and 5, were started
one-half second to thirty seconds before test initiation. Due to their limited
film capacity, the ultra high speed EO-600 and Dynafax framing cameras at
stations 4 and 5, used by Edgerton, Germeshausen, and Grier (EG&G), were
triggered during the reactor excursion. The EO-600 cameras were triggered
by breakbands on the reactor vessel. The cameras were set to start when radial
expansion of the reactor vessel exceeded five percent. The Dynafax cameras
were triggered at a power of about 200 kW by the output signal from gamma
chambers. Back lighting, giving silhouette photographs of vessel expansion and
disassembly, was provided for the EG&G Dynafax and EO-600 cameras by flash
lamps and xenon discharge tubes.
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STATION DISTANCE CAD OF RUNNING OF PRIMARY PURPOSE REMARKS
NUMBER CAMERAS TIME FILM

I 180 FT. 3000 I 2.8 SEC. I1o
M M

/Bew HI SPEED DATA

I 180 FT. 1000 F/s I 14 SEC. I6MM/s tw HI SPEED DATA
I 180 FT. 450 F/ I 40 SEC. 16MM/COLOR HI SPEED DOCUMENTARY
I 180 FT. 450 F/5  40 SEC. 16MM/Btw HI SPEED DATA POSITION I 6 2 ARE ON
2 180 FT. 48 '/s 8 MIN. |6MM/CoLoR MED. SPEED DOCUMENTARY SHIELDED SLEDS, 1000 F/s

___ _____CAMERA AS BACK-UPS
2 180 FT. 3000F/s I 2.8 SEC. I6M/Btw HI SPEED DATA FOR 3000 F/ 5 CAMERAS
2 180 FT. 1000 F/ I 14 SEC. I6MM/Bew HI SPEED DATA
2 180 FT. 450 /s I 40 SEC. I6MM/nw HI SPEED DOCUMENTARY
2 180 FT. REOENCE I 40 SEC. 

7O0MM toR HI RESOL DOCUMENTARY
3 175 FT. 3000/s I 2.8 SEC. I6

MM
/Bw HI SPEED DATA

3 175 FT. 1000 F/ I 14 SEC. I6
MM

/Bew HI SPEED DATA VIEW FROM 150' TOWER

3 175 FT. 450 F/s I 40 SEC. 16M
"/coLoR HI SPEED DOCUMENTARY

4 20 FT. 50,000E/s 2 120 S 4"X5" HI SPEED DATA PROVIDES SILHOUETTE VIEW
5 20 FT. 17,680E/s 2 12.7 MS 35MM/Bw HI SPEED DATA OF CORE EXPANSION

10 650 FT. 450 / I 40 SEC. I6
MM

/cooR HI SPEED DOCUMENTARY

10 650 FT. 450 F/
5  

I 40 SEC. 16MM/sew HI SPEED DATA
10 650 FT. P I 40 SEC. 70MM/coLoR HI RESOL DOCUMENTARY OVERALL DOCUMENTATION

IO 650 FT. 24 F% I 12 MIN. 16MM/COLOR STD. SPEED DOCUMENTARY

II %'/ MILES 24 F'/5 I 12 MIN. 16MM/coLoR STD. SPEED DOCUMENTARY

Fig. 45 Camera station locations and photographic summary.

70



11. EXPERIMENTAL MEASUREMENTS -- RADIOLOGICAL

Monitoring of the radiological effects of the destructive test included
measurement of the fission product release, the direct gamma and neutron
doses, and the spread of airborne contamination. Measurement of the beryllium
release was also included. Sampling equipment used during the test was located
on the radiological grid, on the 150-foot tower, and on the IET exhaust stack.
Water catch cans and trays were located on the reactor dolly; film-badge
devices were located on an approximate 10-meter arc; "Clothesline-type"
sample stations were located east of the reactor; and special high-range dosim-
eters and activation-foil boxes were located in the immediate reactor area. An
airplane, equipped with monitoring instruments, was employed to follow the
radioactive cloud.

11.1 Monitoring Network

A radiological monitoring network was set up to measure the consequences
of the destructive test (including measurements of fission product release,
direct gamma and neutron doses, spread of airborne contamination, and the
release of beryllium). The monitoring network included a radiological monitoring
grid in a series of arcs with the reactor test pad at the center. Sampling equip-
ment was heavily concentrated in a 60 sector of the network. The centerline of
this sector was oriented 300 east of true north along the expected path of the
radioactive cloud. The types of samplers used and the placement of the instru-
mentation on the monitoring grid are shown in Figures 46, 47, 48, and 49, with
a typical grid station shown in Figure 50. In addition to the grid instrumentation,
samplers were located on the test pad immediately surrounding the reactor and
near the off-site populated areas.

The potential hazards of the test, particularly the release of fission
products and beryllium to the atmosphere, required that the test be prohibited
until acceptable meteorological conditions prevailed. These conditions, estab-
lished by the Idaho Operations Office of the AEC in conjunction with the U. S.
Weather Bureau, were:

(1) Lapse (unstable) conditions, to persist a minimum of three
hours after the test to ensure adequate diffusion conditions

(2) Mean wind direction in the sector between 180 and 240*, with
the allowance of an additional 20 on each side of the sector for
short term wind fluctuations

(3) Wind speed between 10 and 30 miles per hour; the lower limit
to ensure reliability for forecasting a persistent wind direction
and the upper limit to ensure safe aerial monitoring.

(4) No precipitation in the area in order to maintain good sampling
conditions and to prevent localized washout of radioactive
materials.

11.2 Air Samplers and Filters

A wide variety of air samplers were used to measure the radiological
consequences resulting from airborne activity. These samplers included high-
volume air samplers, noble-fission-gas samplers, and particle-size samplers.
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Fig. 46 Radiological monitoring grid beyond a radius of 1500 meters.

72

MATSI

1 1
1A

.1. - - -

1p
I II

I « I

_ LEGEND

pTELEr(TERING STATION

rlar IAOOt
fALIOT A T(o
MIGM sWAILAI Sr E1

C[OISoS uT

_ _

K



./nIN

- DISP1

I ~C- C-13

--. E IT. u T -AI
- -- / TAr-TIe WUTM[A

C-l10-1T D//

STAr-sa '

rllEL TRA ',
*161C11 1a

c - 9 '--- - COM "

aa

S- eTM- a-9

T AN-319 A-S 5a~
J '0 -S LL A -f - g

{ f AC R AOIACTR VE

I [NAus T OYGT 25 1 70i T AstW

al -T en A 3'"-* M 50 M-vT Irg. T tav 1t
T~r-711 -- -- A-- 0TEST C[LL Ir C-19I

- . C-2_0r .

CB-2 -I

0 5 10 IS 20 2 SO
e-1 SCALE 1N METERS

L . _ _ _. .. _ _._ _ . _ _ . . - . _ m u.IT . m _ .e _ _s . . _ _ . __ _ _ . . _ _ _

Fig. 47 Radiological monitoring grid to a radius of 100 meters.

73



E-8 -10 -II E-12 E-14

300 M.4E -l6E-

T YP 60 s E-18

D-D -5 C-7D-

C-KEY

E-3 0-4 -2 00M S

E-9 C-2- CE-2 -2

C-l - A-3 B-P D-1A

C--A-A-A-2HIHA-4-CL-EAIKE

E-39 0-24 C-24 B-12 A-12 + A-6 B-6 C-12 0-12 E-27 o- FALLOUT PLATES 8 FILM

BADGES

A-I A-7 "-NUCLEAR ACCIDENT DOSI-

C-23 -8 C-13 METERS

0-23 B-"I A-0 -9 8-7 -3 o-REMOTE AREA MONITORS
E -38 E-28 - HIGH-VOLUME AIR SAM -

C-22 C-14 PLERS
B-e 0-FISSION GAS DETECTORS

o-2z C-21 B-'* 8-9 C-S +-PARTICLE SIZING SAM-
E-29 PLERS

E-37E29 PLRC r-GRASS SAMPLERS
CC-9 - C -17-s -CYCLONE SAMPLERS

-RAILROAD TRACKS *-RADIOLOGICAL SURVEIL-
E-36 D-20 0-16 LANCE TOWER

D-19 D-B -1

E-35 E-31

E -34 E -32

E-33

Fig. 48 Radiological monitoring grid to a radius of 300 meters.
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Fig. 50 Typical grid station, consisting of a fallout plate, a film dosimeter, a high-volume air
sampler, and a fission-gas detector.

75

;.
; ;

N 
r

.

..

L 
t >

. s b ,,, - r

_..

..

~~. , , ... m

. : ' e ~ _

...

~ ~ . . ,y« ; .

- ;,

q

.
g '

'

;,,

. _ :

a ' _

' "" _ .ar a

-p,.w..rr

,

4



11.21 High-Volume Air Samplers. A staplex model, high-volume air sam-
pler, shown in Figure 51, was selected for use during the destructive test. This
sampler was modified to draw a large volume of air through a four-inch-
diameter particulate filter, backed by a standard one-inch-deep charcoal car-
tridge for collecting iodine. With this arrangement, the average flow rate through
the samplers was approximately 22 cfm. Some of these samplers were modified
to obtain greater flow rates (approximately 40 cfm) by enlarging the inlet side
of the sampler and thus allowing the air to be drawn through 2 four-inch-
diameter filters, each backed by a charcoal cartridge.

Fig. 51 High-volume air sampler.

11.22 Noble-Fission-Gas Detector. Fission-gas detectors were designed to
sample the radioactive noble gas concentration in the cloud near ground level.
The gas concentration was measured by drawing a sample of the cloud through a
high-efficiency filter into an airtight balloon as shown in Figures 52 and 53.
The air was pulled into the balloon while the cloud was passing; the noble gases
were allowed to decay to their particulate daughters for a prescribed period of
time, after which the balloon was deflated through a second high-efficiency
filter. The amount of daughter product activity trapped on the second filter and
plated out in the balloon was measured by gamma-ray counting. The daughter
product activity and information concerning the known half-lives and decay
chains were used in calculating the amount of noble gases trapped in the balloon.

11.23 Particle Size Samplers. Particle-sizing samplers used on the grid
included cyclone samplers [1], Unico cascade impactors [2], and Andersen
samplers [3]. The cyclone sampler is a two-stage collector consisting of a
cyclone sampling device in series with a high-efficiency filter. The cyclone
stage captures the larger particles -- those greater than 10 microns in diameter.
Smaller particles (less than 10 microns in diameter) are captured by the backup
filter. The Unico sampler is a cascade-type impactor with four deposition stages
a1 _ a backup filter used to measure mass median sizes from 20 to 0.5 microns in
diameter. The Andersen sampler consists of six stages in series, through which
the sample of air is drawn. Each stage contains a sizing plate perforated with
400 holes, and a backup stainless-steel plate coated with a silicone particle
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Fig. 52 Fission-gas detector.
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Fig. 53 Flow diagram of fission-gas detector.
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adhesive. The size of the holes is constant for each stage but is smaller for
each succeeding stage. Consequently, the jet velocity increases in each succeeding
stage. At a sampling rate of 1 cfm, airborne particles of 1 micron or larger are
distributed among the stages according to size. Particles less than 1 micron in
diameter are collected on a backup filter.

11.24 Filters. High-efficiency filtering media, consisting of commercially
available spun polystyrene pads [4], were used on all particulate air samplers
during the test. Spun polystyrene has the advantage of low flow resistance while
maintaining a high collection efficiency of greater than 99 percent for particles
greater than 0.1 micron. In addition, the polystyrene filters did not contain
beryllium and thus were useful for beryllium monitoring.

11.3 Deposition Samplers

Fallout plates, made from a sticky paper, were used for obtaining the fall-
out distribution, concentration, and isotopic identification of the fission products
deposited on the grid from the radioactive cloud. Two sizes of fallout plates
were used: 12 by 15 inches and 4 by 9 inches. The larger plates were used
close to the reactor in the 600 downwind grid sector to assure a highly sensitive
measurement. Since numerous samplers were required to effectively cover the
grid, the smaller, more economical plates were used on the distant arcs.

To obtain a measure of the instantaneous release of fission products from
the fuel into the water, samplers were placed around the reactor and environ-
mental tank to catch the water ejected during the excursion. Open-top samplers
consisting of a series of water catch cans and long compartmented trays were
used to collect water expelled from the tank. In addition, sample bombs were
used to draw samples from the water remaining in the environmental tank
following the test.

11.4 Dosimeters

Several types and discriminatory arrangements of dosimeters were used in
the test to ascertain the beta, gamma, and neutron dose rates and doses re-
sulting from the various contributing sources of radiation.

11.41 Film Packet Dosimeters. Two types of film dosimeters were used
during the test to measure beta and gamma exposures. Both types contained
Dupont film packets with sensitive and insensitive film for measuring a broad
range of exposures. One type [5] had the flim packet hermetically sealed in
special red plastic designed to reduce the effect of exposure to sunlight. This
type of dosimeter was used because placement could be done well in advance of
the test, thereby reducing preparation time. The other type of dosimeter [6]
contained film packets in a plstic film-badge holder. The holder for this
dosimeter provided windows and shields over the film packet, making dis-
crimination between beta and gamma radiation exposures possible. The mini-
mum detectable dose for these film dosimeters was 10 mrem.

11.42 Subsurface "Well" Dosimeters. To measure the cloud radiation, a
small "well" was dug at each grid station on the 600 sector out to, and including,
the 300-meter arc. These "wells", approximately four inches deep, were fitted
with a metal can. Film badge dosimeters were placed in these cans where they
would be shielded from direct radiation from the reactor and fallout. In this
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shielded position, the dosimeters monitored only the radioactive cloud to give
an integrated exposure reading for the radiation received from airborne
radiation.

11.43 High-Range Dosimeters. Since the possibility of high gamma doses
from the reactor transient could not be ruled out, several types of high-range
dosimeters were installed in the immediate vicinity of the test cell. Commercial
dosimeters used during the destructive test had the characteristics given in
Table XXI.

TABLE XXI

DESTRUCTIVE TEST DOSIMETERS

Dosimeter Dose Range Description

Chemical (tetrachloroethylene) 25 to 105 rem 5 ampoule packets, housed
EG8d, Santa Barbara, California in 3-1/4- x 4-1/8-inch

lithium can.

Silver Phosphate Glass 25 to 104 rem 5 glass rods, contained in
EG&3, Santa Barbara, California 1/2-inch diameter x 1/2-

inch-high discriminatory
shield.

Cobalt Glass 104 to 2 x 106 rem 3 cobalt glass wafers,con-
EG&G, Santa Barbara, California tamed in a 1/2- x 3/4-

inch energy discrimina-
tory shield.

Thermoluminescent 10-2 to 105 rem Lithium fluoride phosphor,
Controls for Radiation Inc., sealed in a 1/2- x 3/4-
Cambridge, Massachusetts inch energy discrimina-

tory shield.

11.44 Neutron Dosimeters. Neutron-activation systems were used to measure
the neutron spectrum and the neutron dose due to the reactor excursion. Six
nuclear accident dosimeters (NAD's) of the ARNL Hurst Type [7] were placed
around the reactor where they could be recovered as soon as possible after the
test. Additional neutron activation samplers consisted of the NRTS personnel
film dosimeter packets, samples of human hair, activation-foil boxes, copper
wire, and samples of blood.

The film-badge dosimeters contained personnel neutron-threshold detectors
incorporating indium, gold, and cadmium-encased gold foils and sulfur. These
detectors measure neutron fluxes in the thermal and fast energy ranges. The
sample of human hair was used to study the application of neutron activation of
sulfur in hair as a measure of accidental neutron exposures. Similarly, the blood
samples were analyzed for activation of sodium in blood as a measure of
accidental neutron exposures. The copper wire and the activation foils were
used to evaluate materials that might improve nuclear accident monitoring
techniques.

11.45 Remote Radiation Monitors. Twenty-one direct radiation monitors,
commonly known as remote area monitors (RAM's) were used during the test.
These remote monitors consisted of detector units, housed in weather-proof
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containers, which were connected by instrument cable to recording and control
panels. These monitors provided a measurement of the gamma dose rate from
the cloud as a function of time, thereby giving a measurement of the radioactive
cloud passage time.

11.46 Prompt Gamma Radiation Dose Measurements. Two sources of gamma
radiation occur during a reactor excursion: that which accompanies the excursion
(prompt) and that which occurs as a result of fission-product decay (delayed).
Two types of instruments were used to determine the portion of the total dose
contributed by the prompt radiation. The first of these consisted of film-badge
stations with two identical film-badge dosimeters, one permanently attached
to the station and the second held in place by an energized solenoid which re-
leased the badge following the power burst. The released badge dropped into a
shielded receptable buried in the ground, thereby measuring only the prompt
radiation dose, while the duplicate badge measured the total integrated dose.

The second group of instruments were gamma-sensitive ionization chambers
located near the reactor. The primary purpose of these instruments was to
measure the power history of the excursion; however, by using the appropriate
conversion factors the output from the chambers was converted to gamma
radiation dose measurements. The signals from the detectors were recorded on
high-speed magnetic tape recorders, and the analog data were in turn processed
by a computer system. With this arrangement, the detector and recording system
was able to follow and trace the prompt gamma dose from the excursion as a
function of time.

11.5 Auxiliary Equipment

Equipment used to monitor specific aspects of the test included samplers
for measuring cloud height and direct radiation, aerial monitoring for measuring
cloud intensity and dispersal, and telemetering systems for measuring ground-
level airborne-particulate activity and gamma dose rates.

11.51 Cloud-Height Samplers. In order to measure the height of the radio-
active cloud as it left the reactor area, sampling equipment was placed at various
heights downwind of the reactor. Part of the elevated samplers were fastened
to a 150-foot metal tower which was installed approximately 20 meters northeast
of the reactor. The remaining samplers were placed on a nylon line fastened to
the top of the 150-foot JET stack located approximately 75 meters north of the
reactor.

The vertical distribution of the airborne release was monitored by 10 high-
volume air samplers, 15 fallout plates, and 15 film-badge dosimeters evenly
spaced from the ground to the top of the 150-foot tower. One recording-type
remote radiation detector also was located at the 75-foot level on the tower.
Fourteen fallout plates and fourteen film-badge dosimeters were evenly spaced
on a line connected to the top of the JET stack.

11.52 "Clothesline" Device. To avoid excessive personnel exposure during
the early recovery of samples located near the reactor, a "clothesline" device
with pulleys was constructed for remote sample recovery. One pulley attach-
ment was tied to the reactor superstructure approximately 3.5 meters above the
reactor core, and a second pulley was anchored 61 meters east of the test pad.
This system was used to position two nuclear accident dosimeters (Hurst
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Threshold Detectors), two NRTS film badges, a section of copper wire, an
activation-foil box, a sample of human hair, and a high-range gamma dosimeter.
These devices were positioned above the reactor where they would be exposed
directly to radiation from the reactor core.

11.53 Air Support. In addition to the instruments in fixed locations, aerial
monitoring and mobile monitoring units were used to determine the intensity,
travel, and dispersion of the radioactive cloud. An airplane equipped with radio-
logical monitoring instruments, was used before the test to confirm that down-
wind restricted areas were cleared of vehicles and personnel. Following the
test, the aircraft was used to locate and follow the radioactive cloud as it
passed beyond the monitoring grid and the boundaries of the testing station.

11.54 Telemetering Network. Two telemetering systems were used during
the destructive test. One system consisted of 25 station units which reported by
radio to a central control panel located in the TAN, Health Physics laboratory.
This network was designed to measure and immediately report the gamma dose
rate and the amount of gross airborne particulate activity near ground level
from the radioactive cloud. This system is described in greater detail in Section
11.6.

The second system consisted of six station units each of which contained
an ionization chamber and an air sampling system for measuring particulate
activity collected on a filter and gaseous activity collected on a charcoal trap.
This system is described in IDO-17038.

12. CONDUCT OF DESTRUCTIVE TEST AND SUMMARY OF RESULTS

On April 1, 1964, the destructive test of the SNAPTRAN 2/10A-3 reactor
was successfully completed at the IET facility. A summary of the test data is
presented in Table XXII. The following sections (Sections 12 through 19) present
the more important test results.

The physical configuration of the test pad and the experimental equipment
can be seen in Figure 54. In the foreground is the EG&G camera dolly con-
taining cameras used to take high speed photographs of reactor disassembly.
Also shown in Figure 54 are the two remotely controlled TV cameras used for
area surveillance and the camera tower used in obtaining "overall" destructive
test photographs. Figure 55 is a close-up view of the exterior of the environ-
mental tank showing some of the process and photographic equipment used
during the destructive test.
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TABLE XXII

SUMMARY OF DESTRUCTIVE TEST RESULTS

Asymptotic period of the power rise

Peak power

Total nuclear energy release

Maximum core average fuel temperature

Excess reactivity

Maximum disassembly pressure

Radiation level at the rim of the
environmental tank

2 hours after test

24 hours after test

Maximum dose rate 100 meters downwind

Noble-gas release from fuel

640 30 psec

i8,000 2,000 MW

45 4 MW-sec

1900 F 200 F

3.75 0.25 dollars

1000 300 psi

<25

3
~i 2

< 5

r/hr

r/hr

r/hr

percent
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13. PHOTOGRAPHIC RESULTS OF THE SNAPTRAN 2/10A-3
DESTRUCTIVE TEST

Reactor disassembly and the resulting effects were recorded by standard
and high speed cameras using color and black and white film as described in
Section II-10. A series of photographs, taken by EG&G cameras, giving a two-
dimensional profile of the reactor during disassembly are shown in Figure 56.
The photographs were taken, with the aid of a periscope arrangement, by a
Dynafax camera operating at a speed of 17,680 f/sec. The salient features of
these photographs are described in Table XXIII.

The series of rapid sequence photographs shown in Figure 57 was taken
from ground level at camera station 2. The events depicted, with time referenced
to peak power, are as follows:

(57.1) The pyrotechnic actuator has been fired; the shock absorber

(A) is compressed, indicating sleeve removal; and the drive mecha-
nism (B) is in place

(57.2) The shock absorber is still compressed, the drive mechanism cap
has been thrown off, and water expulsion has begun.

(57.3) Water expulsion continues.

(57.4- A bright spot was observed in the color photographs at the location
57.5) indicated as (C). This spot, which does not show in the black and

white reproductions because of lack of contrast, was presumed
to be a NaK-water reaction.

(57.6- Water spout reaches maximum height.

57.7)

(57.8- The upper grid plate (D) is seen falling back onto the test pad.
57.9)

(57.10- Expelled water falls onto the test pad and forms secondary "clouds"
57.12) which begin drifting; the environmental tank remains intact.

Figure 58 shows a sequence of pictures taken from a camera in station 3
located 150 feet above the test area. Picture 58.1 shows the pyrotechnic actuator
squibs firing; 58.2 shows the beginning of the Cerenkov glow; 58.3 shows the
Cerenkov glow at maximum intensity and the EG&G lights illuminating the
entire tank interior; and 58.4 shows the water plume as it engulfs the super-
structure. A red glow, which occurred about 300 msec after peak power and
which is believed to be caused by a NaK-water reaction, was photographed
from the tower camera station on color film. The intensity of this glow, however,
was not sufficient to be seen through the water plume on black and white film.

All photographic coverage of the test was accomplished according to pre-
determined objectives associated with each camera. Observable film damage
did not result from the radiation levels present during the test.
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Fig. 56 EG&G high speed photographs of reactor disassembly.



TABLE XXIII

EG83 DYNAFAX PHOTOGRAPHIC RESULTS

Time from
Picture Frame Peak Power
Number Number (msec) Event

1 12 -0.41 Binal sleeve removed -- Cerenkov
glow masks reactor

2 30 +0.61 Vessel begins to expand -- Cerenkov
glow still observable

3 34 +0.83 Xenon lights flash illuminating
"breakbands"

4 39 +1.12 Expansion continues -- reactor dome
begins to bulge

5 45 +1.46 Displacement of water begins

6 51 +1.79 Outline effect seen on left caused
by a fractured internal beryllium
reflector

7 55 +1.96 Venting begins

8 59 +2.25 Vessel has expanded to an approx-
imate spherical shape -- venting
is profuse
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Fig. 58 Overhead view of destructive test events.

14. EXPERIMENTAL RESULTS -- NUCLEAR

In the course of specifying the nuclear measurements to be made during the
destructive test, nuclear detectors were: ranged above the expected peak flux to
ensure coverage in the event of an unexpected peak power; ranged to give
duplicate and overlapping coverage in the expected peak power region to provide
more than one independent measurement chain; and ranged several decades
below the expected peak flux to provide a reactor period measurement during
the asymptotic power rise.

Nineteen detectors, including thermal-neutron ionization chambers, gamma
chambers, and fast-neutron scintillation phototubes, were placed in the reactor
vessel and environmental tank and under the flatcar. Seven of these detectors
were miniature ionization chambers of which four were located in the interstices
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of the reactor core and three were located in the water reflector outside the
reactor vessel. Three of the in-core miniature chambers were inoperative during
the test. This was possibly due to violation of chamber seal or lead wire in-
tegrity. Only one chamber gave data which could not be used for experimental
purposes. This chamber (N-8), a thermal neutron ionization chamber used
for operational purposes, was recorded on a visual read-out, Moseley strip
chart recorder having a slow time response.

Linear peak-power coverage was provided by a semi-rad thermal-neutron
detector (N-10), a fast-neutron scintillation phototube (N-19), and a gamma
ionization chamber (N-9). Logarithmic peak-power coverage was provided by a
fast-neutron scintillation phototube (N-19) and a gamma ionization chamber (N-9).
A detailed description of the nuclear detectors and their range coverage and lo-
cations are given in Table XIII and Figures 27 and 28 of Section II-8. The signal
conditioning equipment used with the detectors is also described in that section.
Signals from gamma ionization chamber N-18 and a semi-rad thermal-neutron
detector N-11 were useful in verifying the value of peak power obtained from the
above designated detectors. The fast-neutron scintillation phototube, N-14, was
assigned to a low flux range, thus saturating the tape channel; and the semi-
rad thermal-neutron detector, N-14, was assigned to a high flux range and
indicated only a slight deflection. Thermal-neutron ionization chambers N-15
and N-16 were the only detectors yielding anomalous information. A summary of
the salient information obtained from the nuclear detectors is presented in
Table XXIV.

TABLE XXIV

SUMMARY OF NUCLEAR DATA

Asymptotic Time of Etotal (MW-sec)

Detector Code, Reactor Period Peak Power Peak Power = 95 Percent
Make, and S.N. Type Location Record Mode T (msec) (gigawatts) Confidence Interval

N-2 GE Mini Thermal Neutron In-Core I = + 2 in. Saturated before
#545641 Detector (1)(4)(5) Linear F.M. 630 peak power

N-9 GE Gamma Gamma Detector In-Tank 45 in. from F.M. 630 Saturated before
#4131132 GmaDectr Core Lo .. 60peak power

N-0 Reuterstukes Thermal Neutron In-Tank 26 in. from Linear F.M. 780 0.18 19 45 13
Semi-Rad #E-531 Detector Core

N-13 ITT Photo Tube FastNeutron Flight Tube Linear F.M. 640 0 18 43 8
Scintillator # 1462 Detector

N-17 Reuterstukes Gama Detector Under Flatcar Linear F.M. 660 0 22 53 9
Gama #E-498 5

N- InTi ato #1478 FasDeutron Flight Tube Log F.M. 695 0 18 43 9

Analog data originally recorded on magnetic tape was converted to digital
form and processed by computer techniques. The digitial data were accurate to
within 3 percent. This error as well as uncertainties arising from detector
intercalibration, detector nonlinearity, and field effects was considered in data
interpretation.

Those detectors yielding intermediate and peak power data during the de-
structive test had not been calibrated during the power calibration because of
their low sensitivies; therefore, an intercalibration between these detectors and
those calibrated during the power calibration was necessary. This intercali-
bration encompassed the range from 101 0 nv occurring during the power
calibration to 101 7 nv occurring at peak power during the destructive test.
Two gamma chambers, N-9 and N-11, having overlapping ranges, were used to
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obtain this correlation. Because of delayed gamma effects, the power cali-
bration gamma radiation level for a given fission was a factor of 2.4 over that
for the destructive test. Corrections were, therefore, made to account for these
effects on detectors whose outputs were either totally or appreciably gamma
dependent.

Linear-power-versus-time for detectors N-10, N-13, and N-17 is shown
in Figure 59. Detectors N-10 and N-17 have been normalized to the peak power
given by N-13, and N-10 has been normalized in time to coincide with the time
of peak power as seen by N-13 and N-17. From Figure 59, it is apparent that
detectors N-13 and N-17 gave essentially the same value for the total nuclear
energy release, whereas N-10 gave a slightly larger value.
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Fig. 59 Burst shape comparison of linear nuclear detector signals.

From Figure 60, which shows log power versus time for detectors N-2,
N-9, N-10, N-13, N-17, and N-19, it can be seen that, with the exception of
N-10, all detectors having the range coverage capability of N-13 follow the burst
shape given by this detector. Detector N-10 is shown to have nonlinear gamma
sensitivity over a large portion of its dynamic range. This nonlinearity causes
distortion of the burst shape. Figure 60 also shows that the logarithmic outputs
of channels N-9 and N-19 follow the short-period burst with reasonable accuracy
after the log converter overcomes the response lag.

The time of peak power for detector N-10, as shown in Table XXIV, occurs
0.18 milliseconds after that indicated by detectors N-13, N-17, and N-19. This
delay can be attributed to the neutron diffusion time in water. Detectors N-13
,nd N-19 were fast-neutron detectors, located below the flight tube, having
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essentially no delay time. Detector N-17, a gamma detector, likewise had no
delay in response.

Since detector N-13 most accurately presents the power time-history
throughout the reactor excursion, this detector was used for computational
treatment involving transient power.

15. EXPERIMENTAL RESULTS -- STRAIN AND PRESSURE

The time history of reactor vessel disassembly is indicated by: (a) the
vessel strain measurements, (b) the signal from an EG&G breakband, and (c)
the pressure measurements showing onset of pressure generation in the water.

15.1 Strain Measurement Results

Data from the strain gauges attached to the reactor vessel are shown in
Figure 61. The top trace representing a dummy gauge attached to the vessel
wall is useful for indicating the time of gauge failure and for revealing any
environmental temperature or radiation sensitivities.

Traces T7-6, T11-5, and T7-5 represent strain as indicated by gauges
placed at 90 degree intervals around the vessel at the vertical center of the
core. The two bottom traces represent strains occurring on the reactor vessel
bottom which, because of the inverted orientation of the vessel for this test, was
on top. With the exception of the trace from dummy gauge SG-7, all traces are
indicated on a scale of 2000 iin./in./division representing an elongation at the
point of measurement of 0.2 percent which is considered to be the beginning of
yield. The trace from the dummy gauge is indicated on a scale of 250 iin./in./
division.

Trace T7-6 reveals a disturbance beginning about 2 msec prior to peak
power. This disturbance shows a slight tendency toward vessel expansion
followed by a relaxation and ultimately a very rapid strain increase to gauge
failure at 100 psec before peak power.

Trace T11-5, from gauge SG-4 located diametrically opposite gauge SG-6,
shows a lack of any significant phenomena prior to peak power except for the
spike seen at the time of severe vessel expansion as shown by trace T7-6.
Rupture occurring on the minus-Y region of the reactor, indicated by trace T7-6,
permits a momentary relaxation in the plus-Y region, indicated by trace T11-5,
for 200 to 300 psec after which severe strain is indicated in the plus-Y region.
The characteristics of trace T7-5 indicate radiation sensitivity although the
dummy gauge indicated no spurious effects. In this particular case, the results
are sufficiently close to the behavior of a differentiated power burst that little
significance should be attached to the data prior to indication of very rapid strain
about 1 msec following peak power. At this point, the abrupt deviation reveals a
severe strain increase indicating onset of vessel rupture at that location.

Gauge SG-97, located on the vessel bottom, indicated much the same behavior
regarding radiation sensitivity as gauge SG-5. At 1 msec after peak power, how-
ever, an increase of strain not normally characteristic of radiation sensitivity
effects appears at a time corresponding to the time of failure of gauge SG-5.

94



GAUGE FAILED

T 7-7 SG-
CIRCUMFER

GAUGE FAILED

GAUGE

TIi-5

7 VESSEL SIDE -X
ENTIAL DUMMY

G-6 VESSEL SIDE -Y CIRCUMFERENTIAL

FAILED

SG-4 VESSEL SIDE +Y CIRCUMFERENTIAL

GAUGE FAILED

T7-5 SG-5 VESSEL +X CIRCUMFERENTIAL

GAUGE FAILED

T7-3 SG-97 VESSEL BOTTOM
X=-I" RADIAL

I JGAUGE FL

T7-4 SG-I VESSEL BOTTOM

E G S G BREAKBAND - RADIAL

IT~
-3 -2 -I 0

7EE G G PHOTOGRAPHS

- t +

I 2 3 4 5 6
TIME (msec)

Fig. 61 Strain on reactor vessel and pedestal.
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Trace T7-3, from gauge SG-1 located at the very center of the bottom head,
indicates the existence of a spike at the time the plus-X gauge SG-5 appeared
to fail. Beyond the time of this spike, the behavior of both traces is very similar
in character, and both show gauge failure at about 1.8 msec following peak power.
It should be noted that the gauges represented by traces T7-6 and T11-5 were
mounted on the outer vessel surface adjacent to the beryllium filler pieces.
These gauges would not be expected to experience a great deal of vessel ex-
pansion until such time as the beryllium filler pieces were broken, after which
a severe strain at a rapid rate could be expected.

The vessel strain data are primarily important in determining the event-
time and time duration of the onset of reactor disassembly. This information
permitted the identification and time correlation of reactor feedback effects and
substantiated that the initial transient pressure rise generated in the water around
the reactor was a result of vessel expansion.

Additional information regarding the reactor disassembly behavior in the
region of 1 to 2 msec following peak power is presented by the EG&G photo-
graphs and associated timing signal traces. Specifically, the reactor vessel was
encircled by breakbands used to trigger the xenon flash lamps. These break-
bands, designed to cause electrical circuit discontinuity at about 1/2 percent
elongation, gave a gross measurement of the time of change of vessel cir-
cumference. The breakbands were determined to have broken at about 800 psec
following peak power. The EG&G photographs presented in Figure 56 indicate
vessel expansion as a function of time following peak power. The particular
frames are identified by the encircled numbers at the bottom of Figure 61.
One of the breakband traces is also shown in this figure. From the photographs
it can be seen that pictures 1 through 3 show very little vessel enlargement.
However, beginning with frame 4 at 1.1 msec after peak power, vessel ex-
pansion becomes apparent and the time of expansion correlates well with the time
of onset of rapid strain as shown by the strain traces.

It can generally be concluded from the information presented above that
water was not significantly displaced until some time between peak power and
1 msec after peak power. This same interval of time also marks the onset of
severe reactor disassembly as revealed by the pressure information.

15.2 Pressure Measurement Results

Information concerning the pressure generation and propagation in a water
environment around an expanding source or vessel can be useful in determining
the pressure at the source and the mechanical energy generated by the expanding
source. The mechanical energy is manifested by work done on the environment;
for example, by causing disarray within the tank, by expelling water, or by
displaying the environmental tank.

For this particular test, a detailed understanding of the pressure time-
history can also provide information on the partition of expansion forces be-
tween hydrogen pressure buildup and the combination of steam generation and
a NaK-water reaction. Although it is beyond the scope of this document to
attempt a complete analysis of the pressure information, some discussion of
the data is presented to indicate its interpretability.
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In order to interpret the various pressure time-history data, consideration
must first be given to certain acoustical aspects of the test configuration; for
example, size of expanding source, propagation velocity in the medium sur-
rounding the source, distance to relieving and reflecting boundaries, effective
wavelength characteristics, volume rate-of-change or rise-time of the ex-
panding source, and location of pressure detectors with respect to source and
boundaries.

An examination of the time-history of the pressure data presented in
Figure 62 reveals a 1 msec rise-time, high frequency modulations near the
beginning of the relatively long pressure-pulse decay, and a pulse duration of
about 25 to 30 msec. It can be shown that a 1 msec rise-time is equivalent to
a characteristic frequency of 300 to 400 cycles per second which represents a
wavelength in water of about 15 feet. Since the diameter of the reactor at the
time the first pressure peak occurs is approximately 13 inches, as determined
from the EG&G photographs shown in Figure 56 and from the plot of vessel
expansion shown in the bottom trace of Figure 62, the source size is considerably
less than the effective wavelength of 15 feet represented by the rise time of the
expanding source. The source can thus be considered spherical and the propa-
gation from the source can be treated as a spherical wave. As most other
portions of the pressure pulse represent longer wavelengths than the initial rise,
the entire pulse can be treated as a spherically propagating disturbance,
implying a 1/R pressure dependence with no severe directionality effects.

The rise-time is several orders of magnitude longer than that considered
to represent a shock wave generation. Also, the peak pressure is two orders of
magnitude lower than that required for "shocking up" of a simple acoustic
disturbance. Therefore, standard "small amplitude" techniques are adequate
for analyzing the water pressure disturbances resulting from the destructive
test.

The acoustic aspects relating to the inside of the reactor vessel differ
from those involving the outside environment in that the 1 msec rise time, ob-
served until the time of vessel rupture, represents an effective wavelength of
greater than 50 feet -- implying that the pressure environment within the vessel
can be considered to be essentially isotropic.

Since the propagation velocity for a disturbance traveling in water is about
5 ft/msec, the initial pressure rise and first peak observed near the source
will be unaffected by the physical boundaries represented by the water surface
or tank walls. This permits treatment of the early portion of the pressure
rise according to compressible flow theory. The significance of this result
is that the volume expansion caused by the growing vessel is acting on the bulk
modulus of the water resulting in a pressure outside the vessel which is not
significantly less than that within the reactor vessel.

The portion of the pressure pulse following the first peak persists for many
complete transit times from source to boundary and boundary to boundary. The
fundamental mode represented by the overall pressure pulse must therefore
be treated according to a combination of incompressible and compressible flow
theories. The significance of the detailed long-term portion of the pulse is of
less interest here since it is characteristic of the effect of the experimental
geometry on NaK-water reaction and steam generation and not indicative of
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the reactor assembly. Emphasis has, therefore, been placed on the initial rise
and the fine structure associated with the first few peaks in the pressure pulse.

Before discussing the detailed
features of the pressure traces, certain
aspects of the pressure measurements
will be considered. The pressure meas-
urements indicated were made at several
positions within the environmental tank
as shown in Figure 63. To accurately ; e
predict the pressure being generated at
the source, measurements taken at
various distances from the reactor yes- -
sel have been normalized in time to I
correct for the propagation time from R

the source to the transducer. The delay8I
time represented by the various detectorI36-
locations was also accounted for in cor-
relating time-history features from one
detector to another.:0o '

All pressure transducers for which
traces are presented were capable of dc
to 20 kcps or greater response. Three =O00 at + Y

of the pressure transducers, P-1, P-9, ENVIRONMENTAL TANK FLOOR at Z =156"

and P-17, are scaled to 100 psig per WATER SURFACE at Z = 4'Pi"

division; P-S is shown on a logarithmic
scale. The traces in Figure 62 have Fig. 63 Specific pressure transducer loca-

been arranged according to those lo- tions in the environmental tank.

cations which are similar in direction from the reactor such that comparison
of detailed features can readily be made.

The general features presented by these traces reveal a reasonable
similarity between transducers, thereby verifying the existence of a simple
spherical source. The detailed modulations, however, show an apparent lack
of similarity. If the differences in distance between the transducers and the
source are considered as the source size grows, the magnitude of the differences
of the modulations on these traces can readily be taken into account.

In the near-field region of a spherical source, a close approximation of
the pressure at the vessel surface may be obtained by extrapolation on a 1/R
basis from the point of pressure measurement to one source-radius from the
source center. Therefore, the magnitude of the first pressure peak indicates
a pressure at the surface of the vessel of 1320 psi for P-9 and 850 psi for
P-17. The difference between these two values is thought to result from the
different geometries between the detectors and the center of the source caused
by preferential disassembly. The existence of preferential disassembly is not
only supported by the difference in pressure indicated by these two transducers
but also by the motion pictures from cameras in the tower station (camera
station 3). These pictures show preferential venting occurring in the northwest
(6 3150) region of the reactor. Since the reactor vessel had ruptured at the
time of peak pressure, the pressure within the vessel should be very nearly
that at the time of peak pressure, and the pressure within the vessel should be
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very nearly that at the vessel surface. The trace showing pedestal strain in-
dicated the onset of significant downward thrust at this time, giving further
evidence that the vessel had ruptured.

Table XXV lists the calculated pressures at the vessel surface. The
extrapolation process described previously and the appropriate source diameters
indicated in the bottom trace of Figure 62 were used in the calculations.

TABLE XXV

PRESSURES AT TRANSDUCERS AND VESSEL SURFACE

Distance from Assumed Time afte' Pressure Measured Calculated Pressure
Pressure Source Center Source Radius Peak Power La] at Transducer at Source Surface

Transducer (inches) (inches) (msec) (psi) (psi)

P-9 38.5 4.8 1 60 480

38.5 6.4 2 220 1320

38.5 9.5 4 135 550

P-17 60.5 4.8 1 40 500

60.5 6.4 2 90 850

60.5 9.5 4 110 700

P-1 36.5 4.8 1 30 230

36.5 6.4 2 120 680

36.5 9.5 4 70 270

P-5 44.0 4.8 1 55 500

44.0 6.4 2 160 1100

44.0 9.5 4 86 400

(a] Pressure information corrected for propagation time.

The figures given in Table XXV indicate that at about 1 msec after peak
power the vessel surface pressure was about 500 psi. This value was obtained
by assuming the source to be an expanding sphere. The spherical approximation
in this case yields pressures slightly lower than actually existed at the moving
portion of the vessel. Since the vessel static retention strength is about 500
psi at 50 percent elongation, the internal pressure could not exceed the ex-
ternal pressure by more than 500 psi (not accounting for strain rate effects)
at a time just prior to rupture. As rupture is developed, the internal pressure
will more nearly equal the external pressure.

The source surface pressures calculated at a time of 4 msec after peak
power show a shift in the source center toward the -X direction indicating
profuse venting at this time. The pedestal strain trace shows a complete un-
loading of the pedestal at 4 msec substantiating that the vessel must have
completely ruptured. The remainder of the pressure pulse is presumed to be
due to steam generation and NaK-water reaction. Not included in the table are
the effective-source surface pressures represented by certain fine structures
modulating the gross fundamental of the pressure trace. One example is the
spike most evident on P-9 at 900 microseconds (more clearly seen in Figure
64 of the next section). This spike, when conservatively treated as being due
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to a 10-inch-diameter piston radiating into "free space", extrapolates to a
pressure at the vessel surface of about 2000 psi.

In summary, the information from the vessel strain gauges, photocell,
breakband, pressure transducers, and the EG&G photography gives conclusive
evidence that reactor disassembly started about 500 psec following peak power.
The pressure information for the next 15 milliseconds indicates that the pressure
magnitude at the reactor surface and within the reactor was about 1000 psi with
local regions reaching two or three times this value. The forces resulting from
hydrogen release presisted to about 5 msec after peak power and steam genera-
tion and NaK-water reactions persisted for an additional 20 msec.

15.3 Miscellaneous Effects Following Pressure Generation

Since pressure generation and propagation is primarily a manifestation
of mechanical energy development, it is appropriate to consider the manner in
which the pressure affected the environment following the excursion. Figure
64 shows several physical phenomena resulting from the pressure generation.
Trace T1-5 reveals a typical pressure. One consequence of the pressure genera-
tion was water expulsion from the tank. Traces T6-7, T9-9, and T9-11 indicate
the water surface displacement as derived from float-slidewire arrangements
located at positions near the edge of the tank, halfway between the edge and the
center, and near the center of the tank. The information from these traces is
primarily useful in determining the energy imparted to the water expelled from
the tank and in determining transport characteristics of fission products.

A second consequence of the pressure generation in this particular experi-
mental configuration was the flatcar displacement represented by trace T5-3.
The magnitude of the flatcar excursion was beyond the measurement capability
of the displacement detector, and data from the motion pictures were used to
supplement the information covering this time period. The flatcar was ac-
celerated downward for the duration of the pressure pulse. Higher frequency
modes superimposed on the natural ringing frequency of the flatcar are evident
in trace T5-3. The residual position of the flatcar was lower than the original
position, indicating permanent deformation of the flatcar frame.

Trace T3-6 indicates the environmental temperature existing above the
tank as measured by one of the fast-response thermocouples. These thermo-
couples were intended to show evidence of hydrogen-oxygen explosions or
NaK-steam reactions occurring above the tank. The trace reveals a gradual
rise in temperature consistent with the water surface expulsion but gives no
evidence of hydrogen-oxygen explosion or NaK-steam reaction.

Trace T2-12 represents the air pressure as measured 150 feet above the
tank. This information has been studied in detail on a much more expanded time
scale, and the various spikes have been identified as shown on the plot. Air
pressure information from detectors at ground level and at various distances
from the reactor tank shows similar behavior at considerably lower pressures.
An analysis of the air pressure measurements has revealed that the mechanical
energy generation in the air environment above the tank was considerably less
than the 200 kW-sec used by the pyrotechnic actuator to remove the poison
sleeve.
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The foregoing discussion represents a limited analysis of the data avail-
able. Further examination should reveal considerably more detail on rate of
occurrence and on intercorrelation between the various phenomena. Greater
accuracy could be attained in the interpretation of the data by statistically
treating the outputs from several detectors.

Several types of detectors reveal evidence of severe electromagnetic
interference taking place during the excursion. This interference is presumed
to be due to NaK-water, hydrogen-oxygen, or other exothermic reactions.
There is evidence that these interferences correlate with observations of flashes
seen in the motion pictures. In no way, however, does the electromagnetic
interference seriously obscure information obtained from the experimental data.

16. EXPERIMENTAL RESULTS -- ENERGY PROBES

The reactor fuel temperature generated during the destructive test was not
measured directly but has been inferred from measurements obtained from energy
probes placed in interstices throughout the core and from information con-
cerning nuclear power, flux distribution, and heat capacity.

The probes, each consisting of an insulated tube containing a small piece
of fuel material with an attached thermocouple, were of three different types:
10 weight percent uranium 235, 5 weight percent uranium 235, and zirconium-
hydride. The 10 weight percent probes simulated the actual reactor fuel materials.
The unfueled probes responded only to the gamma heating in the fuel materials.
The 5 and 10 weight percent energy probes measured the temperature rise in
the fuel -- the magnitude of the temperature increase above ambient.

Data from the energy probes are presented in logarithmic form in Figure
65 for the 10 weight percent energy probes and in Figure 66 for the 5 weight
percent probes. For comparative purposes, a trace of energy deposition as
determined from scintillation detector N-13 is also shown. The energy probe
traces in both these figures are seen to rise at an asymptotic rate similar to
that of the nuclear detector energy trace. The deviation of the energy probe
trace from the nuclear energy trace is the result of the heat capacity change
attending the temperature rise of the fuel. The top trace represents the output
from the outermost energy probe in the reflector while the seventh trace from
the top corresponds to the energy probe located closest to the center of the core.

The 10 weight percent reflector energy probe traces shown in Figure 65
display erratic behavior and ultimate probe failure at a temperature of about
1800 F -- a millisecond prior to peak power. The flux peak in the reflector
caused early failure of these probes. Trace EP-6, from energy probe 6 located
0.06 inch inside the core boundary, shows that the flux near the outer ring of
the reactor was at a considerably lower level than that in either the reflector
or the center of the reactor. The region in which EP-6 was located did not reach
the 1800 F point until about a millisecond after peak power. Probe EP-14 which
was near the center of the core reached 1800F about 600 msec after peak
power. Probe EP-20, located 5-1/2 inches below the core centerline, reached
only 1300 F and did not fail until about 2 msec after peak power. Failure of
these energy probes appears to have resulted at higher temperatures than 1800F
or at a time characteristic of gross core disassembly.
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The traces obtained from the 5 weight percent energy probes, as seen in
Figure 66, reveal much the same general characteristics as the traces from the
10 weight percent energy probes. The top three traces in this figure represent
the reflector thermal-neutron density and show failure before peak power but
at a later time than that indicated by the corresponding 10 weight percent probes.
The remainder of the 5 weight percent in-core probes reached temperatures
not exceeding 1500"F.

The temperature of the energy probes followed the integrated power burst
indicated by nuclear detector N-13 with a linearly increasing departure over
the temperature range from 300 to 1500F. For those probes indicating a tem-
perature rise of 1500F above ambient after peak power, the coupling between
energy and temperature at an individual probe was distorted by the onset of
core derangement. The specific heat of the fuel, therefore, appears to be linear
with temperature up to approximately 1500F. The energy deposited in an energy
probe also appears proportional to that deposited in the fuel.

The ratio, c(t)/A 6(t), was computed for each probe, where E (t) is the time
dependent integrated power indicated by N-13 and A 6(t) is the time dependent
temperature rise in F degrees of a given energy probe. The experimental deter-
mination of this ratio was found to be proportional to (1.0 + 4.5 x 10 4 6) with
an average deviation in slope of less than five percent from 300 to 1500F. The
coefficient (linearity factor) of the linear term in the previous expression
agrees well with the specific heat data for the fuel as reported by Atomics
International [8]. A value of 0.0097 MW-sec/*F for the total fuel heat capacity
at 68F was derived from these reported data. The ratio, E (t)/A 6(t), for each
energy probe was normalized to the averaged heat capacity Cp, where:

68 + A

m c (0) de
c= 68= c(1 + oAe)Ppp AG o

= 9.7 x 10-3 (i + 4.5 x 10O Ae)

where:

c = specific heat (Mg-sec
M-F

Co = heat capacity FMW-ec) at 68F

= linearity constant (F-1)

m = core fuel mass (grams).

Plots giving a comparison between the Cp values obtained from the energy
probe data and the calculated values of C are shown in Figures 67 and 68.
Previously reported data [9] indicate a heat capacity of 1.1 x 10-2 MW-sec/
F for the SNAPTRAN 2/10A-3 core. A high degree of linearity for the experi-

mentally determined average heat capacity is observed from the energy probe
data; however, there is considerable uncertainty about the magnitude of the
heat capacity at 68F.
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If a linear heat capacity is assumed, then

Ef/AO =Lc (1+ e)I n f 0 n
n

where Ef is the average prompt nuclear energy release deposited in the fuel,

nen is the temperature rise of the n-th probe, Co is the heat capacity of the
fuel at 68 F (ten = 0), fn is the point-to-average source factor for the n-th
probe, and 0 = 4.5 x 10- 4 / F is the linearity factor described previously. If
the integrated detector output is designated as F (t), then Ef = g F (t) where g
is a proportionality factor.

Therefore:

Co F(t)

f g = A (1+ Ao)
n n n

The quantity on the right was computed for each energy probe at t = 1.6 msec
prior to peak power, with the 5 weight percent probes normalized to the 10
weight percent probes by a factor of 2. An integration over the core volume was
performed on the quantities of fng/Co to determine a core averaged value of
g/C0 . The experimentally determined radial and axial relative source distri-
butions are shown in Figures 69 and 70. The value determined for g was then
applied to the integrated nuclear detector output and the results corrected to
provide a value for the total nuclear energy release. The resulting energy re-
lease as determined from detector N-13 was 37 MW-sec, using C = 9.7 x 10- 3

MW-sec/F*. The principal uncertainty of this method, in addition to the lack of
definitive heat capacity data, arises from the difficulty in determining an appro-
priate average of the quantities fng/Co over the core volume, or alternatively,
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from chosing a computer-generated power shape to which the quantities fng/Co
may be fitted.

The time variations in the temperature profile shown in Figures 71 and
72 could arise from slight differences in hydrogen content (and therefore specific
heat) and from spatially dependent spectral changes.

Because of the unknown flux shape within an interstice, uncertainty exists
in interpreting the source shape of the core obtained from the energy probes.
Evaluation of this uncertainty is important since otherwise a misinterpretation
of the energy release calculated from energy probe data would result. The
unfueled energy probes were used to study the effect of gamma heating on
zirconium-hydride. These probes showed a temperature rise of approximately
8 percent of the temperature rise of an equivalently positioned 10 weight
percent probe or about 16 percent of that of a 5 weight percent probe. To use
data from the 5 weight percent probes to determine the temperature of 10
weight percent fuel, the gamma heating contribution was taken into account in
determining the 5 to 10 weight percent correlation factor.
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17. DESTRUCTIVE TEST ENERGY DETERMINATION

Discussions previously presented concerning the nuclear and nonnuclear
aspects of the destructive test have been oriented toward giving an understanding
of the separate phenomenological events, and an effort to combine the individual
results into a single assessment of the test results has not been specifically
attempted. Thus, to provide a general interpretation, the more encompassing
aspects of nuclear energy release and mechanical energy release have been
determined.

17.1 Nuclear Energy Release

Several methods were employed to determine the nuclear energy under
the power burst for the SNAPTRAN 2/10A-3 destructive test. These methods are
listed in Table XXVI with the mean energy as determined by each technique.
Although some of the normalization factors are common to more than one method,
a rigorous statistical treatment was performed to determine the uncertainties
associated with each method. An average value was then determined by treating
the uncertainties of each method by partial differentiation techniques and by in-
cluding all co-variance in the final analysis.

TABLE XXVI

DESTRUCTIVE TEST NUCLEAR ENERGY
DETERMINATION BY VARIOUS METHODS

Method Energy Release

Nuclear Detector Calibration
against Known Static
Power Level

Flux Wire (In-Core)

Flux Wire (Out-of-Core)

Fission Product Radio-
chemical Analysis

LASL Capsule Irradiation

Environmental-Tank Water
Temperature Rise

Energy Probe

Most Probable Value

46.0 MW-sec

61.3 MW-sec

55.2 MW-sec

53.4 MW-sec

56.6 MW-sec

43.2 MW-sec

36.8 MW-sec

45.3 MW-sec

Uncertainty[a]
(2aj)

13.2 MW-sec

14.5 MW-sec

15.0 MW-sec

7.0 MW-sec

10.6 MW-sec

15.7 MW-sec

4.1 MW-sec

3.6 MW-sec

[a] The value of uncertainty for each method represents a 95 percent con-
fidence interval for those uncertainties which are known to influence
the energy computation for each method and each value is treated as a
standard deviation. While all contributing uncertainties for each
method are not precisely known, an attempt was made to evaluate
each to the greatest extent possible.
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A power run was performed for the purpose of calibrating the nuclear
detectors used in the destructive test. During this power calibration, water
circulation in the calorimeter was insufficient to allow high reliance on the
calorimetric power determination. Instead, a transient heat flux balance,
based on the energy probe data, was used to determine the power level. This
method yielded a value of 1.94 kW. A flux wire calibration which yielded a
value of 2.08 kW was also performed. An average value of 2.0 0.2 kW was
used for all subsequent power correlations. Since nuclear chambers N-9 and
N-li yielded useful data both during the power calibration and destructive test,
an intercalibration was made between these chambers and those linear chambers
which followed the destructive test power but which had not given an output
during the power calibration. During the destructive test, signals from N-9 and
N-11 were recorded in logarithmic form which normally reduces the accuracy
of the indicated output. However, with a 20 points/decade log-linear cali-
bration, the error is less than five percent. Although the raw data from these
chambers (N-9 and N-11) gave slightly different asymptotic reactor periods,
the correction for the log-linear calibration resulted in somewhat better period
agreement, and both chambers indicated the same power level at 117.5 msec
after test initiation. The energy release, as determined by correlating N-9
and N-11 with the linear chambers N-10, N-13, and N-17 and log chamber N-19,
was, respectively, 45.5, 42.5, 52.7, and 43.4 MW-sec.

Gold, cobalt, and uranium 235 flux wires, contained in the core during the
destructive transient, were analyzed to determine the total nuclear energy
release. In determining a normalized integrated flux for the destructive test,
the integrated flux for the power calibration was used. Source weighting factors
were used to relate the localized activation to the average core energy. While
the uncertainties in the gold activation analysis due to spectrum and fast fission
corrections are very large, the cobalt and uranium activations are considered
to be relatively accurate. The results are: gold -- 29 MW-sec, cobalt -- 67
MW-sec, and U-235 -- 55 MW-sec. Fifteen samples were analyzed from each
wire to determine the statistical variance.

During the destructive test, out-of-core flux samples, consisting of gold,
copper, U-235 aluminum alloy, zinc, and nickel wires were located 1-1/2 inches
from the vessel wall. A fast-neutron activation analysis was made on the nickel
and zinc, and a thermal-neutron activation analysis was performed on the copper
and gold wires. The melting point of the U-235-aluminum-alloy sample was
exceeded and this sample was not usable. During the destructive test, the wires
were located radially opposite the gap between two beryllium filler pieces and
axially six inches above the lower end of the fuel. However, during the power
calibration, samples of the given wires were positioned 1-1/2 inches from the
vessel wall radially opposite the middle of a beryllium filler piece, and axially
four inches from the bottom of the fuel. Calculations of nuclear energy were
performed in which the power calibration power level and the different geometries
were taken into account. Values for the nuclear energy release were determined
to be 34 and 57 MW-sec for the thermal and fast neutron analyses, respectively.

The Cs-137 content of several fuel elements was analyzed after the de-
structive test. The results of this analysis were related through source factor
corrections to the average number of fissions which occurred in the core during
the destructive test. Corrections for the fission product accumulation during
the power calibration were made. The samples givingvalues which were closest
to the average core source were weighted most heavily, and an average energy
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release of 53.4 MW-sec was determined. The amount of noble gas release is
normally important in this determination; however, since a low percentage
(<5 percent) of noble gas release was detected, the 53.4 MW-sec value was not
corrected for this effect.

A capsule containing LASL fuel was positioned relative to the core in the
same position for the power calibration and destructive test. The capsule was
located relative to the core in a position similar to that described above for
the external flux monitors. The correlation of the measured fissions in the LASL
fuel samples to the fissions taking place in the core yielded an energy release
of 56.6 MW-sec. Whereas the change in geometry and attenuation medium was
taken into account, the capsule fuel self-shielding factor was not known for the
SNAPTRAN spectrum but was believed to constitute less than five percent
reduction and was, therefore, not included.

During the destructive test the temperature rise of the water in the en-
vironmental tank was 0.60 0.15F. Relating this value to the heat capacity of
70 F water, the total amount of thermal energy required to yield this tempera-
ture rise is 58.4 15 MW-sec. Since the result of the NaK-water analysis
yielded a nonnuclear thermal energy generation of 15.2 MW-sec, the nuclear
energy contribution was about 43.2 MW-sec. This value arises from assuming a
thermal energy release which is adiabatic with respect to the water. Any heat
given to the environmental structure and the air would increase the calculated
value of nuclear energy. Since there is photographic evidence that a NaK-water
reaction took place above the tank and also since a temperature rise above the
tank was noted after the excursion, the value of 43.2 MW-sec is thought to be
the lower limit to the nuclear energy release as determined by this method.

The energy probe data were analyzed. By relating the prompt temperature
rise to the heat capacity relationship, values of 37 and 42 MW-sec were
obtained -- depending on the initial value of heat capacity chosen. The values
obtained were consistent from probe to probe, but some uncertainty existed in
relating probe behavior to the core fuel behavior.

Using the uncertainty associated with each method as a standard deviation,
a systematic statistical approach was used to arrive at the most probable value
for the energy release. In general, the statistical technique considered the
propagation of errors throughout the various methods and accounted for the co-
variance of systematic uncertainties. This technique is believed to represent
the best possible approach to statistically treating systems in which some un-
certainties are independent while other uncertainties are interdependent from
one method to another. This treatment of the data listed in Table XXVI yields
the most probable value of 45.3 MW-sec with a 95 percent confidence interval
of 3.0 MW-sec for the destructive test nuclear energy release.

The energy value of 37 MW-sec determined from the energy probe treat-
ment agrees very well with the Atomics International determination from the
energy probes [10]. This value is approximately 20 percent lower than the 45.3
MW-sec value obtained when all measurements are considered.

17.2 Mechanical Energy Release

The mechanical energy generated during the destructive test was the result
of (a) hydrogen release from the Zr-Hx fuel matrices, (b) hydrogen release
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from the NaK-water reaction, and (c) steam generation caused by hot core
components coming into contact with water. This mechanical energy was mani-
fested as a series of pressure disturbances which lasted until the hydrogen
burned or combined chemically with some other element or until the steam
vapor pressure was reduced to the point of bubble collapse. All mechanical
energy was ultimately returned to the environment as heat or was deposited
in mechanical displacement or deformation (for example, ejection of environ-
mental tank water).

Using the relationship given by R. H. Cole [11] for the energy contained in
a spherically propagating acoustic wave (including the "afterflow" term),
1.8 MW-sec of mechanical energy was calculated to have been released.

The flatcar absorbed about 0.9 MW-sec from the initial pulse and later
returned all but 0.2 MW-sec (dissipated in permanent deformation of the flat-
car) to the environmental tank system. Air pressure measurements indicated
that 0.1 MW-sec was absorbed in the air and an additional 0.4 MW-sec was
dissipated in ejecting water from the environmental tank. The remaining 1.1
MW-sec is assumed to have been dissipated as caviation at the water surface.

The chemical reaction of 6-1/2 pounds of NaK with water theoretically
yields about 3.2 MW-sec of mechanical energy. While this amount of mechanical
energy was not measured, the series of long term "red glows" which can be
seen in the color motion pictures indicates that much of the NaK reacted in
the vapor cloud. The NaK appears to have reached the atmosphere by being
entrapped inside the vessel head as it was blown free of the environmental-
tank water.

While the various manifestations of mechanical energy were not well de-
fined, the value of 1.8 MW-sec is thought to represent a good assessment of
the total mechanical energy release. This amount of mechanical energy is equiva-
lent to that which is released from one pound of TNT. The SNAPTRAN 2/10A-3
destructive test ratio of mechanical-to-nuclear energy release of 4 percent
is close to the 0.3 to 3.0 percent ratio resulting from the Spert I, SL-1, and
Borax I destructive excursions.

18. ANALYSIS OF RESULTS OF THE SNAPTRAN 2/10A-3
DESTRUCTIVE TEST

Several analyses were performed to determine those mechanisms which
governed the general reactor behavior during the SNAPTRAN 2/10A-3 de-
structive test. A discussion based on these analyses is presented to describe
the phenomenological sequence following initiation of the test.

18.1 General Phenomenological Sequence

The details of nuclear and nonnuclear phenomena salient in describing
this test are presented in Figure 73. The nuclear power, energy, and calcu-
lated fuel temperature are shown plotted in logarithmic form for easy compari-
son and identification of the time at which these traces deviate from the ex-
ponential rise. The reactivity trace shows deviation from the exponential rise
at about 3 msec prior to peak power. The compensated reactivity is seen to vary
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Fig. 73 Summary of data describing power excursion.

inversely with fuel temperature until peak power when a significant increase
in the reactivity compensation takes place. The rapid decline of the reactivity
occurring immediately following peak power was due to core expansion.

Once sufficient energy had been deposited in the various regions of the
core to cause these regions to each a temperature of about 1500F, hydrogen
gas commenced to pressurize the molecular intersticial cavities in the fuel
elements. Until the load pressure exceeded the 1500 psi containment capability
of the fuel cans, little reactivity was lost from the system due to the core
expansion resulting from hydrogen evolution. The onset of failure of the first
vessel-wall strain gauge at 100 msec before peak power gives evidence that
one or more fuel elements had either thermally expanded or ruptured due to
hydrogen evolution. During the next 1.2 msec, other strain gauges mounted on
the vessel wall showed evidence that the vessel walls had exceeded an elonga-
tion of 0.2 percent. The generation of pressure in the water as shown in the
pressure trace of Figure 73 indicates that core disassembly began at this
time. This pressure trace has been moved back in time to account for the
propagation time from the reactor to the location of the transducer. This trace
shows the initiation of a disturbance at the reactor surface near the time of
peak power, with a rise to the pressure peak consuming the next 2 msec.
Since the expansion of the fuel cans due to hydrogen release would be primarily
in a radial direction during this time, the vessel walls would assume the greatest
degree of displacement. By assuming a spherical growth for the reactor, the
displacement as a function of time was determined from the front side of the
pressure pulse, and a feedback coefficient of $10/inch due to disassembly
was determined.
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A reaction force would not appear on the pedestal until the vessel walls
had reached the rupture point. This reaction force is shown by the strain trace
from the strain gauge located on the pedestal six inches below the reactor. This
trace shows that the forces generated by continued expansion lasted approxi-
mately 3-1/2 msec. This would imply that the displacement forces from hydro-
gen release were probably terminated at about 2-1/2 msec after peak power
following which the steam generation from hot core components and the chemical
reaction between water and NaK provided the continued expansion forces which
maintained the environmental pressure at a significant level for approximately
the next 20 msec.

The EG&G photographs as discussed in the photographic results section
(Section II. 13) can be correlated with the above phenomena. The various frames
of the EG&G pictures are indicated by the encircled numbers at the bottom of
Figure 73. Pictures 1, 2, and 3 show very little evidence of vessel expansion.
Picture 4, however, shows the onset of rapid vessel expansion which continues
until the vessel attained the spherical shape shown in picture 8. These pictures
support the reactor disassembly evidence indicated by the vessel-wall strain,
environmental pressure generation, EG&G breakband failure, and pedestal
strain information. It can be concluded from this information that the contri-
bution to negative reactivity from disassembly did not begin until 200 to 300
isec after peak power and that the reactor power rise was terminated as the
result of prompt reactivity effects due to intrinsic neutronic effects.

18.2 Analysis of the Reactivity Feedback Effects

A value of 0.19#/F for the negative prompt temperature coefficient of
reactivity, c t, was determined from the SNAPTRAN 2/10A-3 test data. A
discussion of some of the important considerations follows.

The axial fuel growth affects the reactivity in three ways. The first, which
is positive, results from coupling the fuel to the reflector. This effect is small
due to the 1- to 2-inch void between the end of the fuel and the water reflector.
The second, which is negative, results from reduction of the fuel density. This
effect is larger and is essentially proportional to the density change. The third,
which is also negative, is due to the transverse leakage. This effect is small in
magnitude due to the low importance of the leakage in the corner region of the
core. The axial fuel growth contribution to ct was calculated to be small (~ 0.01
#/ F) primarily due to the compensating effects.

The radial growth of the fuel within a fixed reflector boundary has been
found to result in very little reactivity change. However, if the boundary moves
with the fuel growth, a reactivity coefficient of $10 per inch of radial vessel
growth results in a fuel-growth temperature coefficient of about -0.09#/*F.
If the interface is held fixed, the rearrangement of fuel within the boundary
causes a very small amount of reactivity change. This is primarily due to
compensation for the negative effects of reduction in fuel density and to an in-
crease in neutron leakage by the positive effect of reflector-to-core coupling.

The movement of the fuel-reflector interface as a result of fuel growth
depends on the following: (a) the radial clearance between fuel and clad, and
(b) the ability of NaK between the fuel elements to transmit clad-fuel motion
to the vessel. The model used by Phillips Petroleum Company to predict the
destructive transient behavior of the SNAPTRAN 2/10A-3 reactor was based
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on a spherical geometry in which the total spherical buckling was normalized
to the total cylindrical buckling. The clearance between the cladding and the fuel
was assumed to be the design clearance of 3 mils. Using a 3-mil clearance, the
fuel expansion was predicted to affect the radial reflector boundary, and hence
the reactivity, when a fuel temperature of 900F was reached. However, the
average fuel-clad clearance in the SNAPTRAN 2/10A-3 fuel rods was 4.2 mils
instead of 3 mils, thus requiring a higher temperature for the onset of the
negative feedback caused by vessel expansion. As a consequence, a higher energy
release resulted from the destructive test than would have been expected based
on the 3-mil clearance.

The results of Phillips' "Reactivity" code treatment of N-13 power data
are plotted in Figure 74. Compensated reactivity versus average core tempera-
ture is plotted in Figure 75. At a fuel temperature of about 1500F, the reactivity
deviates with temperature from a linear relationship, indicating the intro-
duction of a different mode of feedback which is attributed to core disassembly.
Up to this temperature, the 0.3 percent radial growth (indicated by the vessel-
wall strain gauges) contributes only about 10 cents of reactivity compensation
leaving approximately $2.70 having been compensated for by axial expansion and
intrinsic neutronic effects such as spectrum hardening. Since the axial growth
results in less reactivity compensation than does the radial growth, nearly all
of the 0.19 cent/F negative temperature coefficient may be attributed to in-
trinsic neutronic effects.

After peak power, core disassembly resulted in a rapid reduction of re-
activity and power. The reactivity as a function of radial core growth was
calculated from the EG&G pictures to be $10/inch.
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19. RADIOLOGICAL RESULTS OF THE DESTRUCTIVE TEST

The data obtained from the test have been divided into three general groups:
(a) fission-product-release data, (b) direct radiation dose and dose rate data,
and (c) beryllium-release data.

19.1 Fission-Product Distribution

Fission products from the test were distributed among the radioactive
cloud, the water in the environmental tank, and the solid remains of the reactor
fuel. A gamma spectroscopy analysis was performed on samples from each of
these fission product sources to determine the isotopic distribution of the fission
products from the test.

19.11 Radioactive Cloud. Water and steam were ejected in a spherical
cloud directly above the environmental tank. The cloud maintained its spherical
shape for several seconds despite the 20-mph wind blowing at the time of the
test. Most of the water fell back into the environmental tank after which a
visible, vapor-filled cloud was blown downwind. A second vapor cloud arose
from the tank following the collapse of the water. This second cloud merged
with the first by the time the 25-meter arc was reached. Movies taken of the
test show the vapor height at the 25-meter arc to be approximately 40 feet.

The monitoring airplane intercepted the main cloud approximately one
mile from the test area and followed it for twenty-one miles before cloud
dispersion and radioactive decay reduced the radiation level to background.
Monitoring instrumentation in the airplane gave a peak reading of 0.1 mrem/hr
11 miles from the test area, and at an altitude of 1200 feet

Samplers and mobile surveillance TABLE XXVII

teams, positioned at locations greater
than one mile downwind, give indications RADIOACTIVE CLOUD
as to the size of the cldat several WIDTH AND PASSAGE TIME

distances, as shown in Table XXVII.
Downwind Cloud
l c('l L d id U eri

Daughters of noble fission gases 1.iles 2100 ft 30 to 45 sec

(3-sec Kr-92, 10-sec Kr-91, 16-sec 1.5 miles 2100 ft 30 to 45 sec

Xe-140, and 41-sec Xe-139) were col- 2.5 miles 3120 ft 1.5 min
lected by air sampler filters. In addition,
the barium daughter of Xe-139 was 5.5 miles Unknown 3.0 min

detected on the charcoal cartridges in the 11.0 miles 2 miles unknown
air samplers, and the cesium daughter

of Xe-138 was collected by a fission-
gas detector designed to hold the relatively longer lived gases for decay. Table
XXVIII lists the type of sample, grid location, and the activity collected by all
samplers that retained sufficient activity for quantitative analysis.

Although the volume of the radioactive cloud was constantly changing be-
cause of diffusion, it was of interest to estimate its volume at the 25-meter
A-arc where the radiological tower provided a means of obtaining a measure-
ment of the cloud height.

The length of the visible cloud was calculated from motion picture data,
which showed that the cloud took approximately ten seconds to move past the
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TABLE XXVIII

AIR-SAMPLER-FILTER DATA
corrected to 1400 hours, April 1, 1964)

Sample
Location

A-3

A-4

B-3

B-5

c-8

C-9

D-7

D-8

E-16

F-18

F-20

G-12

G-13

G-15

H-1o

H-ll

H-12

J-9

J-13

J-15

K-9

K-11

K-13

K-15

L-1

L-13

L-15

L-17

Tower (15
foot height)

Tower (30
foot height)

9.7 hr Sr-91
(jiCi)

0.351

0.73

0.294

0.108

0.503

0.0035

0.0038

0.206

0.034

0.0216

0.029

0.0013

0.0019

0.014

0.0035

0.0124

0.o16

0.0019

0.0096

0.0022

0.001

0.0023

0.0034

0.00072

0.00015

0.0021

0.0015

0.00032

1.36

0.516

2.7 hr Sr-92

(iCi)

0.324

0.70

0.30

0.191

0.164

0.028

0.01

.0.024

0.0096

0.0097

0.013

0.0015

0.0077

0.0018

0.00084

0.0018

0.0027

0.00058

0.00012

0.0017

0.0012

0.00026

1.44

0.519

85 min Ba-139
( pCi)

0.227

0.951

0.432

1.28

0.241

0.049

0.o16

0.043

0.019

0.023

0.028

0.0031

0.o16

0.0037

0.0017

0.0038

0.0057

0.0012

0.00025

0.0034

0.0025

0.00053

0.443

0.194
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TABLE XXVIII (Cont.)

AIR-SAMPLER-FILTER DATA

(Activity corrected to 1400 hours, April 1, 1964)

Sample 9.7 hr Sr-91 2.7 hr Sr-92 85 min Ba-139
Location (pCi) (pCi) (pCi)

Charcoal Cartridges from High-Volume Air Samplers

A-3 0.0067 0.0047 0.0196

A-L 0.016 0.014 0.113

C-8 0.0074 0.006 0.04

Fission-Gas Detector

Sample 32 min Cs-138
Location (pCi)

A-3 0.063

radiological tower. Weather data at this time showed a wind speed of 25 mph.
Combining these two facts, the cloud length passing the radiological tower was
calculated to be 110 meters.

An upper limit on the height of the cloud was determined by visual in-
spection of the motion pictures and by beta film-dosimeter readings. Because
of the short range of beta particles in air, beta activity, measured by film
dosimeters, indicated that the cloud had passed near the film-badge location.
Both of these determinations indicate that the top of the cloud at the 25-meter
arc was approximately 40 feet.

The width of the cloud could only be estimated from the data obtained during
the test. Radioactive particulates were detected on the high-volume air samplers
at the A-3 and A-4 positions, showing that the cloud passed over these stations.
The absence of activity on the filters at positions A-2 and A-5 indicated that the
cloud was not wide enough to reach these stations. Since these stations are
located approximately 13 meters apart, the maximum width of the cloud at the
25-meter arc was estimated to be of the order of 30 meters.

Using these figures, the upper limit of the cloud volume as it passed the
25-meter arc was calculated to be 4.13 x 104 cubic meters.

19.12 Fission Products in Water. Of the 10,800 gallons of water originally
in the tank, about 500 gallons were expelled from the tank following the ex-
cursion. Samples of the water were obtained from catch cans and water trays
located outside the environmental tank and the fission product activity in the water
was determined by radiochemical analysis of the water samples. The isotopic
concentration of the fission products found in the different samples are shown
in Table XXIX. In addition to the isotopes listed in this table, large quantities
of activated sodium (Na-24) and trace quantities of Ce-143, Np-239, Te-132,
I-132, and I-133 were detected in the environmental-tank water.
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TABLE XXIX

WATER ANALYSIS DATA

(iCi/ml at 1400 hours, April 1, 1964)

Safi ple

Waste Tank

Tray 1

Tray 2

Tray 3

Tray 4

Tray 5

Catch Can

2-1

2-2

2-3

2-4

2-5

2-6

2-7

2-8

2-9

2-10

2-11

2-12

Ce-141

9.06 x 10-6

3.2 x 10

2.13 x 10-

2.86 x 10

2.76 x 10-

7.59 x 10-5

[a]

8.82 x 10

1.45 x 10-5S

[a]

8.15 x 10-5

5.62 x 10-6

Background

7.35 x 10~7

Background

1.23 x 10-5

4.12 x 10-6

1.04 x 106

I-131

1.36 x 10-

< 1.07 x 10~5

None

< 5.92 x 10-6

None

< 2.33 x106

[a]

Background

9.63 x 10-6

[a]

7.82 x 10-5

7.34 xto-6

1.48 x 1O

Background

1.35 x 10-6

Background

9.93 x 10-6

< 4.04 x

Isotope

Ba-La-140

No Analysis

3.5 x 10-

3 .3 4 x 1 0 

3.01 x1~

2.85 x 10

None

[a]

Background

Background

[a]

1.60 x 10-

9.32 x 10-6

Background

Background

Background

Background

Background

Background

[a] Insufficient for analysis.

19.2 Direct Radiation Measurements

Direct radiation resulting from the excursion, the residual fission pro-
ducts, and the radioactive cloud was monitored by remote radiation monitors
and film-badge dosimeters. Readings which were lower than expected for some
measurements can, for the most part, be explained by the varied amounts of
shielding between the film dosimeter and the reactor.

19.21 Excursion Prompt Radiation. A remote radiation monitor, shielded
by the environmental tank, was located six meters directly west of the reactor.
This monitor gave a peak reading of 30 rem/hr. Because of the relatively long
response time, however, this instrument was unable to follow the high-intensity,
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Zr-Nb-95

1.64 x 10

4.77 x 10-5

1.30 x 10-5

1.41 x 10-5

1.26 x 10-5

6.69 x 10-6

[a]

Background

Background

[a]

5.32 x 10-5

2.02 x106

Background

Background

Background

Background

Background

Background

Ru-103

No Analysis

1.35 x 10

None

None

None

None

[a]

6.95 x 1o~

Background

[a]

3.37 x 10-5

4.82 x 106

Background

2.54 x 10-6

Background

Background

Background

Background



short-duration power burst, and the readings were low. Detectors having a short
time response were able to follow the dose rate from the prompt excursion
radiation. A graph of the dose rate versus time for one of the detectors having
a short time response is shown in
Figure 76. The peak dose-rate of the '-

burst, recorded by this detector through
43 inches of water, was 1.8 x 108 '6
rem/hr. The total integrated dose ob-
tamed by integrating under the dose-
rate curve was 128 rem. 0*

During the power burst, neutron
measurements were obtained by Hurst
nuclear accident dosimeters and bio-
logical samples. The information re- 6

ceived from the neutron detection mecha-
nisms is summarized in Table XXX.

19.22 Fission-Product Delayed Ra-
diation. The remote radiation monitor -7.-6. 4 -3 2- .'
located six meters west of the reactor TIME (m.c)

indicated a radiation field of 55 mrem/ Fig. 76 Prompt gamma dose rate from ex-

hr 120 minutes after the test. Twenty- cursion.

four hours later, this same monitor indicated a radiation field of 2 mrem/hr.

The doses measured by film-badges placed near the environmental tank
are indicated at their respective badge location in Figure 77. The average
gamma doses recorded by those groups of film badges with similar locations
and exposure times are shown in Table XXXI.

19.23 Cloud Radiation. Direct radiation from the cloud was measured by
remote radiation monitors, film dosimeters 3 feet above ground, and film
dosimeters located in "wells". The downwind film-dosimeter exposures in-
dicate that the cloud passed down the center of the grid directly over the five
remote radiation monitors located on the centerline of the 60 sector. The
dose rates measured by these monitors are considered to be the maximum
from the cloud at each arc. The measured dose rates from the detectors are
shown as a function of time and distance in Figure 78. The traces show a small
response to the "burst" radiation, followed by decay of the delayed gamma
radiation prior to the arrival of the cloud.

Within 100 meters of the reactor the integrated dose, recorded on film-
badge dosimeters, was due to direct radiation from the reactor as well as from
the cloud. The "well" film dosimeters, being shielded from the reactor, saw
only the direct radiation from the cloud. As shown in Table XXXII and Figure
79, the maximum recorded radiation dose from the cloud occurred within 25
meters of the reactor. Three stations on the 25-meter arc recorded total beta-
gamma doses of 240, 460, and 290 mrem, respectively. One hundred meters
from the reactor the maximum dose from the cloud, as measured by a "well"
film-badge dosimeter, was 35 mrem. Cloud dispersion and radioactive decay
were such that film dosimeters at all grid stations, 300 meters or more from
the reactor, recorded less than 25 mrem, total dose.
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TABLE XXX

NEUTRON MEASUREMENTS

Position
of Detector

NAD #1 -- Five feet
above reactor

NAD #2 -- Seven feet
above reactor

NAD #3 -- On camera
dolly

NAD #4 -- 25-m arc

NA) #5 -- 50-m arc

NAD #6 -- 100-m arc

Copper wire -- five feet
above reactor

Hair sample -- five feet
above reactor

Film badge -- EG&G dolly

Blood sample -- EG&G
dolly

Activation and
Fission Material

Gold
Plutonium
Neptunium
Uranium
Sulfur

Gold
Plutonium
Neptunium
Uranium
Sulfur

Gold
Plutonium
Neptunium
Uranium
Sulfur

Gold
Plutonium
Neptunium
Uranium
Sulfur

Gold
Plutonium
Neptunium
Uranium
Sulfur

Gold
Plutonium
Neptunium
Uranium
Sulfur

Copper

Sulfur

Indium
Gold
Cadmium covered
Gold

Sodium

Integrated
Thermal Flux

(n/cm2)

6.5 x 107

6.5 x 10

4.0 x 107

Integrated
Fast Flux

(n/cm2)

> 1 keV = 3.7 x 1010
> 0.75 MeV = 5.0 x 1010
> 1.5 MeV = 6.6 x 1010
>2.5 MeV 0

Not analyzed, similar
to ND #1

Not analyzed, equipment
failure

Total
Integrated Dose

radss)

0.7

No Activation

No Activation

No Activation

Recovered too late
for analysis T2 of
Cu-64 = 12.9 hours

No Activation

7.3 x 107

Assumed same neutron
spectra as NAD #1
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TABLE XXXI

RADIOLOGICAL MEASUREMENTS - -
TEST CELL AREA

Location

Top of tank

On dolly next to tank

Corner of reactor dolly

On EG8&G dolly

North end of test cell

10-meter arc

10-meter arc

Approximate
Exposure Time

(hours)

21+

24

2]

1/2

24

24

3

Average Dose
(rem)

38

3.5
3.6

0.25

1.5

0.70

0.39

DETECTOR
FROM CORE

A-4 2
C-8 10
D-8 20
E-17 30

- F-19 50

-- ME

- / ------ EXT

-

I//

D-8 T =0

C-8,,EX(

E-17

F-19
A-4I

SI I I I
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ASU RED

RAPOLATED -

AT TIME OF
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Fig. 78 Cloud dose rate measurements at downwind locations.
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TABLE XXXII

GRID FILM-DOSIMETER DATA

Gamma Beta
Film Reading Reading

Dosimeter Location (mrem) (mrem)

A-1 130 100

A-2 130 0

A-3 115 450

A-4 170 850
A-5 195 800

A-6 180 270

A-7 90 220

A-8 115 150

A-9 60 0

A-l0 65 150

A-li 80 120

A-12 95 0

B-1 15 60

B-2 10 60

B-3 30 70

B- 140 500

B-5 15 0

B-6 25 0

B-7 20 0

B-8 50 30

B-9 35 0

B-10 50 30

B-11 25 60

B-12 50 50

c-8 30 250

D-8 45 0

E-18 25 0

F-18 40 0

A-3 Well 50 190

A-5 Well 30 260

B- Well 75 0
B-5 Well 0 0

C-7 Well 0 0

C-8 Well 35 0

C-9 Well 0 0
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Fig. 79 Grid radiological dose measurements.

19.24 Film Dosimeters on the Grid. Radiation from the power burst, the
residual fission products, and the radioactive cloud was insufficient to give
positive readings on the film dosimeters at most positions on the grid. Those
that did show significant readings are listed in Table XXXII.

19.25 Film Dosimeters on the Radiological Tower. The measured doses,
recorded by film dosimeters on the radiological tower which was located about
20 meters downwind from the reactor, are shown as a function of tower height in
Figure 80. The dosimeters were retrieved approximately five hours after the
test. The gamma readings reflect the exposure from the reactor and the cloud.
The beta readings reflect radiation from the cloud only, with the shape of the
curve indicating two different levels of activity in one cloud or two separate
clouds with different heights.

19.26 Dosimeters Other Than Film Dosimeters. In addition to the film
dosimeters, several other high-range dosimeters were located near the reactor.
The dose results from these dosimeters are shown in Table XXXIII. The lo-
cation notations correspond to the positions indicated in Figure 77. Because of
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TABLE XXXIII

HIGH-RANGE-DOSIMETER DATA

Type of
Dosimeter

Glass Rod

Chemical

Thermoluminescent

Location

2-1

2-3

10-1

10-3

10-5

10-7

10-9

10-11

FC-1

FC-2

FC-3

FC-4

2-2

2-4

2-6

2-8

2-10

2-12

10-2

10-6

10-8

10-10

10-12

On "clothesline"
above tank

On EG&G dolly

Approximate
Time of Exposure

(hours)

24

24

24

24

24

24

3
3

24

24

24

24

24

24

24

24

24

24

24

24

24

3

24

< 1/2
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3.0 the low radiation doses from the re-
actor, most of these dosimeters were
exposed below their minimum applicable
ranges.

19.3 Beryllium Release

Emission spectra analysis of high-
volume air-sampler filters, fallout
plates, and filters from the water catch-
cans showed only background levels of
beryllium, indicating that beryllium was
not released from the environmental
tank. Subsequent visual examination of
the internal beryllium reflector pieces
showed that they had not fractured into
small pieces.

Ganma Dose
(rem)

39 1
30 2

<25

<25

<25

<25

<25

<25

<50

<50

<50

<50

<50

< 50

< 50

<50

<50

<50

<25

<25

<25

<25

<25
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20. ANALYSIS OF RADIOLOGICAL RESULTS

A number of important conclusions can be drawn from the destructive test
data. Some of the conclusions involving the distribution of radioactive iodine,
the fraction of fission products released to the atmosphere, and the success of
analytical models in predicting direct radiation doses are presented in this
section.

20.1 Iodine Distribution

Because of its potential biological hazard, a great deal of interest has
been shown in the release of iodine from damaged reactor fuels, especially in
fuels which have been ruptured under accident conditions. For this reason, an
attempt was made to account for the iodine produced during the SNAPTRAN
2/10A-3 destructive test.

20.11 Available Iodine. The number of curies
which were produced and available for release to
destructive excursion are shown in Table
XXXIV. These quantities of the iodine
isotopes available for release were cal- CURIE
culated with the CURIE computer
code [12], using a fission-product
generation time of 4 msec and a total
energy release of 50 MW-sec. (The Generat
CURIE Code calculations rely on fission
yield input data, and the direct yields Energy

of many isotopes apparently have not Decay T
been accurately measured. For instance,
the direct yield of the important iodine
isotope, I-131, used in the CURIE code,
is 0.36 percent while other referencesIsotope
indicate that it may be zero. This means I-129
that the quantities calculated by the code
are not necessarily accurate.) I-130

20.12 Iodine Released to the Cloud. I-131
Although much of the grid instrumenta-
tion was oriented toward highly sensitive I-132
detection of airborne radioactive iodine,
iodine was not detected in the radio- I-133
active cloud. Several days following the
test, trace quantities of iodine were de- I-134
tected, evolving from the environmental
tank and from the vent of the under- I-135
ground waste tank into which the environ-
mental-tank water had been drained. I-136
Since the samplers detecting these traces
of iodine were the same as those used I-137
on the grid (one-inch-deep beds of acti-
vated charcoal), it is concluded that I-138
significant trace quantities of iodine in
the cloud also would have been detected. I-139

of various iodine isotopes
the atmosphere during the

TABLE XXXIV

CODE DATA FOR IODINE

Conditions:

tion Time 4 msec

Release 50 MW-sec

Time 0 sec

Curies
T/1/2 Available

107 yr 1.0 x 10-17

8.05 day 0.16

2.3 hr 1.4 x 10-7

20.8 hr 3.4 x 10_6

52.5 min 77

6.7 hr 47

86 sec 1.1 x 10

24.4 sec 6.1 x 10

6.3 sec 1.6 x 105

2 sec 2.7 x 105
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The minimum concentration of iodine detectable by the sampling and counting
system under test conditions was 8.7 x 10- 9  iCi/cc, assuming 100 percent
collection efficiency for the charcoal bed, a cloud sampling time of 10 seconds,
and a sampling rate of 20 cfm. Using the upper limit of the cloud volume (4.13
x 104 m 3 ), this concentration yields an upper limit of 3.6 x 10- 4 curies of iodine
that could have been released without detection. The results of the field measure-
ments and the sensitivity calculations, therefore, indicate that the iodine re-
lease from the destructive excursion, if any, was insignificant.

20.13 Iodine Release to the Water. Radiochemical analysis of the environ-
mental-tank water, two days following the test, showed surprisingly little iodine.
The two-day delay interval reduced the amount of direct yield iodine by radio-
active decay; however, if large amounts of iodine had been released, it would
have been readily detectable. On the date of analysis, the environmental-tank
water (~ 10,300 gallons) contained 3.15 x 10-5 Ci/ml or a total of 1.2 x 10- 3

curies of I-131, compared to the total available quantity of 0.92 curie calculated
by the CURIE code. Similarly, the iodine 133 data show a small amount (4.4 x 10-3
curies) of I-133 in the water, compared to the calculated quantity of 4.3 curies.
The lack of evidence of these isotopes of iodine indicates that the release of
iodine into the water was quite low. The fraction of each would not be expected
to be the same because of the difference in their direct yields, half-lives, and
half-lives of their respective tellurium parents.

20.14 Iodine Retained in the Fuel. Radiochemical analysis of the twelve
samples of fuel taken from fuel pins Number 65, 151, and 153 discussed in
Section 11.21 gave an average concentration of 17 microcuries of I-131 per gram
of fuel. The average value gives a total of 0.87 curie of I-131 remaining in the
fuel compared with the CURIE code calculated quantity of 1.0 curie. Thus, it
appears that roughly 87 percent of the I-131 was retained in the fuel. While
this average value does not take into account the variation of neutron flux from
sample to sample and the degree of fragmentation of fuel pins, it does serve to
show that the major portion of the I-131 remained in the fuel. It can be specu-
lated that other isotopes of iodine behaved in a similar manner.

20.15 Iodine Plate-Out. An additional location for the deposition of iodine
was the surface area of the environmental tank and pipings leading from the
environmental tank to the liquid waste tanks into which the environmental-
tank water was emptied. The tellurium precursor of iodine readily plates out
on vessel surfaces from an aqueous solution. This, along with the fact that
iodine was detected evolving from the environmental tank following draining,
indicates that a portion of the iodine inventory was held on these surfaces.
Since no specific sampling for iodine plate-out was performed quantitatively,
all that can be said is that an undetermined portion of the iodine inventory was
deposited on various surfaces in the system.

20.16 Iodine Balance Summary. Although a complete accounting of the total
iodine inventory was not realized, the lack of iodine in the cloud and the low
concentration in the environmental-tank water indicate that the majority of the
iodine remained in the fuel. The radiochemical analysis of the fuel confirms
this conclusion, indicating an iodine retention of the order of 90 percent, with the
balance being plated-out on tank piping surfaces.
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20.2 Fraction of Noble-Gas Release

The quantity of radioactive gases released from a full-scale reactor
destructive test cannot be calculated unless a number of assumptions are
made. In most cases the assumptions selected can be expected to give an upper
limit to the quantity of gases released. The following determinations of noble-gas
release have been obtained through four independent approaches based on the
appropriate assumptions.

20.21 Diffusion Calculations Using Kr-91, Kr-92, and Xe-139 Decay Chains.
An estimate of the fraction of noble fission gases released to the atmosphere
was made using an instantaneous release model and the quantities of noble-gas
daughter activity collected by high-volume air samplers. Since the high-volume
air samplers did not collect the parent noble gases, correction factors for the
release of unsampled parent gases as a function of distance from the reactor
were developed and applied to the measured daughter activities. After making
these corrections, isopleths of the Sr-91 activity at ground level, as shown in
Figure 81, were drawn in the x-y plane to facilitate the estimation of the lateral
plume spread and cloud centerline quantities at each sampling arc. The fractional
release was calculated by using values from the isopleths and by assuming a
generalized Gaussian diffusion model. The values obtained by this technique were
four percent for Kr-91, three percent for Kr-92, and three percent for Xe-139.
Comparable release fractions can be assumed for other noble gases. However,
the fission yields and decay modes of these noble gases were such that their
daughters were not detected by gamma spectroscopy of the air sampler filters.

20I P.0L H102O5.0T10IE5.0INTEGA.0T

c CONCENTRATION OF Sr-91,
CORRECTED TO 1400 HR

25M 50M lOOM 20DM 300M 500M 900M 1500M 2500M 4000M 610DM
GRID CENTERLINE DISTANCE

Fig. 81 Isopleths of values of Sr-91 (iiCi-sec/m3).

Because of the uncertainties in many of the measurements and because of
the series of estimates applied, the upper limit of noble-gas release determined
by this method is believed to be four percent.

The summation of noble gases formed directly by the excursion was calcu-
lated by the CURIE code to be 8 x 105 curies, which is about 10 percent of the
total fission product inventory. One percent of the noble gases corresponds to a
release of 8000 curies.

132



20.22 Cloud Volume Calculation -- Xe-138 Decay Chain. The noble-fission-
gas activity from Xe-138, detected by the fission gas balloon detectors, pro-
vides another method for estimating the fraction of the noble gases released
from the reactor.

The concentration of Xe-138 in the cloud, as it passed the fission-gas
detector at position A-3 on the 25-meter arc, was calculated as follows. At
the time the balloon was deflated, 0.185 iCi of Cs-138 was collected on the
balloon and exhaust filter. This corresponds to the collection of 1.4 pCi of
Xe-138 in the balloon during the cloud passage time. The xenon was allowed
to decay for 1.47 hours before the balloon was deflated. Since the sampling
rate of the detector was 830 cc/sec and the cloud required about 10 seconds
to pass, the 1.4 Ci of Xe-138 corresponds to a cloud concentration of 1.7 x i0- 4

iCi/cc.

From the air sampler data given in Table XXVIII, it is apparent that the
cloud center passed closer to station A-4 than station A-3 where the balloon
detector was located and that the noble gas concentration at A-4 was nearly
double that at A-3. Using a concentration factor of 2, the Xe-138 cloud concen-
tration becomes 3.4 x 10-4 Ci/cc. This concentration, coupled with the rec-
tangular cloud volume presented previously (4.13 x 104 m 3 ), yields a total
release of 13.8 curies of Xe-138 or roughly 2 percent of the 630 curies produced
in the excursion.

The value of 630 curies is an upper limit on the total noble-gas release
since the cloud volume was probably considerably less than that calculated
using the rectangular cloud dimensions. Also, the overall average concentration
in the cloud was probably less than the 3.4 x 10-4 Ci/cc measured at ground
level.

20.23 Fuel Analysis of Xe-137 Decay Chain. An indirect approach to the
determination of the release of the noble gases can be made by analyzing the
reactor fuel for the quantity of the daughter activity remaining in the fuel. This
approach was used on the Xe-137 decay chain by comparing the amount of Cs-137
remaining in the fuel to the amount ideally available from the total chain yield
of Cs-137 for the integrated energy release from the fuel. The difference be-
tween the calculated value of the available Cs-137 and the measured value gives
the number of parent atoms (I-137 and Xe-137) that were released. By combining
the results of the fuel analysis presented in Section 11.21 with a normalized flux
distribution over the core, the comparison technique indicates that an upper
limit on the release fraction of the Xe-137 chain was less than five percent.

20.24 Kr-85 Fuel Analysis. Although the opportunities for noble gases to
escape from the fuel subsequent to the test up to and during the radiochemical
analysis are considerably greater than for other fission products, analysis
indicates that only a small quantity of noble gas was released. A direct measure-
ment of the quantity of noble gases remaining in the fuel can be made on Kr-85
because of its long 10.4-year half-life. One sample of fuel from fuel pin E-147
was analyzed and showed 3.9 x 10-3 ICi of Kr-85 per gram of fuel. This value,
normalized over the core, indicates that 2 x 10-4 curies of Kr-85 remained in
the fuel, or nearly 80 percent of the quantity available for release as calculated
by the CURIE code. This quantity is believed to be less than the percent re-
tained during the test because of the greater opportunity for the gas to diffuse
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from the fuel subsequent to the destructive excursion. The results do, however,
indicate that the majority of the Kr-85 remained in the fuel.

20.25 Summary of Noble Fission-Gas Release. Four independent methods
were used to calculate the fraction of noble fission gases released during the
power burst. Two of these depended upon actual measurement of the activity of
the cloud constituents and two on analysis of the fission products remaining in
the fuel. All indicate a low percentage release.

The diffusional calculations using the Kr-91 chain are thought to represent
the most accurate determination because of the considerably larger number of
measurements used to establish the model. On the basis of the assumption
required to establish the diffusion model and in view of the other measurements,
the percentage release of noble fission gases appears to be about three percent.

20.3 Direct Radiation Analysis

Because little experimental information exists concerning the radiological
hazards of direct radiation from this type of nuclear accident and because this
particular test was initiated with the reactor already submerged in water, a
theoretical analysis of the excursion has been performed. The objectives of
this analysis were to confirm the accuracy of calculational techniques by com-
paring calculated doses to those actually measured and to predict the maximum
direct radiation hazard that could occur from the water immersion of a SNAP
2/b0A reactor.

20.31 Comparison of Doses. In general, the measured radiation doses in-
cluded the total integrated dose from both the prompt gamma radiation and the
delayed radiation from the decay of residual fission products. Since the reactor
was covered with nearly four feet of water at the time of the excursion, the
contribution of the prompt gammas to the measured dose was small. After the
power burst, the water was drained from the tank, and the decay gammas from
the unshielded source were measured.

The points selected for comparing measured and calculated radiation
doses were chosen at locations involving the simplest shielding geometry. A
point source geometry was selected for the analytical models used in all power
burst (prompt) dose calculations. For residual fission-product decay between
one and ten seconds following the excursion, a cylindrical source over the entire
volume of water remaining in the environmental tank (approximately eight feet
deep) was used.

After ten seconds, all fission products were assumed to be evenly spread
across the floor of the tank and a disc source geometry with the plane at the
bottom of the tank was used. For points beyond ten feet to the side of the tank
(in the same plane as the tank bottom), the disc source was replaced by a line
source containing an equivalent amount of fission products.

The general procedure for determining decay radiation doses was to cal-
culate and plot the dose rate as a function of time after the test and to integrate
over the appropriate period of exposure. A comparison of calculated doses to
measured doses is shown in Table XXXV.
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TABLE XXXV

CALCULATED AND MEASURED RADIATION DOSES

Approximate
Distance Approximate Time Calculated

from Reactor of Exposure Measured Dose Power Burst Decay Total
Location (feet) (hours) (rem) (rem) (rem) (rem)

Top of tank 8.3 24 38 (avg) 0.47 44 44.5

SW corner of dolly 19 24 3.3 7.7 x l0 1.7 1.7

10-meter arc (west of dolly) 33 3 0.35 3.6 x to-' 0.61 0.61

70 foot height on tower 90 5 0.67 6.0 x 10-2 0.74 0.80

Detector in reactor tank 4 -- 128 118 -- 118

"Clothesline" above reactor 12 3 150 6.7 162 169

The measured dose (38 rem average) at the top of the tank was detected
by film dosimeters which were located several inches beyond the edge of the
tank. The dosimeters were shielded from the activity on the tank floor by a
portion of the concrete wall. In calculating the maximum dose of 44 rem at this
location for an exposure of 24 hours, the average thickness of concrete shielding
was assumed to be 10 inches.

The calculated dose at the corner of the dolly is lower than the measured
dose because of the assumed line source geometry (across the center of the
tank) which was 19 feet from the dose point.

To determine the doses on the radio-
logical tower as a function of height, the
dose 70 feet directly above the environ-
mental tank was calculated for a 5-hour
exposure. The value of 6.4 rem obtained
from this calculation was then corrected
to account for tower elevation and dis-
tance from the reactor and for shielding
between the source and the badge. The
calculated doses and measured film-
badge doses are shown in Figure 82.

The measured doses at tower heights
above 40 feet, indicated in Figure 82,
have been corrected to consider direct
radiation only. Doses on the tower below
40 feet were assumed to be due only to
the cloud because of the shielding of
direct radiation by the reactor environ-
mental tank the test-cell furnace
housing, and various other equipment.
For calculation purposes, the cloud was
assumed to be concentrated at a point
source 30 feet above the ground. The
dose at each position above 40 feet
was reduced by subtracting an effective
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Fig. 82 Gamma dose data from radiological
tower locations.
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cloud dose resulting from the point source. This effective cloud dose was deter-
mined for each position by using the inverse square law source reduction.

The direct radiation from the power burst was measured by means of a
fast-response gamma detector located in the environmental tank approximately
four feet from the reactor. By integrating the area under the dose rate curve,
the total burst dose for the fission and prompt gammas was calculated to be 128
rem. The calculated dose at the given position was obtained by using a modified
point source geometry, taking into consideration the self-attenuation of the core
material. In addition to the fission gammas, the gammas from the neutron-water
reaction and neutron-aluminum reaction were taken into consideration. The
total burst dose was calculated to be 118 rem.

The highest measured dose in direct line of sight above the reactor on the
"clothesline" was 150 rem. The corresponding calculated dose was determined
by using a self-attenuated point source geometry and the contributions from
prompt and decay gamma radiation. The prompt radiation consisted of fission
gammas and gammas produced by the neutron-water reactions. The gamma
decay dose was calculated using a disc source on the floor of the tank which was
shielded by the water remaining in the tank. The total calculated gamma dose
three hours after the test was 169 rem.

In addition to the calculations of integrated doses, calculations were made
to determine the gamma dose rate at the inner edge of the tank where there was
no concrete shielding. These calculations

were performed to provide a comparison
for portable instrument measurements
taken at this point starting about 24
hours after the test. The measured dose
rates and calculated dose rates are shown
as a function of time in Figure 83.

The accuracy of the calculated re- - CALCULATED

sults if limited because of the lack of
available information concerning (a) the i
test package geometry with the complex MEASURED

surroundings of the tank and various
equipment, (b) the exact value of the
total nuclear energy release, and (c)
the gamma energy spectrum for short112
decay times following an instantaneous 'o TME AFTER DESTRUCT (HOURS)

release. The latter area of uncertainty Fig. 83 Gamma dose data from locations at
is due to the limited amount of data inner edge of environmental tank.
available concerning the activity of
short-lived fission products. The spectrum used for this analysis was taken
from Knabe and Putnam [6] whose results are based on experimental data ob-
tained at the Oak Ridge National Laboratory.

The analytical results are believed to agree sufficiently with experimental
data to justify the use of similar techniques in predicting the maximum radio-
logical hazards due to direct radiation from a water immersion accident.
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20.4 Conclusions Based on Radiological Results and Analysis

The hazards involving the release of toxic and radiological material to the
environment during the SNAPTRAN 2/10A-3 destructive test were considerably
less than anticipated. The general conclusions which can be drawn from the
test are:

(1) Beryllium was not released with the radioactive cloud.

(2) More than 99 percent of the fission products were retained in
the environmental water and reactor fuel remains.

(3) Halogens, released from the fuel, were retained by the en-
vironmental-tank water, with the result that detectable iodine
was not released to the radioactive cloud.

(4) The radioactive cloud contained only noble fission gases and
their daughters. Calculations indicate that the noble-gas release-
fraction was less than four percent of the total noble-gas
inventory.

(5) The size of the particles released with the cloud was below the
detection range of the instruments.

(6) Direct radiation hazards from the test were low. The average
beta-gamma radiation dose recorded by film dosimeters, ex-
posed for 24 hours on the top of the environmental tank, was 38
rem. The neutrons from the excursion gave a total neutron
dose of 0.7 rad ten feet from the reactor. Even with the close
confinement of dispersed fuel in the environmental tank and
without water shielding, the radiation levels were low -- 500
mrem/hr at the top edge of the environmental tank two days
after the test.

(7) There was little dispersion of radioactive debris in the vicinity
of the test area. Contamination levels approached background
levels three days after the test.

(8) Based on the available data, the most dependable method for
determining the fission-product release from the reactor was the
diffusion-type calculations based on the spread and dispersion of
the radioactive cloud.

The information obtained from this test indicates that (a) better definition
of the cloud path and diffusion could be obtained with more closely spaced
sampling stations on the monitoring arcs; (b) measurements of the cloud diffusion
in the vertical direction were needed for the source term calculations; (c) radio-
chemical analysis of the fuel before the test would have aided in determining the
fraction of the fission products retained in the fuel; (d) film dosimeters of the
NRTS type with windows and shields to provide discrimination of beta exposure
from gamma exposure would have provided better information than the red-
plastic-sealed type used on most of the monitoring grid; and (e) continuous
pen-type recorders, connected to beta-sensitive, gamma-insensitive detectors,
would have provided better definition of the cloud dynamics by responding only
when the cloud was in the immediate vicinity of the detector.
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In general, it can be concluded that a water immersion accident of a SNAP
2/10A reactor does not present a serious radiological hazard to the public. The
test also demonstrated the conservatism inherent in the analytical procedure for
performing safety analyses on this type of reactor; for example, less than four
percent of the noble fission gases were released as compared with the 100 percent
release normally postulated.

21. POST-TEST RESULTS

The destructive excursion resulted in the rupture of all the fuel elements
in the core and the complete dispersal of the reactor fuel within the environ-
mental tank as shown in Figure 84. Approximately 99 percent of the fuel and
cladding was recovered following the test. The original placement of fuel in the
core is shown in Figure 85. Figure 86 is a composite picture of the identifiable
fuel and cladding pieces shown in their relative locations in the original core.

Sample wafers were cut from four of the identifiable fuel elements for both
chemical and metallurgical analysis. The original core positions and the identi-
fying numbers of the sampled elements are: position 4 (E-151), position 18 (E-
65), position 21 (E-84), and position 27 (E-153). For chemical analysis, four
sample wafers were cut from E-65, E-151, and E-153, one from each end of each
fuel element as well as one from either side of the missing center section. The
wafers were numbered 1 through 4 starting at the bottom of each element and
were identified as 65-1, 65-2, 65-3, and similarly for the elements E-151, and
E-153.

The hydrogen distribution was determined for each of the three elements
both radially and longitudinally by taking five radial samples from the center
outward from each wafer and identifying them by H-1 at the center to H-5 at
the edge. The results of the hydrogen analysis of the wafers are listed in Table
XXXVI with the original hydrogen content of each fuel element also given. The
listed values have a 95 percent confidence interval of 0.02 weight percent and
are an average of duplicate analyses having a difference no greater than 0.02
weight percent. The results indicate essentially no hydrogen loss from the ex-
treme ends of the three fuel elements and only a 10 to 15 percent loss at the
broken ends of elements E-65 and E-151 which were near the center of the
reactor core. Element E-153, which was located at the outside edge of the core,
apparently had a negligible loss even at the broken ends. A close examination of
the hydrogen content of the five samples from each of the H-2 and H-3 wafers
indicates that the surface appearance (cracks, fissures, and in several cases a
much darker color at the crack edges) probably explains the wide range of
results reported and may be attributed to an oxide formation or a change in
structure. Several small unidentifiable fuel pieces were also analyzed and found
to contain only 22 percent of the original hydrogen content.

The remaining portion of each fuel wafer was analyzed for the following
fission products: I-131, Ba-La-140, Ce-141, Zr-Nb-95, Cs-137, and Sr-89. The
results of this analysis are presented in Table XXXVII. The results indicate
that the flux was higher near the center of each fuel element than at the ends.
The variations in the I-131 results may be attributed to sublimation and/or
migration of the iodine. Although the strontium analyses included both Sr-89
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Fig, 85 SNAPTRAN 2/10A-3 fuel element locations.
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Fig. 86 Fuel rod remains arranged according to core layout.
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TABLE XXXVI

HYDROGEN ANALYSIS OF FUEL

Sample
Appearance

No cracks
in fuel

Large cracks --

many fissures

E-65 Original
Hp 1.80 wt%

65-1
H-1 1.79 wt%
H-2 1.78
H-3 1.84
H-4 1.77
H-5 1.84

avg 1.80

65-2
H-1 1.43 wt%
H-2 1.52
H-3 1.39
H-4 1.53
H-5 1.74

avg 1.52

65-3
H-1 1.55 wt%
H-2 1.38
H-3 1.50
H-4 1.47
H-5 1.69

avg 1.52

65-4
H-1 1.77 wt%
H-2 1.77
H-3 1.80
H-4 1.80
H-5 1.85

avg 1.80

No cracks
in fuel

11-151 Original
H2 1.81 wt%

151-1
H-1 1.73 wto
H-2 1.75
H-3 1.74
H-4 1.73
H-5 1.76

avg 1.74

151-2
1-1 1.67 vts
H-2 1.55
H-3 1.50
H-4 1.72
1-5 1.73

avg 1.63

151-3
H-1 1.44 wt%
H-2 1.43
H-3 1.58
H-4 1.56
1-5 1.57

avg 1.52

151-4
H-1 1.75 wt%
H-2 1.74
H-3 1.77
H-4 1.74
1-5 1.73

avg 1.75

Sample
Appearance

No cracks

Pitted, numerous

cracks

Pitted, numerous
cracks

No visible
cracks

E-153 Original
H2 1.78 wt%

153-1
H-1 1.69 wt%
H-2 1.72
H-3 1.73
H-4 1.73
H-5 1.71

avg 1.72

153-2
H-1 1.71 vt%
H-2 1.71
H-3 1.63
H-4 1.72
H-5 1.70

avg 1.69

151-3
H-1 1.72 wto
H-2 1.72
H-3 1.73
H-4 1.72
1-5 1.67

avg 1.71

153-4
H-1 1.73 wt%
H-2 1.70
H-3 1.71
H-4 1.71
H-5 1.73

avg 1.72

Sample
Appearance

No visible
cracks

Cracks and fissures

-- darkened at

edge

Pitted, numerous

cracks

No visible
cracks

and Sr-90 isotopes, the Sr-89 disintegrations represented > 99 percent of the
total strontium activity; Sr-90 was not detected.

An analysis of the environmental-tank water for sodium gave a result of
15.4 0.8 ppm Na which indicates that the 6-1/2 pounds of NaK reacted with the
10,800 gallons of water during and immediately following reactor disassembly.
Sodium analysis of the water in a catch can at the top edge of the environmental
tank and in a 5-section catch tray on the flatcar gave comparable sodium
concentrations.

Further details of this phase of the post-test examination are included in
IDO-17019, "SNAPTRAN 2/10A-3 Destructive Test Results" and IDO-17065,
"Post Test Physical, Chemical, and Metallurgical Analysis of SNAPTRAN
2/10A-3 Fuel".
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TABLE XXXVII

FISSION PRODUCT DISTRIBUTION
(Expressed as pCi/g -- To + 2.28 hours)

Ba-La-140

24

47

44

23

25

39

Sample
Number

65-1

65-2

65-3
65-4

151-1

151-2

151-3

151-4

153-1

153-2

153-3

153-4

Ce-141

1.7

3.0

3.1

1.3

1.3

1.8

2.3

1.2

1.1

1.7

2.0

Zr-Nb-95

4.3

9.1

9.2

4.2

4.8

7.8

9.1

4.4

4.1

6.7

8.0

Cs-137

0.026

0.049

0.057

0.029

0.025

0.046

0.057

0.028

0.024

0.036

0.026

Sample------------

22. POST-TEST CLEANUP AND AREA DECONTAMINATION

Post-test reentry to the test pad area began less than thirty minutes after
the test. Radiation levels at various locations near the test pad were as follows:

Coupling station

Change room

Corridor shielding door (open)

Test cell entrance

Test pad adjacent to environmental
tank

Not above normal

0.20 mr/hr gamma

50 mr/hr beta-gamma

150 mr/hr beta-gamma

400 mr/hr beta-gamma

Approximately 1-1/2 hours following the test, the test cell building had been
replaced over the test pad and all doors secured.

Television surveillance following the test and later direct observation
showed extensive damage in the environmental tank with complete disassembly
of the reactor core and vessel. Figures 87 and 88 show the tank interior before
the test and Figures 89 and 90 show views taken after the test, before any of the
contents were disturbed. The extent of disassembly is quite apparent in Figures
89 and 90. Only the vessel head remained on the support pedestal. Two of the
three EG&G periscopes which were attached to the lip of the tank dislodged and
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fell against the reactor support pedestal as shown in Figure 90. The periscopes
dislodged about five minutes after the test, resulting in the inability to view all
of the tank interior with the television camera. From the television picture, 10
percent of the water was estimated to have been completely expelled from the
tank onto the test dolly and pad. Damage to the environmental tank consisted of
enlarging two external cracks in the cement and knocking off some small pieces
of concrete around the cracks. Both cracks were known to exist before the
destructive test. The reentry team reported no fuel fragments or debris from
the environmental tank on the test pad or immediate area. The shielded loco-
motive, shown in Figure 91, was used to move the test dolly and environmental
tank from the test cell to the hot shop for a thorough post-destructive analysis
of the tank contents.

Fig. 91 Removing shielded locomotive test dolly to TAN hot shop.

Approximately 99 percent of the fuel was found to have remained in the
environmental tank. All six of the beryllium filler pieces which were in the
reactor vessel were broken in half. Damage to the EG&G periscopes was minor
and most of the major components were salvaged. With the exception of the
shearing of some of the positioning pins, the upper and lower grid plates were
relatively intact.

Analysis of the filters from the air samplers on the test pad showed less
than 0.01 microgram of beryllium per filter. The filter from the test cell floor

148



drain to the hot waste tank was examined and found to be free of radioactive
material. The uranium and zirconium content (weight percent) of the hot waste
tank water was less than one percent. The entire underground facility and test
pad were inspected for radiation contamination. Only the change room and test
pad were found to be contaminated. Contamination was slight and, with few
exceptions, only one application of soap and water was necessary for cleanup.

23. CONCLUSIONS BASED ON THE ANALYSIS OF THE
DESTRUCTIVE TEST RESULTS

The objectives of the SNAPTRAN 2/10A-3 destructive test were funda-
mentally related to reactor safety. Major emphasis was given to the deter-
mination of (a) the radiological hazards, and (b) the dynamic reactor behavior.
The general conclusions which were drawn from the destructive test analysis are:

(1) The radiological hazards as determined from this test were
considerably less than were calculated. First, an indescernable
amount of fuel was thrown from the tank which implies, that in
such an accident, confinement of reactor components can be ex-
pected. Secondly, even with this close confinement of fuel
components, the radiation levels were very low and radio-
active iodine release to the atmosphere was negligible. It was
also shown that less than five percent of the fission products
were released from the fuel. Complete reactor disassembly
precluded further buildup of fission product inventory which
would have resulted from continued operation.

(2) The dynamic reactor behavior is better understood. The
temperature dependent reactivity feedback coefficient was deter-
mined to be 0.19-/*F. Since this coefficient is between 2 and 3
times the previously estimated value, the SNAP 10A/2 type
reactors can be expected to be more self-limiting than pre-
viously anticipated.

The maximum core temperature threshold for the onset of
reactor disassembly was determined to be about 1900F. While
this threshold is possibly dependent on the rate of energy
deposition, the threshold for this test is thought to represent
the value which could be expected for most accidents involving
the SNAP 10A/2 type reactors.

When the SNAPTRAN 2/10A-3 reactor reached the 1900F
threshold, it disassembled at a slower rate than predicted.
However, with higher energy deposition rates and, hence, higher
temperature thresholds for disassembly, reactor disassembly
could be expected to occur more rapidly and more violently.
This would serve to disperse fission products to a greater
extent than exhibited in the SNAPTRAN 2/10A-3 test.
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III. LOSS-OF-FLUID TEST (LOFT)

During this period, the LOFT plant and experimental systems progressed
from the conceptual to the detailed design stages. Concurrent with this work, a
Preliminary Safety Analysis Report (IDO-16981) was prepared as a prerequisite
to obtaining approval for construction by the Atomic Energy Commission.

The following sections summarize the principal engineering design activities
by both the architect-engineer and Phillips Petroleum Company and the analytical
efforts undertaken in support of the LOFT Safety Analysis Report.

1. LOSS-OF-FLUID TEST FACILITY

The Loss-of-Fluid Test (LOFT) is an engineering test to demonstrate and
investigate a loss-of-coolant accident in a water-cooled and -moderated reactor
using a complete nuclear plant. After careful study of possible test sites, the
National Reactor Testing Station, Test Area North, was selected as the one least
likely to present a hazardous condition to the general public as a result of the
nuclear blowdown. Specifically, the facilities for the LOFT test will be built
immediately adjacent to the Flight Engine Test Facility.

1.1 Flight Engine Test Facility (FET)

The FET consists primarily of the test building (hangar) and the under-
ground control and equipment building. Other minor FET structures include two
deep-well pump houses, a tank house, and a two-bay cooling tower. The test
building is a reinforced concrete arched structure measuring 320 feet wide by
234 feet long by 99 feet high at the midpoint of the arch. Overlapping sliding
doors 60 feet high open to a total width of 240 feet at either end of the test
building. Four-rail dolly trackage enters the building through the southwest
door and extends into the building approximately half-way where it adjoins the
dolly coupling station. The coupling station is a reinforced concrete structure
with two-foot-thick walls which extend up from the test building floor to a height
of five feet. The coupling station is so constructed that when a dolly-mounted
experiment is in place, lead shielding doors can be closed behind the coupling
plug permitting manual connection of cable and tubing to the dolly. Access to
the coupling station is gained through tunnels which extend from the control and
equipment building. Adjoining service tunnels four feet wide by six feet high
extend from the coupling station area to exit manholes near the northwest side
of the test building.

The control and equipment building is an underground, reinforced-concrete
building immediately adjacent to the test building. The building measures
approximately 105 by 94 feet with walls and roof approximately one foot thick.
Eight feet of earth covers the entire building. The control and equipment building
houses all of the support facilities and utilities for the operation of the test
building. Located in the building are the control room and console, the necessary
offices and laboratories, water treatment equipment, water circulation pumps,
air compressor equipment, electrical switchgear, a diesel driven generator, and
such other facilities as are needed to make the FET an integrally independent
test facility.
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1.2 LOFT Facility

The LOFT facility is being built immediately east of the FET control and
equipment building and south of the underground tunnel which offers access to
that control building. The existing control and equipment building will be utilized
to house the control room, data acquisition room, and such other rooms and
offices as may be necessary for the conduct of the LOFT test program. The
utilities, which are also in this building, will be extended to serve the LOFT
complex as well as FET. With the exception of the heating and ventilating system,
the FET utilities are adequate, with minor modifications, for the addition of
LOFT. The heating and ventilating system will require the installation of an
additional low-pressure steam generator and duct and damper modifications to
permit the total isolation of the LOFT facility from outside air during nuclear
testing.

The LOFT containment test building will consist of a vertical cylinder
70 feet in diameter by 129 feet high including the hemispherical top head and
the torispherical bottom head with 97 feet above ground. The cylinder will be
constructed of 1 inch steel plate welded into an airtight vessel with the top
head measuring 1/2 inch thick and the bottom head 1-1/4 inch thick. At approxi-
mately ground level, a 1/4-inch-thick impervious steel membrane will be welded
to the sides of the vessel to separate the test area from the basement area and
to maintain the airtight integrity of the containment. This membrane, covered
with two feet of concrete, will constitute the floor of the operating area. The
internal surfaces of the cylindrical portion of the vessel will be covered with
12 inches of reinforced concrete to preclude damage should the reactor generate
flying missiles during blowdown. The top dome will also be similarly covered
with six inches of concrete.

The containment building is sized to accommodate the rupture of the re-
actor primary coolant system with a resultant maximum building pressure of
24 psig. The design pressure is 40 psig which is adequate to accommodate a
rupture of both the primary and secondary coolant systems.

A labyrinthine structure is provided on the north side of the containment
vessel to house the necessary cables and pipelines which penetrate the contain-
ment vessel incidental to conducting the LOFT tests.

On the south side of the test building will be provided a large railroad door
measuring 22 feet wide by 33 feet high for the passage of the large dolly-mounted
experimental assemblies. This door will be sealed to maintain the building
internal pressures after blowdown. Entry into the building will be gained through
either of two air locks, one at each level. Figure 92 is an artist's conception
of the LOFT-FET complex showing the large railroad door and the trackage
which enters the building.

1.3 Camera Systems Within LOFT

Much of the data to be gained from the LOFT blowdown test is to be re-
corded on film by high-speed movie cameras. During and immediately after
the blowdown, much of the interior volume of the containment building will be
clouded by steam precluding standard photographic techniques. Therefore,
infrared cameras will be utilized to supplement conventional cameras. During
nonnuclear blowdown testing, a camera station containing one infrared camera
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Fig. 92 LOFT-FET complex.

and one conventional camera will be located in an elevated position on the con-
tainment wall, and a similar camera station will be located near floor level.
All four cameras will be aimed at the blowdown nozzle. These cameras are
housed in specially designed metal and glass containers to protect them from
the steam-saturated and high-temperature atmosphere. During nuclear blowdowns
both camera stations will be equipped solely with a pinhole gamma camera to
record the fissionproduct transport phenomena. These pinhole cameras are con-
tained in housings which, in addition to atmospheric protection, afford shielding
to limit radiation damage to the film after the blowdown and prior to removal
from the containment building.

1.4 Sampling System

A radiological sampling system including removable and nonremovable
samplers will be used for data acquistion during the LOFT tests. The non-
removable samples, which will not be removed until the test is terminated,
consist of metal coupons fastened to the floor, the dolly, the containment wall,
and other representative surfaces in a predetermined pattern. The surfaces of
these coupons will be identical to the surface to which the coupon will be
attached and which it will be assumed to represent in later analysis. That is,
some coupons may have a bare carbon-steel finish, some may have a concrete
coating, and others may have an epoxy coating -- depending on their location
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within the containment. After the test is completed and access is permitted to
the containment building, these coupons will be removed and analyzed to obtain
information on fission-product transport and plateout phenomena.

The removable sampling system permits the taking and analyzing of samples
throughout the test period. Remotely controlled spheres will collect gas samples,
plate-out samples, or particulate samples. The spheres will then roll down
through collection tubes into the sample collection room where they will be
washed, counted, and loaded into shielded casks for transport to analytical
facilities. The 12 sampling stations for these spheres each consist of a mecha-
nism with three large wheels, each wheel bearing 24 sample spheres. Thus,
each station has the capability of taking 24 samples of particulate, 24 samples
of plateout, and 24 samples of atmosphere. As the wheels rotate, either on com-
mand or on a preset timed sequence, the spheres will enclose their samples
and drop into the collection tube system.

1.5 Halogen and Particulate Removal System

A halogen and particulate removal system will be included in the LOFT
facility. The function of this system will be to reduce the airborne activity in-
side the containment vessel after either a blowdown experiment or an accidental
release of fission products into the containment ambient. The containment gas
is to be recirculated at the rate of 8000 cfm for a period of 20 hours, to reduce
the concentration level of all halogen nuclides to a value less than the maximum
permissible concentration given in the Department of Commerce NBS Handbook
No. 69. The recirculation period of 20 hours is based on a 99 percent efficiency
for the halogen removal filter. For an overall filter efficiency of 25 percent,
recirculation for approximately 120 hours would be required. The system will
consist of a main filter train, main blowers, main charcoal-filter cooling equip-
ment, filter sampling trains, and the associated duct and piping. Most of the
components will be placed underground and shielded so decontamination and
handling can be accomplished readily and without hazard to the health and safety
of operating personnel.

1.51 Operative Sequence. The airborne halogen and particulate removal
operation within the containment vessel will be preceded by the reduction of
internal containment pressure to approximately atmospheric pressure by either
natural pressure and temperature decay or by a water spray. The containment
isolation valves related to the filter system will be opened, and the halogen
removal operation will be initiated by starting the main blower and recirculating
the gas in the containment vessel through the main filter train at the rate of
8000 cfm.

During the recirculation period, the block valves leading to the stack will
remain closed and the airborne activity will be recirculated until such time as
discharge to the atmosphere is considered permissible based upon health
physics standards, meteorological conditions, and other pertinent criteria set
forth by ID Standard Health and Safety Standards.

1.52 Main Filter Train Vault and Filter Equipment Room. The main filter
train which consists of a demister, roughing filter, high-efficiency particulate
filter, and a charcoal filter, is expected to contain approximately one megacurie
of activity at the end of the recirculation process and 24 hours after a blowdown
experiment. Therefore, the main filter vault will be shielded from areas where
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personnel access will be required. Four feet of ordinary concrete or equivalent
shielding material will be provided at the top and sides of the main filter train
vault. The top of the main filter vault will be covered by removable concrete
shielding blocks, and the outside top surface will be formed to allow easy access
for truck or mobile crane.

The duct penetrations from the vault will be placed to minimize radiation
streaming into the filter equipment room. The floor of the main filter vault
and filter equipment room will be provided with floor drains leading to the hot
waste tank for draining decontamination solutions.

The filter equipment room houses two main blowers and the associated
duct and piping in addition to the equipment associated with the containment
basement exhaust system. During the period of airborne activity recirculation,
access to the filter equipment room will not be permitted because of the
radiation emanating from the recirculation ducts. The radiation level in the
blower room is estimated to be approximately 100 mr/hr five days after a
blowdown experiment based on the presence of only noble-gas activity in the
duct.

1.53 Main Charcoal Filter Unit, Cooling Equipment, and Ignition Pre-
vention. The main charcoal filter unit is isolated in a concrete vault. The
filter unit is equipped with an independent recirculation cooling system which
takes suction through a recirculation fan from the downstream side of the
charcoal filter. Thus, the filter can be cooled when the main containment ex-
haust system blowers are not operating. A tap into the discharge line of the
recirculating fan will be provided for nitrogen purge so that the charcoal filter
can be blanketed with nitrogen. The auxiliary, independent recirculation cooling
system and the nitrogen blanketing facility are provided in order to prevent
ignition of the charcoal.

1.54 Removal and Disposal Operation of Main Filter Train. Two filter unit
cases were designed with four inches of lead shielding at the top and bottom.
Steel bells with four inches of lead shielding on the sides will be provided for
each of the steel filter cases. The lead-lined bells will be placed over the
filter cases to provide shielding during filter removal and during transport to
the burial site.

1.6 Filter Sampling System

The filter sampling system consists of three sampling trains. The sampling
trains and the pickup points for each train are shown in Figure 93. The first
and second sampling trains, which extract gas upstream of the demister and
downstream of the absolute filter, respectively, will be 1/2 inch in diameter.
The third sampling train, which extracts a sample downstream of the main
filter train, will be 2 inches in diameter. The filter elements in the sampling
trains, except for the millipore filter, are to be made of the same material as
the corresponding filters of the main filter train.

The millipore filter and the charcoal traps will induce large pressure
drops. To keep the pressure drop across these units at reasonable limits for the
sampling train system, the flow through the millipore filter and charcoal traps
will be reduced to 0.1 scfm, and the balance of the sample train flow will be
diverted around these components (for example, 0.9 scfm for trains 1 and 2
and 29.9 scfm for train 3).
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Fig. 93 Filtering system and sampling train.

The roughing and absolute filters will be added to the third sampling train

because of the possibility of charcoal dust blowing off the main charcoal filter.

Only one pick-up point was selected for the noble gas sampler, since virtually

no retention of noble gases will occur in the main filter train.

2. LOFT TEST PACKAGE DESCRIPTION

The LOFT test package includes a 50 MW(t) pressurized water reactor and
primary coolant system mounted on a mobile dolly. The nuclear system, con-
sisting of the primary coolant system and the reactor, incorporates features
common to most commercial pressurized water reactors. However, no attempt
has been made to simulate or duplicate the features of a particular operating
or planned system.
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2.1 Dolly Assembly

The dolly assembly consists primarily of the mobile dolly, the nuclear
system, and the experimental instrumentation on the dolly. This assembly is
shown in Figure 94. The dolly, which is 48 feet long and 20 feet wide, allows the
entire nuclear system to be moved from the assembling area to the test building
and to the hot shop by a four-rail railroad track. All equipment mounted on the
dolly is designed for remote disassembly. The primary coolant system, reactor,
and associated equipment are mounted on four load cells designed to provide
weight loss information during blowdown.

The dolly floor and the supporting framework have smooth surfaces to
facilitate decontamination. Instrumentation and control leads are armored and
located for maximum protection from flying missiles and are shielded from
stray electric fields.

PRESSURIZER

PRIMARY COOLANT I
PUMP

QUENCH
TANK

REACTOR
VESSEL

HEAT

EXCHANGER -1______

1I I ~-

SLOWDOWN
NOZZLES

Fig. 94 LOFT dolly assembly,
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2.2 Reactor Description

The reactor consists of the reactor core, core support structures, control
rods and drives, pressure vessel, and reactor shield tank. A description of
each of these components is given below.

2.21 Pressure Vessel. The 57-3/4-inch ID x 24-foot-high reactor pressure
vessel, shown in Figures 95, 96, and 97, consists of a cylindrical shell with a
flanged and bolted top head. The vessel contains an inlet flow baffle and supports
for the core and the thermal shields. The inlet flow baffle distributes the coolant
flow uniformly across the core and prevents direct coolant inpingement on con-
trol rod shrouds. The baffle will withstand the full force of the coolant blowdown.
The top-head studs are designed to allow remote tightening and loosening. The
vessel is designed in accordance with the ASME Code but will not contain an
ASME Code Stamp.

A catch pan below the bottom head of the pressure vessel will confine any
fuel that might melt through the vessel, thereby preventing fission products
from escaping through the containment vessel floor. The catch pan is designed
to retain 75 percent of the core (6.25 cubic feet) at 3500F and to maintain the
convective heat loss from the bottom head at approximately the level expected
if there were no catch pan.

2.22 Vessel Internals. The core support structure, the thermal shield,
and the core are shown in Figure 95. The core support structure consists of
an upper and lower plate, and upper and lower support barrel, and 12 control
rod shrouds. This structure supports the core weight, aligns the core assemblies
and control rods, and provides for the proper channeling of the upward coolant
flow. The entire core support structure rests as an integral unit on the support
ledge of the reactor pressure vessel and is restrained by a compressive load
applied by the top head. The compression flange and guide-pin positioning holes
restrain and orient the support structure.

An instrument lead and shock-absorber support plate is attached to a support
baffle which rests on the support ledge of the reactor vessel. The structure
supports the shock absorber weight and deceleration forces of the control rods.
The structure also positions the instrument-lead tubes for the fuel element
subassembly.

To reduce the gamma heating rate of the reactor-vessel wall, a two-inch-
thick thermal shield surrounds the reactor core in the annulus between the
lower core support barrel and the vessel wall. This shield is supported and
oriented by brackets which are an integral part of the vessel. The support
brackets are located such that horizontal access to the lower instrument
nozzles is not obstructed.

2.23 Reactor Core. The reactor is fueled with slightly enriched uranium
dioxide in the form of sintered cylindrical pellets stacked in stainless steel
tubes. The individual fuel pins are grouped into 52 fuel elements of 64 fuel
pins each as shown in Figure 98. The pins are maintained in position by spring-
clip spacer grids which are welded to perforated stainless steel side plates at
three elevations. The core has an active length of 36 inches. The fuel elements
are equipped with top and bottom restraining grids which distribute the coolant
flow across the assemblies and restrain the fuel pins in their vertical position.
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All 52 fuel elements contain a removable subassembly of four fuel pins which
can be removed with the top core support plate in position.

The fuel elements are positioned in the core by top and bottom end boxes
which mate with the upper and lower core support plates. The core is surrounded
by a flow skirt which confines the upward coolant flow to the active core. The
flow skirt is safety-bolted with lock nuts and doweled to the flange of the lower
core support barrel.

The total primary coolant flow is 5.6 x 10 6 lb/hr of which 4.5 x 106 lb/hr
flows past the fuel pins and 1.1 x 106 lb/hr is the leakage flow. The required
flow tabulated in Table XXXVIII is determined by the heat removal require-
ments of the flow skirt, the lower core support-barrel, the thermal shield, and
the vessel wall. Part of the leakage flow is required to cool the control rods.
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TABLE XXXVIII

LEAKAGE FLOW REQUIREMENTS FOR HEAT REMOVAL

Inside Outside Maximum
Heat Flux x 10~ Flow Temperature Temperature Temperature

Component (Btu/hr-ft 2 )m) ( F) ( F)( F

Flow Skirt

Inside 0.856 597 543 552 553

Outside 0.298

Support Barrel

Inside 0.444 666 558 558 561

Outside 1.13

Thermal Shield

Inside 1.13 237 558 558 598

Outside 0.456

Pressure Vessel

Inside 0.456 558 600 600

2.24 Control Rods and Drives. Twelve top-entry control-rod drive mecha-
nisms move the cruciform control rods. The drive mechanisms, capable of
sealing against 2750 psig, 600F water are mounted on access nozzles located
on the vessel top head on10-inch centers. The drive mechanisms can be operated
individually or as a group and can simultaneously scram all rods.

The control rods are located between the fuel elements as shown in Figure
97. Each rod is composed of an active poison section of boron stainless steel
and a zirconium follower-section to minimize flux peaking when the absorber
is withdrawn.

2.25 Shield Tank. A reactor shield tank surrounds the reactor pressure
vessel to decrease induced activity in the components inside the containment
building from the gamma rays emanating from the reactor pressure vessel.
The shield tank is capable of (a) reducing the thermal neutron flux emanating
from the shield to 105 neutrons/cm2 -sec during full power operation, and (b)
reducing the dose rate from fission products and activation gammas to less
than 200 mrem/hr at the surface of the shield 15 minutes after normal shutdown.

2.3 Primary Coolant System

The LOFT primary coolant system shown in Figures 99 and 100 is a single
closed loop of pressurized water under forced circulation. The two functions
of the system are (a) to extract 50 MW of heat from the reactor core and to
transfer this heat to a secondary coolant in the primary heat exchanger, and (b)
to develop data useful for blowdown evaluation in an experimental program. The
entire system, with the exception of the chemical addition and water makeup
auxiliary system, and the resin hopper and eductor, is mounted on the dolly.
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The primary coolant loop consists of a reactor pressure vessel containing
the reactor core, the tube side of the steam generator, primary coolant pump,
and connecting piping. An emergency decay heat removal pump is arranged in
parallel with the primary coolant pump and is used for decay heat removal in
case the primary coolant pump is inoperative.

Under normal operating conditions, high purity water enters the reactor
pressure vessel at 528F. Most of the primary water passes upward through
the core, while a portion cools the flow skirt, the thermal shield, and the pres-
sure vessel wall. In passing through the pressure vessel, the bulk water tempera-
ture is raised to 552 F. The primary water then leaves the pressure vessel,
passes through the tube side of the steam generator, and enters the primary
coolant pump. The primary coolant pump circulates water through the loop at
approximately 15,000 gpm (5.6 x 106 lb/hr). From the pump discharge, water
flows back to the reactor for reheating to complete the closed cycle.

Auxiliary systems provided within the primary coolant system include
the (a) pressurizer system, (b) emergency decay-heat removal pump, (c)
coolant purification system, (d) chemical addition and water makeup system,
and (e) experimental blowdown nozzles.

The pressurizer system maintains the primary loop at operating pressure
and reduces pressure transients due to changes in water volume during load
transients. Too low a pressure would permit boiling in the core and too high a
pressure would exceed design limits. The water inthe pressurizer is maintained
at a higher temperature than the bulk circulating coolant. Electrical immersion
heaters keep the water in the pressurizer at the saturation temperature cor-
responding to operating pressure; for example, 669*F for 2500 psig assuming
negligible noncondensables. Rapid load changes momentarily tend to change the
bulk circulating water temperature, resulting in a change in water volume. How-
ever, the steam volume in the pressurizer expands or contracts to maintain a
relatively constant pressure in the primary loop.

A portion of the primary coolant (approximately 70 gpm) from the primary
coolant pump discharge passes through the coolant purification system. The
coolant stream passes in series through the tube side of regenerative and non-
regenerative heat exchangers, ion change demineralizers (to remove both
corrosion and fission products), the shell side of the regenerative heat ex-
changer, then back to the primary pump suction.

High liquid level in the pressurizer opens a valve permitting some of the
coolant to flow into a quench tank. A high pressure makeup pump injects makeup
water into the primary system. The makeup water contains additives required
to maintain low oxygen levels or to adjust pH in the coolant. The makeup water
is pumped through the shell side of the regenerative heat exchanger in the coolant
purification system in order to warm the cold makeup before adding it to the
hot primary coolant loop.

Makeup to the primary coolant system is demineralized water with a specific
resistance of 500,000 ohm-cm. Hydrazine is added through the makeup pump
for oxygen removal when the reactor is not operating. When the reactor is in
operation, hydrogen is added to the system for oxygen removal. The pH in the
primary coolant system is controlled from approximately 9 to 10.5.
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The nitrogen 16 gamma activity in the primary coolant is expected to be
2 x 107 MeV/cm3 -sec at the reactor outlet and 4.5 x 106 MeV/cm 3-sec at the
reactor inlet during nuclear operation.

3. LOFT REACTOR DESIGN

The design features of the LOFT reactor fuel pins, fuel elements, vessel
internals, control rods, and control rod drives are described in the previous
section. Specific achievements related to the mechanical design and the nuclear,
heat transfer, and hydraulic studies that compliment the mechanical design are
related below, and a tabulation of the LOFT reactor design features is shown in
Table XXXIX.

3.1 Mechanical Design

The completion of the preliminary design of the reactor internals resulted
in the following changes. One 2-inch-thick thermal shield replaces the two
1-inch-thick thermal shields originally proposed. This change is a result of
the gamma heating calculations reported in Section 111.3.41. Also as a result
of these calculations the proposed stainless steel filler pieces between the flow
skirt and lower-core support barrel were deleted.

3.2 Nuclear Studies

The nuclear design studies were of the type which influence the design of
reactor internals and determine the vital reactor nuclear characteristics. The
calculations performed were similar to previous calculations. Changes in the
reflector region, caused by the elimination of the stainless steel filler pieces
between the core flow skirt and the lower-core support plate, were primarily
responsible for the additional calculations. Other minor refinements in the
calculations consisted of using an active core length of 36 inches instead of 36.6
inches and a better description for the end regions. The specific nuclear design
studies performed are described below.

3.21 Core Reactivity. Nuclear physics calculations were performed using
the PDQ-4 program to determine the effect of the change in neutron reflector,
that resulted from deletion of the stainless steel filler pieces, on the overall
system reactivity. Compared to the metal-water reflected case, the results
were as follows:

Effective Fuel Pin Power
Multiplication Density Ratio of

Factor Reactivity Peak Density to
Reflector Composition Keff Average Density

Metal (63%) Water (37%) 1.0568 0.0537 1.54

All Water 1.0531 0.0504 1.55

The results indicated that use of a water reflector decreased the hot core
reactivity by only 0.0033 np. From this result it was determined that use of a
virtually all-water reflector was permissible.
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TABLE XXXIX

LOFT REACTOR DESIGN FEATURES

Normal Operating Power

Core Lifetime

Core Characteristics

Diameter (eff)

Active Height

Number of Fuel Assemblies

Number of Fuel Pins per Assembly

Number of Fuel Enrichment Zones

Number of Low Enrichment Fuel Elements

Number of High Enrichment Fuel Elements

Number of Control Rods

Fuel Element

Fuel

Outer Zone Fuel Enrichment

Inner Zone Fuel Enrichment

Fuel Pellet Diameter

Fuel Pellet Length

Clad Material

Clad Thickness

Gap between Clad and Fuel

Fuel Pin Diameter

Fuel Pin Spacing

Control Rod

Type

Width

Thickness

Poison Section Material

Follower Section Material

Poison Length

50 Mw(t)

1600 EFPH

42 in.

36 in.

52

64

2

32

20

12

U02 (94% theoretical
density)

5.71 atom % Uranium
2.82 atom % Uranium

0.357 in.

0.720 in.

Type 304 L stainless
steel

0.015 in.

0.002 in.

0.391 in.

0.580 in. (center-to
center)

Cruciform

8.898 in.

0.404 in.

1.5 wt% B10 - stainless
steel

Zircaloy

36 in.
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TABLE XXXIX (Cont.)

LOFT REACTOR DESIGN FEATURES

Core Volume Composition

U0 2

Water

Metal (stainless steel and Zircaloy)

Miscellaneous Reactor Characteristics

Reflector

Lower Core Support Barrel

Thermal Shield

Water Gap between Barrel and Shield.

Reactor Operating Characteristics (at 50 MW)

Average Coolant Temperature in Vessel

Average Coolant Temperature Rise in Vessel

Operating Pressure

Coolant Flow through Reactor

Coolant Flow through Core

Pressure Drop through Vessel

Core Operating Characteristics (at 50 Mw)

Average Core Thermal Neutron Flux

Average Core Heat Flux

Maximum Core Heat Flux

Average Core Coolant Temperature

Average Core Coolant Temperature Rise

Core Power Density

Fuel Power Density

Average Clad Temperature

Average Fuel Temperature

Average Fuel Maximum Centerline

Temperature

Maximum Fuel Centerline Temperature

Coolant Flow Past Fuel Pins

Coolant Velocity along Fuel Rods

Core Pressure Drop

Peak-to-Average Power Distribution

Axial

Radial

26.7%

66.0%

7.3%

3.5 in. of water

1 in. of stainless steel

2 in. of carbon steel

1 in.

5400F

24 F

2330 psia

5.6 x 106 lb/hr

5 x 106 lb/hr

20 psi

3.25 x

1.67 x

4.00 x

544 F

310F

1013 n/cm2 sec

105 Btu/hr-ft 2

105 Btu/hr-ft2

62 kW/liter

256 kW/liter

625 F

15 00*

2200 F

> 5000 F

4.5 x 106 lb/hr

5.3 ft/sec

10.2 psi

2.4

1.5

1.6
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TABLE XXXIX (Cont.)

LOFT REACTOR DESIGN FEATURES

Core Nuclear Characteristics

K Excess (cold) 14.6%

K Excess (hot) 5.3%

Keff (cold, 12 rods in) 0.896

Keff (cold, 11 rods in) 0.981

Overall Temperature Coefficient of
Reactivity (hot, zero power) 2.6 x to- 4p/ F

3.22 Temperature Coefficients. Temperature coefficients of reactivity were
calculated for the reactor as a function of temperature. The temperature co-
efficients were determined from the

I>UMYPOISON PN
result of four-group, one-dimensional, 2.' 2.62ECN INFUEL REGION

diffusion theory. The model used is 3. WATERtheory.4. ZIRCONIUM

shown in Figure 101. 5. .71% ENRICHED FUEL REGION

6. STAINLESS STEEL
7. REFLECTOR (STAINLESS STEEL 8

WATER I

The diffusion-theory fast group con-
stants were obtained with the GAM-1
code, which, with fuel temperature as an
input parameter, accounts for the
Doppler broadening of the U-238 reso-
nances in arriving at few-group cross
sections. The thermal constants were
determined, using the TEMPEST pro-
gram after having calculated flux dis-
advantage factors for the unit cell ma-
terials with the TOPIC program.

53.72
52.77

42 58
40 60

E

5.00

13 03

The normalized problem eigen- @
values were plotted as a function of __
temperature. The curves, shown in
Figures 102 and 103, were then dif- Fig. 101 Quarter section cylindrical model

ferentiated at the pertinent points to of LOFT.

obtain the temperature coefficients. The eigenvalues of Figures 102 and 103
were normalized such that the curves would agree at 68 F with the cold-core
eigenvalue (1.1225) determined from PDQ-4. The eigenvalues of Figure 104
were normalized to agree at 1500 F with the hot core (50 MW) eigenvalue
(1.053) also obtained from PDQ-4.

A summary of the pertinent results is as follows:
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Reactor
Condition

Cold

Hot (zero
power)

Hot (50 MW)

Doppler
Moderator Fuel Coefficient

Temperature Temperature of Reactivity

68 F

545 F

545 F

68 F -1.5x 10-5Lp/ F

545*F

1500 F

-1.3x 10-5Ap/ F

-0.9 x 10-5 Ap/ F
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Fig. 102 Effective multiplication versus fuel temperature for hot reactor case.
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3.23 Neutron Flux Profiles. A source and power flux study was performed
to determine the thermal neutron flux profile during start-up (both hot and cold)
to confirm the adequacy of the proposed source and to ascertain the neutron
flux in the detector region at full power.

A 10 curie Po-Be source yielding 3 x 10 7 n/cm2 -sec, which can be obtained
in a size that will fit in the LOFT reactor core, was used in the study. The
physics calculations were performed using TOPIC, a multigroup, one-dimensional,
transport code which was chosen because of its treatment of large flux gradients
and estimates of fluxes at appreciable distances from the core. The TOPIC
results were found to compare favorably with diffusion calculations and experi-
mental data. Although assumptions used in programming a source of this geometry
into a one-dimensional code introduces some error, it was concluded that the
TOPIC transport code results are within an accuracy of 50 percent in the
detector region.

The thermal-neutron flux profile results of the study are shown in Figures
105, 106, and 107. Figures 105 and 106 are flux profiles for both hot and cold
source conditions with the water in the detector region being considered cold
in both cases. Figure 107 is the 50-MW power thermal-neutron flux profile at
operating temperature and pressure with the flux profile normalized to an average
core flux of 3.25 x 1013 n/cm2 -sec.

3.24 Axial Core Characteristics. Additional reactor physics calculations
were performed to determine power profiles, rod worths, neutron multiplica-
tion, and axial peak-to-average power ratios as a function of rod insertion
depth for both the cold and hot reactor cases.

The calculations were done in four neutron energy groups with the FOG-3
program. The axial model is shown in Figure 108. The constants and radial
bucklings used for the fueled core regions were flux-weighted values previously
calculated by PDQ for a horizontal plane through the "rods out" vertical
section of the core. Control rods were then represented in the axial model by
the addition of a 1/V poison to the flux weighted core constants. The amount of
poison added was such that its addition over the whole core length resulted in
the correct hold-down reactivity as determined from X-Y PDQ results.

Several problems were run for the hot (full power) reactor case with the
equivalent control rod poison at various insertion depths. The resulting eigen-
values (normalized by 1/1.02) are plotted in Figure 109. The critical control
rod bank position for the core at the beginning of life is seen to be 44.5 cm. A
problem was then run for this insertion depth to obtain an average axial power
profile at the beginning of core life. The resulting point-to-average power
densities are plotted in Figure 110 which shows an axial peaking factor of 2.06.
The peak-to-average power ratio from all the problems is plotted in Figure 111
as a function of rod insertion depth. Control rod effectiveness is illustrated
in Figures 112 and 113 which are plots of the integrated and differential rod
worths, respectively. The whole procedure was repeated with new constants
for the cold reactor case. The comparable results are plotted in Figures 114,
115, 116, 117, and 118. A summary of some of the pertinent axial problem
results is given in Table XL. The changes in reactivity (A p) appearing in the
table are defined to be Ak/k1 k2 .
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TABLE XL

AXIAL CORE CHARACTERISTICS

Reactor at Full Power
Cold Reactor Moderator -- 544F

(68 F) Fuel -- 1500F

Critical control rod
insertion depth 66.3 cm 44.5 cm

Total worth of all 12
rods (full-in to full- [a] [b]
out) 0.232 Ap -0.334Dp

Differential worth of all
12 rods at the critical
rod bank position 0.0059 op/cm 0.0025 Ap/cm

Peak-to-average power ratio
at the critical rod bank
position 2.81 2.06

[a] Two-dimensional XI PDQ result was 0.233 Ap.

[b] Two-dimensional XY PDQ result was 0.332 Ap.

3.25 Control Rod Accident Calculations. Reactor physics calculations were
performed to predict the result of two types of control rod accidents. The first
type studied was the "stuck rod accident" in which it is postulated that one of
the twelve control-rod poison sections remains out of the core on an attempted
reactor shutdown. The second type studied is the "dropped rod accident" in
which it is postulated that one poison section drops fully into the core during
power operation. These calculations were performed not only because of the
design changes noted previously but also to determine whether an inner rod or
an outer rod constituted the worst case.

To analyze the accident cases, several PDQ-40 problems were run. The
full reactor cross section was represented in X-Y geometry. Four-group
constants which had been obtained for the normal core power of 50 MW were
used.

In conjunction with these accident studies, an evaluation of the need for
poison pins was performed. Because the LOFT core is small, neutron leakage
is relatively high. Also the number of control rods is relatively low; therefore,
the actual worth of a control rod must be quite high necessitating large and
heavily poisoned control rod blades. In order to increase rod worths, poison
pins of stainless steel containing boron can be substituted for fuel pins in
strategic locations to shift the flux peaks toward or into the control rod blades.
The studies of the two kinds of control rod accidents, therefore, were performed
for the conditions of "with poison pins" and "without poison pins".
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The results of the "stuck rod" cases are as follows:

Cold Reactor -- With Poison Pins

Control Description

All rods out

Keff

1.123

All rods in 0.890

11 rods in (one inner Zr follower) 0.951

11 rods in (one outer Zr follower) 0.954

Cold Reactor -- No Poison Pins

Control Description

All rods out

11 rods in (one inner Zr follower)

11 rods in (one outer Zr follower)

Keff

1.146

0.981

0.995

Worth of Inserted Rods
(/k/k1k2)

0.233

0.161

0.158

Worth of Inserted Rods
(Ak/k1k2)

0.147

0.132

The results of the "dropped rod" cases were as follows:

Hot Reactor -- With Poison Pins

Control Rod Description

All rods out

One inner rod poison section in

One outer rod poison section in

Keff

1.052

1.028

1.043

Rod Worth
(k/kik2)

0.022

0.008

Peak-to-Average
Power

1.62

2.06

1.79

The "stuck rod" studies showed that (a) replacement of the fuel pins with
poison pins decreased reactivity (0.023 Keff) and increased rod worth, thereby
increasing the shutdown margin for the stuck rod case; and (b) the Keff for the
"stuck rod" conditions is below the critical value. Therefore, it was determined
that the use of dummy pins is acceptable.

The peak-to-average power ratios for the "dropped rod" cases were cal-
culated to evaluate the possibility of power operation with one control rod fully
inserted in the core.

The control rod accident studies also provided the following single rod

worth values:
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Worth of One Inner Rod Worth of One Outer Rod

All other rods in (Cold Core) 0.072 0.075

All other rods out (Hot Core) 0.022 0.008

Since the total rod worth (12 rods) is greater in the hot core than in the
cold core, the difference between "all other rods in" and "all other rods out"
would have been even greater.

3.3 Thermal and Hydraulic Studies

The thermal and hydraulic studies performed were for the most part those
required for determining the cooling requirements of and for providing the
necessary flow for the reactor internals. The specific studies performed
are described below.

3.31 Gamma Heating of Reactor Components. Gamma heating studies were
performed using the GRACE Code to optimize the thermal shield configuration.
The studies showed that a singe two-inch thermal shield placed one-inch from
the pressure vessel will limit the At across the pressure vessel wall to below
50 degrees which meets the design criteria. A plot of the gamma heating values
for this configuration is shown in Figure 119.

To determine the cooling requirements of the reactor components, the heat
sources were described by exponential functions, and the heat fluxes and tem-
peratures were then determined. The total allocated flow of 1500 gpm for
component cooling was then distributed between the components to satisfy the
design requirements. The results are tabulated in Table XVI.

3.32 Fuel Pin Temperatures. In conjunction with the core meltdown studies
reported previously in STEP Quarterly Technical Report IDO-17058, preliminary
calculations were performed to predict fuel pin temperatures at normal full-
power reactor conditions. An average fuel pin fuel temperature of 1500 F was
predicted with a maximum centerline fuel temperature of 2200 F. Using a core
hot-spot factor of 3.4, a temperature in excess of 5000 F was predicted at the
fuel pin centerline.

3.33 Core Flow Distributions. A study was performed to predict the core
pressure drop and to determine the flow restriction devices needed to provide
the reactor internal coolant flows listed in Table XLI. A pressure drop of 10.2
psi from the underside of the lower-core support plate to the top side of the
upper core support plate was calculated, and the necessary size and arrange-
ment of the flow restriction devices were determined.
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TABLE XLI

RESULTS OF GAYMA HEATING STUDIES

Flow Distribution

Flow Skirt -- Support Barrel

Support Barrel -- Thermal Shield

Thermal Shield -- Pressure Vessel

Flow Skirt

Heat Flux Inside

Heat Flux Outside

Inside Temperature

Outside Temperature

Maximum Temperature

Support Barrel

Heat Flux Inside

Heat Flux Outside

Inside Temperature

Outside Temperature

Maximum Temperature

Thermal Shield

Heat Flux Inside

Heat Flux Outside

Inside Temperature

Outside Temperature

Maximum Temperature

Pressure Vessel

Heat Flux Inside

Inside Temperature

Outside Temperature

Maximum Temperature

0.856

0.298

0.444

1.13

1.13

0.456

x

x

x

x

x

x

104 Btu/hr-ft 2

104 Btu/hr-ft2

543*F

552 F

553 F

10 Btu/hr-ft2

10 Btu/hr-ft2

558*F

558*F

561*F

10 Btu/hr-ft 2

10 Btu/hr-ft 2

558*F

558*F

598*F

O.456 x 10 Btu/hr-ft2

558*F

600 F

600 F
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4. LOFT BLOWDOWN ANALYSIS

In a previous summary [13] of the LOFT blowdown analysis, the following
items were discussed: (a) an approximate relation between blowdown time,
coolant volume, and leak area, for a water-cooled reactor; (b) a calculated
relation between coolant mass and pressure in the primary system, based on an
assumed homogeneous expansion of fluid within the system; (c) an estimate of
the subcooled blowdown duration and maximum pressure drop across the core;
and (d) a calculation of primary system coolant mass and pressure as a function
of time, based on a homogeneous critical flow model for the leak rate. Further
investigations of the LOFT coolant blowdown which have been completed include:

(1) A study pertaining only to the "subcooled" blowdown, which
lasts for perhaps the first 20 to 100 msec of the total blowdown
time, and during which time the system flow rates should
reach a maximum. The subcooled portion of the blowdown
transient is terminated when the primary system pressure
reaches the saturation pressure corresponding to the primary
coolant pressure.

(2) A set of calculations dealing, in an approximate manner, with
the saturated blowdown which is characterized by the gradual
transition of the coolant in the primary system from water to
steam and which has a duration of the order of 5 to 10 seconds.

4.1 Subcooled Blowdown

Since local pressures in the system change greatly during the subcooled
blowdown, severe transient forces acting on the primary system components
may result. From both system design and experimental aspects, an under-
standing of the magnitude and duration of these transient forces is necessary.
For this reason, a scoping study of the subcooled blowdown has been performed.
The specific objectives of the study include the determination of (a) the in-
stantaneous pressure drop across the LOFT core; (b) the mass flow rates in
various parts of the primary system; (c) the extent of correspondence be-
tween the LOFT blowdown device and a double-ended pipe break with respect
to blowdown characteristics within the primary system; (d) the effects of
rupture time; and, (e) the effects of significant variation in core and piping
geometries and flow resistances.

Several complications arise in calculating the probable effects of the
subcooled blowdown. Although the fluid in the reactor vessel remains liquid,
that which is flowing out through the break may be a two-phase mixture. The
time required to fully rupture the system must be considered. If the rupture
time is very short, the rapid pressure change at the break will propagate as a
relatively sharp pulse or acoustic wave; whereas, if the rupture time is rela-
tively long, acoustic effects are negligible and the time variation in flow area
at the break must be taken into account.

A simplified model has been used to perform the parametric study of the
flow rates and core pressure drop during subcooled blowdown for the case of
a break in the inlet piping (cold leg). In this analysis, the fluid was treated as
incompressible, except for that in the upper and lower plenums of the reactor
vessel. The entire system was assumed to remain at a temperature of 540F.
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In some of the calculations, the break in the piping was assumed to be completely
opened instantaneously. However, even in these cases the acoustic (water-
hammer) effects were not explicitly treated. Also, lumped-constant resistances
to flow were employed for the core and piping. Since the connecting pipe be-
tween the pressurizer and the main coolant line is small, contribution of the
pressurizer to the flow rates was neglected.

To compare the LOFT experimental system, which will have a single opening
for fluid escape, to a similar system having a double-ended break, two idealized
models were used. Both models represent a break in the cold leg of the primary
piping. Model I, shown in Figure 120, represents the double-ended break
geometry. Path 1 represents the hot leg flow path through the major portion of
primary piping, as well as through the steam generator pump and check valve.
Path 2 represents the direct path from the vessel inlet nozzle to the break.
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A =FLOW AREA
W=MASS FLOW RATE

R :FLOW RESISTANCE

Fig. 120 LOFT simplified geometry for subcooled blowdown analysis -- Model I.
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Model II, shown in Figure 121, basically represents the same system as
discussed above, with the exception that the two flow paths join, forcing the
fluid to escape through a single outlet section.
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R =FLOW RESISTANCE

Fig. 121 LOFT simplified geometry for subcooled blowdown analysis -- Model II.

The equations involved in the subcooled blowdown analysis are the force
balance equations, continuity equations, and the pressure-density equation for
subcooled water. For Model I, the equations are:

Continuity: (4-1)

(4-2)

Force Balance:

(4-3)

t Wc 2

f2 

_
dt Wc 2

Ll dW1_

A 1p1
1p 1
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(4-6) P1 = p1 (a) -

(4-7) p2 =p2 (0) -

p2 cc

Sp 0 2
2

22

T

( P) (M2 (a)
T

For Model II, the equations are:

(4-8) 
-t

dM2

(4-9) d.t

L1
(4-10) A1

Lt

(4-11) 2
2

LE
(4-12) AE

E

= -w - we

dwl c=w -w
C 2

- l -

dW2
2 p2U - p2

d(W + W2)

dt

- W2
11

2
pE - R2 W22

E 0 - RE (W +

(4-12') critical RE pE -psat), for W1

W.t.i = -75

(4-13) Lc
A

C

dW
C

dt p 1 - p -

(4-14) p1 =p1 ()-( )
T

(4-15) p2 - P2 (0) -()
T

(M1 (0) - M1 )

(M 2 (0) - M2 )

The symbols and subscripts in these equations are given in Figures 120
and 121. The constants were chosen in such a manner that the equations approxi-
mately describe the LOFT "bottom blowdown" situation.
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In the analysis for Model II, some of the calculations were based on an
assumed model which represents the possible critical flow phenomena which
could exist due to flashing near the outlet. Since the fluid in the outlet section
is initially at rest, the assumption was made that critical flow does not occur
until the fluid has been accelerated in accordance with Equation (4-12) to the
critical flow rate given by Equation (4-12'). The critical flow Equation (4-12')
was then used. This equation gives a quasi-steady relation and is very similar
to the Burnell surface tension model [141 for critical flow through a sharp-
edged restriction. In the analysis of Model I, the representation of critical flow
was not detailed. In this analysis, the exit pressure was held at a constant
value throughout the transient.

Since the prediction of the magnitude of a choked flow condition and the
time at which it occurs is rather uncertain, some scoping calculations were
also performed for both system models. For these cases, critical flow was not
assumed and the pressure at the exit plane was considered to be atmospheric.
These conditions represent the greatest possible driving force to the fluid
within the system, and hence, are considered to be the worst case.

The system equations for Models I and II were solved for the various
cases studied by means of the analog computer. The results of the analysis
are summarized in Tables XLII and XLIII. Solutions were first obtained using
the nominal LOFT parameters. The results of the calculations for an instan-
taneous break and atmospheric exit pressure for Models I and II are given
in Case 1 of Table XVII and Case 2 of Table XLIII, respectively. The results
are similar, indicating that, for this case, the double versus single-ended
break situations are nearly the same. In this case as well as most of the others,
the hot leg flow rate is less than 15 percent of the cold leg flow rate for Model
II, and less than 20 percent of the cold leg flow rate for Model I.

TABLE XLII

RESULTS FOR MODEL I

Maximum Maximum Cold Maximum Hot Maximum Core Subcooled
Core Ap Le Flow Rate Le Flow Rate Flow Rate Blowdown Time

Run Description (psi) lbm/sec) lbm/sec) (lbm/sec) (msec)

(1) Nominal run: Exit pressures (p01and po 2 )drop instantaneously to atmospheric. 340 12,500 2,200 7,800 27

(2) Core resistance (Rc) halved. 190 12,600 2,200 8,300 27

(3) Core resistance doubled. 550 12,300 2,100 7,000 23

(4) Core leg resistance (R2) reduced by 20%. 370 13,500 2,100 7,800 26

(5) Cold leg resistance increased by 20%. 320 12,000 2,200 7,550 27

(6) Cold leg (-)2 reduced by 20%. 390 13,500 2,000 8,250 24

(7) Cold leg (A)2 increased by 20%. 300 12,000 2,300 6,000 28

(8) Exit pressures decrease as: P = 2,500

e-t/T with T = 2 msec. 335 12,600 2,200 7,750 27

(9) Exit pressures decrease as in (8) with
T = 25 msec. 205 9,980 1,700 7,000 52

(10) Exit pressures drop instantaneously to
0.75 Psat (Psat = 720 psi) to simulate
critical flow. 210 10,000 1,750 6,000 35
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TABLE XLIII

RESULTS FOR MODEL II

Run Description

(1) Nominal run: Exit pressure (po) drops
instantaneously to atmospheric.

(2) Exit pressure atmospheric until critical
flow occurs (Equations 12 and 12'),
then goes to 0.75 Psat (Psat = 720
psi).

(3) Exit pressure decreases according to

P = 2500 e-t/T with T = 25 msec to
simulate a finite rupture time.

(4) Exit pressure decreases as in (3) until
critical flow occurs, then goes to
720 psi.

(5) Exit pressure decreases as: P = 2500

e-t/T with T ' 10 msec.

(6) Exit pressure decreases as in (5) until
critical flow occurs, then goes to
720 psi.

(7) Core resistance halved.

(8) Core resistance doubled.

(9) (A) increased by 20% with

exit pressure at atmospheric.

(10) Same as (9), but with critical flow as
given by Equations 12 and 12' with

pcrit = 720 psi.

(11) (A) decreased by 20% atmospheric exit
pressure.

(12) Same as (11), but with critical flow as
given by Equations 12 and 12'

(13) Exit resistance, Re, increased by 20%
-- atmospheric exit pressure

(14) Same as (13), but with critical flow

(15) Exit resistance, Re, decreased by 20%
-- atmospheric exit pressure

(16) same as (15), but with critical flow

(17) Cold leg resistance, Re, increased by
20% -- atmospheric exit pressure

(18) Same as (17), but with critical flow

(19) Cold leg resistance, Re, decreased by
20% -- atmospheric exit pressure

(20) Same as (19), but with critical flow

Maximum
Core tp
(psi)

345

Maximum Cold
Leg Flow Rate

(lbm/sec)

12,000

275 11,000

220 10,200

205 9,500

300 11,500

250

185

600

10,000

13,000

12,600

320 12,000

270 11,000

370 13,000

275 10,000

325

265

350

275

320

280

370

275

12,500

11,000

13,000

11,200

12,000

10,800

13, 000

11,000

The effect of rupture time, that is, the time required to fully open the
outlet flow area, can be seen in I-9 and II-3. In these cases, the exit pressure
decreases according to the relation: Po = 2500 e-t/T with T = 25 msec. This
is considered to approximate a 50 msec rupture time. Again, the two models
have similar blowdown characteristics. The finite rupture time considerably
lowers the core pressure drop (205 versus 340 psi), and lengthens the subcooled
blowdown duration. Thus, the transient is believed to be much less severe
than that predicted on the basis of an instantaneous break. In an actual loss-of-
coolant accident, even if the metal failure in the piping could be considered
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Maximum Hot
Leg Flow Rate

(lbfl/sec)

1,650

1,250

1,300

1,150

1,700

1,250

ly650

2,000

1,700

1,250

1,750

1,250

1,750

1,250

1,750

1,350

1,750

1, 400

1,650

1,250

Maximum Core
Flow Rate
(lbm/sec)

8,000

7,000

6,200

6,100

7, 400

6,800

8,500

7,500

7,500

7,000

8,250

7,000

8,000

7,100

8,100

7,500

8,000

7,000

8,500

7,500

Subcooled
Blowdown Time

(msec)

29

30

47

48

37

38

29

26

29

31

26

29

28

31

28

30

29

33

28

30



instantaneous, it is doubtful that a fully open flow area could be established
until a significant period of time had elapsed.

The results also indicate (I-10 and II-2) that if critical flow should exist
the core pressure drop might be significantly lessened.

Some cases were also run in which major changes were made in the following
parameters: Model I -- core resistance, cold leg resistance, and cold leg length-
to-area ratio; and Model II -- core resistance, outlet section resistance and
length-to-area ratio, and cold leg resistance. The results of these cases are
also presented in Tables XLII and XLIII. The variations in parameters are such
as might be caused by design changes. The results indicate that the core pressure
drop is most sensitive to changes in core resistance, which is basically pro-
portional to core operating pressure drop. The changes caused by varying the
cold leg length-to-area ratio also appear significant. In general, the relative
trends indicated by the variation of parameters are helpful in understanding the
subcooled blowdown, although the actual magnitudes and time scales predicted
by this analysis may be open to some question due to the simplifying assumptions
which were used.

4.2 Saturated Blowdown

To obtain a more realistic estimate of the time-dependent gross fluid state
and mass in the LOFT primary system than was previously available [151 for
the saturated blowdown, some simplified calculations were performed. In
these calculations, all the coolant was lumped into one volume, and only one
exit pipe was assumed. Homogeneous coolant expansion within the system was
also assumed. The mass flow rate was calculated from a simplified equation
which approximates the Fauske critical flow model [16]. The equation for this
model is:

W e
A a (E-E)

where:

W = mass flow rate, (lbm/ sec)

A = area, ft2 (1.4 ft2 for LOFT)

Pe = exit pressure, (psia)

lbf- sec-ft2

a = 0.000268
Btu-in. 2

E = 185 Btu
o lb

m

Btu
E = fluid enthalpy at exit, lb

m

For the exit (critical) pressure, a value of 55 percent of the instantaneous
pressure in the vessel was chosen, which is the experimental result obtained by
Fauske for tubes with 12 > 40 [16]

D
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Expansion between vessel and pipe was assumed to be isenthalpic. Since
the assumed homogeneous expansion in the vessel is also nearly isenthalpic
in the absence of heat transfer to the system, a constant enthalpy of 536.6
Btu

, which corresponds to saturated water at 540F, was used in the equation.
lbm,

Two calculations were carried out, one based on the reactor vessel volume
of 320 ft3 and the other based on the primary system volume of 750 ft3 . The
effect of increasing the fluid volume gives a proportional increase in the time
scale.

With the assumption of thermodynamic equilibrium between the phases
(vapor and liquid) during saturated blowdown, the assumed homogeneous ex-
pansion, and the further restrain of a constant volume, a relationship between
relative mass in the system and system pressure shown in Figure 122 was
calculated. Since the critical flow equation gives mass flow rate as a function
of pressure, this flow rate can be used in conjunction with Figure 123 to give
mass as a function of mass flow rate for a given system volume.

1.0Initial Pressure = 2500 psi
Initial Temperature = 540 F
Initial Saturation Pressure = 962 psi
Arbitrary Vessel Volume

I-l l l l l
300 600

PRESSURE (psi)

0.81

(/)

0.6

w

w0.4

0.2

900
nI

Fig. 122 Relative coolant mass versus pres-
sure in vessel.

-

0 I 2
TIME (sec.)

032-2008

3 4

Fig. 123 Relative mass during blowdown --
320 ft3 vessel volume.

By numerically integrating the mass with respect to mass flow rate, the
coolant mass in the system as a function of time was determined for the two
volumes considered, as shown in Figures 123 and 124.

The mass-time data were used in conjunction with Figure 122 to give the
pressure as a function of time as shown in Figures 125 and 126. The steep
initial slope of the pressure-time curves corresponds to the average behavior
during subcooled blowdown, based on the analysis discussed earlier. For the
320 ft3 volume, density and temperature versus time were also determined
and the results are shown in Figures 127 and 128.

The results of the analysis indicate that, based on the stated assumptions,
the blowdown of the 750 ft3 volume should be essentially complete after eight
seconds. However, the time scale as well as the coolant state are very dependent
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Fig. 124 Relative mass during blowdown --
750 ft3 vessel volume.
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Fig. 125 Pressure during blowdown -- 320
ft vessel volume.
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Fig. 127 Coolant density during blowdown --
320 ft3 vessel volume.
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on the mode of coolant expansion. There-
fore, further analysis of the saturated
blowdown is needed, both to predict the
coolant expansion phenomena in the ves-
sel and to account for spatial variations
of coolant conditions throughout the pri-
mary system.

5. RADIOLOGICAL ANALYSIS -- RSAC
COMPUTER PROGRAM

A general description of the Radio-
logical Safety Analysis Computer pro-

gram (RSAC) is reported in the STEP
Project Quarterly Technical Report IDO-
16961. The purpose of this program is

o I 2 3 4 5 to provide a rapid and accurate analysis
of the radiological doses which may re-

TIME (sec.) sult from an accidental or intentional

. 128 Coolant temperature during blow- release of radioactive fission products
n -- 320 ft3 vessel volume, to the atmosphere.

The doses computed by the RSAC program are (a) cloud gamma dose, (b)
deposition gamma dose, and (c) inhalation dose. The assumptions, conversion
factors, and mathematical models which pertain to the inhalation dose compu-
tation are presented in the following sections. The terms used in the following
equations and a listing of the conversion factors used in the various dose
calculations are given in Section III-5.4.

5.1 Mathematical Models

The activity in a particular organ at any time t between t = x/u and
t = tinha + x/u is obtained by integrating Equation (5-1).

dAK t

dtK + B) AK + B - K(x) c(X, Y, Z, t)

dAKt

dt + (A + x) AK B -K(x) - C(X, Y, Z, t)

(5-1)

(5-2)

By multiplying both sides of Equation (5-2) by the integrating factor

e(B + 2 K)t. and performing the necessary integration, Equation (5-3) is obtained.

(AK + AB)t (f[ + 
A (t) e = e-
k

B - K(x) c(x, y, z,
r

Let:

t)] dt+C

(5-3)

C(X, Y, z, t) = X(x, y, z) L(t) - Nk (t)

F(x, y, z) = X(x, y, z) -Br -K(x)
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L(t) = K. e

j=1

Nk(t) = Ek(e 1 ); where Nk(t) may be expanded as shown in SectionlIII-5.3. (5-7)

By substituting Equations (5-4), (5-5), (5-6), and (5-7) into Equation (5-3),
the following equation is obtained:

-() +
Ak(t) 

e

K + g )t - t m -P .(t-x/u)
= e*F(x, y, z) *Ek(e ') ZK. e dt .

1 (5-8)

By integrating Equation (5-8), the following solution for Ak(t) is obtained:

-e( +Kt
Ak(t) = e

m

SF(x, y, z) -' K -*Ek

=1 [

( + X - -p - + (p
e33

-( B + )t
+ C e B K

If the boundary condition is set that at t = x/u, Ak(t) = 0; that is, Ak (x/u) = 0,
the integrating constant C can be obtained.

m

y, z) K.

j=1

EK +e -A ) x/u

-EK e + - - .P

substituting Equation (5-10) into Equation (5-9), the general solution for
obtained:

AK(t) = F(x, y, z)

m

Z K.
K - + )t p

E K K + -i -P

+e + - T - P ) (t) + P 3 x/u ( + - T) (x/u)]

(5-11)

The inhalation dose received from t = x/u to t = tinha + x/u is obtained by
multiplying Equation (5-11) by the decay constant (Ak) and by the conversion
factor conyy) and integrating between the appropriate time intervals.

Fl(x, y, z) = F(x, y, z) -K conv;

Dr = AK(t) coni - K.
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(5-12)

(x/u)

(5-9)

C = -F(x,

By
Ak(t) is

(5-10)

Let:

(5-6)

.



Substituting Equation (5-12) into Equation (5-11) and applying the appropriate
integral yields:

tinha + x/u

D dt
r

Jx/u+

e- 1+

= F1(x,

P.) t + (P.
J J

m

y, z) K.

j=1

EK('\+ - -P

x/u) (e B + N) (t - x/u)

and integrating Equation (5-13) yields the total inhalation dose D1.

m

Dr dt = F'(x, y, z) K.

j=1

(tinha)P.

E
-K

KK + ABAi -P.

-A. x/u~
e+

+ A.+ P
1 j

+ A) tinha -A. x/u

(5-14)

Rearranging Equation (5-14) yields
x/u to tinha + x/u.

D = Fl(x, y, Z

/ -(A
\l-e

T.

m

K

j=1

the dose received during the time interval

EK (\-A. 
X/U

+ P.) tinha)
J/

+
+ P.

-(e + ) (tinha)
e (5-15)

Equation (5-15) is the dose received during the inhalation period. The
following model is used to determine the dose received from t = tinha + x/u to
t = tinha + x/u + T 2 -

d A 1(t)

(t -(XK + q) AK(t)

d .AA(t)
dt +( + )AK()=0 .
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(5-16)

(5.47)

tinha + x/u

x/u

tinha + x/u

Dl =

x/u

A( 
x/u 53)

(5-13)

+ x/u)A -

-e +

i 3

e -1)/
1 

1 '

-1/



Integration of Equation (5-17) yields the number of atoms in the body for times
Stinha + x/u

(+ + , )t
A'l B K =

At t = tinha + x/u; C = Ak1 (tinha + x/u)= Ak1 (0)

Therefore,

A1 1 -( + ) [t-(tinha + x/u)]

AK K()e

(5-18)

(5-19)

The dose rate for times> tinha + x/u is equal to Ak 1 (t).K- cony = D21

1= AK1(0) () conyy) e[t - (tinha + x/u)]

Let:

AK'(0)* - cony = A Kl(O) and

(5-20)

(5-21)

substituting Equation (5-21) into Equation (5-20) and integrating between
t = tinha + x/u to t = T2 + tinha + x/u yields the second part of the inhalation
dose.

T + tinha + x/u , T + tinha +

2 f 2

D2 dt =1
x/u + tinha x/u + tinha

AK"(0)
- (tinha + x/u)]

(5-22)

A11
AK (0)\l

2

( 

+ 

) 

T
2

)

L-e

\ +K
B K

The total integrated dosage DT will therefore by the sum
15) and Equation (5-23).

m

DT = F'(x, y, z) K.
'EK(

e
-

?\ x 
u

+ -l -P

of Equation (5-

-(A + p ) tinha)

\. +P.
J- j

( -( + ) (tinha))1'\

~1S

A 1 (0) (1-e(B +X)T 2 )

(5-24)
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If the appropriate substitution for F1 (x, y, z) and Ak'1 (0) is made,
Equation (5-24) will yield the following equation:

= X(x, y, z)

( 1- ( + p )
1-e

7 + P.
:i.

- Br K(x)

tinha)

K

" - cony ZK-

-( + X) tinha

+ t nh

-T. x/u

E 4-EK KB+Xe-l A -

) 1)l
+ X(x, y, z) Br -K(x)*-K-

-(B + ) (tinha + x/u))

(K+ A - P) (X +Q

+(P.+x/u) +( +X-A.)
-e

(e

x/u)

+ - T - P.) (tinha + x/u)
]-

I] (5-25)

Combining terms, Equation (5-25) reduces to the following total inhalation dose
equation.

DT = X(x, y, z) Br K(x) - conv -

-(A +p)

K -*Ej -" K

+ 2~ -Tl-Pj

tinha)

7, +P.
1 j

(-( + ) tinha +
(e'

( 1
x/u)

tinha
-e

T2)]( 1-e
e + - Ai - p.) (tinha + x/u) + (Pd) (x/u)

-e (5-26)

5.2 Definition of Terms

The terms used in Equations (5-1) through (5-26) are defined as follows:

Ak(t) = Number of atoms in the organ at any time t between
x/u < t < tinha + x/u.
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x = Distance to downwind detector position (m).

u = Wind speed (m/sec).

tinha = Inhalation period (sec).

AB = Biological decay constant (sec 1 ).

= Radiological decay constant of the i(th) isotope (sech-1

K = Radiological decay constant of the K(th) isotope (sec).

Br = Breathing rate (m3/sec).

K(x) = Correction factor for washout and fallout and is equivalent to:

x 2 Vg x (N-2)/2 -SH2
exp - A- + gx exp 2 2-N dx (5-27)

\r u C 0 C x
z z

where:

A = Fraction of the cloud removed per second by rain
(sec-1).

V = Deposition velocity (m/sec).

N
Cz = Vertical diffusion coefficient (m n2).

N = Suttons' stability parameter (dimensionless).

SH = Height of release (m).

X(x, y, z) = Atmospheric diffusion model and is equal to:

r x 2 sec/n3  (5-28)
(22-) [C 2N c.(2n

mauC C x2N e C x2- +0 x
y z y z

where:

Y = Distance to crosswind detector position (m).

Z = Height above ground (m).

N
C = Horizontal diffusion parameter (m 2). Other parameters

are previously defined.

L(t) = Containment leakage rate (sec ).

NK(t) = Number of atoms of the K(th) isotope in any given decay
chain.

P. = Leakage rate decay constant (sec1).
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K. = Linear approximation to leakage rate curve (sec 1 ).

Akl(t) = Number of atoms in the organ at any time t between tinha
+ x/u <t i T2 + tinha + x/u.

T2 = Maximum time limit over which dose rate is integrated
(sec).

Cony = Conversion factor (rem/disintegration) -- Section 111-5.4

Qm(o) = Initial number of atoms of the m9 isotope at decay time
t=o.

5.3 Expansion of NK(t)

The number of atoms of the K(th) isotope in a given decay chain can be
obtained by expanding

K K -A.t
K-i I

NK(t) = Qm(o) Tr 1eLK(K - A.

m=1 i=m i m T J
j=m
j/i (5-29)

to obtain the following solutions for the first five isotopes.

(1) First Isotope

N1(t) = Q1(o) e-t (5-30)

(2) Second Isotope

Q-Alt e-A~t --A t
N2(t)= Q1(o) + 1A 2A + Q(o) e 2 -"(5-31)

(3) Third Isotope

-Alt -A2t

N (t) = Q1(o A2  (A23Ae A ) A-AA 3  A2

-At 1e-A2t

+ (A 3-A (A 2 -A3 22 2[A 3 -A 2 )

-A t

3 3-+ (Ae-A +] ~At (5-32)
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(4) Fourth Isotope

-A 1 t

N(t) = Q1() A1 A A3  -A 1 ) (A -A)A- )
2 3 1 ( 4 A1

-A t
e 2

- 2 3 2 4

-A t

- A4) (A - 4) (2

-A 2 t
e

A3 2 4 -A 2 )

-A t

+ ( 2 - ) ( 3 - I

2

-A t

1 3 2-3 4 3

A ] + (o A 3

-A t

2  3 T 3  4

-A t
-3t

+ 3 ( 3 [ 4-

-A t
+ 3e

+ Q(o) e

(5) Fifth Isotope

N5 t)=Q(o) 1 2 A3 A4 (2

+

+

+

+

-A2t
e

- ( 3 4  A5  2

-A t

(A- A3 )T 2  3 (3 4 -aa5 -A)

e
- A 4  2  A ( 3  A 5  - A

(Al - A5) ( 2 - A5 ) ( 3 - A5 ) A4 - A5 )

+ O(o) A 3 4 [a3 2

-A2t
I

+

I
(5-33)

- t

e
A) (A- ) ( - \) (5-f.

e
(A4 - A2) ( 5 - 2
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+

-A 3t

(A2 - a3 ) A, - \3)( 5 -A 3 )
+

-A5t

+ 2 - A5  A3 - A5 ) 4 A5 J+Q

-A t - t -A t
+ +5(0) 5

(A - A4 ) (+ 5 + A A (

e
(A2 - A4 ) a3 - a4 ) a5 - A4)

3 3

3(0)Y]

-a~t-~ -)A -A

(A 5 3

+ Qu(o) A4

(5-34)

The number of atoms QK(o) can be represented by the following equation,
which has an expansion similar to that presented above for isotopes one through
five:

K K-i

Q (o) = S(o) jT

m=1

K -A.t

(Ai) A.K - A.
i=rn 7r

j=m
j/i

where:

Sm(o) = (Fission yield of isotope i) (Power in watts) (3.1 x
1010 Fissions/watt-sec).

5.4 Conversion Factors

The conversion
equations converts
particular organ to

factor introduced in Equation (5-12) and used in subsequent
the total number of disintegrations which occur in any
a unit of dosage. This conversion is obtained as follows:

F -C
Cony = a C EF (aBE)N

M 2

where:

Cony = Conversion factor (rem/disintegration).

Fa = The fraction of inhaled radionuclide reaching the organ
of reference.

EF(RBE)N = Effective energy absorbed per disintegration (MeV/
disintegration).
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C = Conversion factor (1.6 x 10- 6 ergs/MeV).

C2 = Conversion factor (100 ergs/g-rad).

M = Mass of the critical organ (g).

Where the masses of the various organs are:
M

Organ (g)

Bone 7.0 x 10 3

Kidney 3.0 x 10 2

Liver 1.7 x 103

Lung 1.0 x 103

Muscle 3.0 x 104

Testes 4.0 x 101

Thyroid 2.0 x 101

Total Body 7.0 x 104

The fission products which contribute to the various inhalation dosages
and their associated conversion factors are shown in Table XLIV.
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TABLE XLIV

PARAMETERS AND CONVERSION FACTORS
FOR INHALATION DOSE CALCULATION

Organ Affected

Bone

b a _ _

1.2 x 101 7.5 x 10-
2

2.6 x100

Isotope

Ga-72

As-77

Br-82

Rb-86

Rb-87

Sr-8 9

Sr-90

Sr-91

Sr-92

Y-90

Y-91m

Y-91

Y-92

Y-93

Zr-93

Zr-95

Zr-97

Nb-95

Nb-97

Mo-99

Tc-99m

Tc-99

Ru-103

Ru-105

Ru-106

Rh-105

Pd-109

Ag-ill

Cd-115

In-15

Sn-125

Sb-125

Te-127m

Te-127

Te-129m

2.8 x 101

1.2 x 10~1

2.8 x 101

2.8 x 10-1

1.9 x 10-1

1.9 x 10-1

1.9 x 10-1

1.9 x 10-1

1.9 x 10~1

9.0 x 10-2

9.0 x 10-2

9.0 x 10-2

1.0 x 10-1

1.0 x 10-1

1.0 x 10-3

1.0 x 10-3

2.0 x 10-2

2.0 x 10-2

2.0 x 10-2

2.0 x 10-2

2.8 x 100

5.5 x 100

6.4 x100

8.0 x 100

4.14 x 100

3.0 x 100

2.9 x 100

6.9 x 100

6.5 x 100

1.1 x 10 1

1.1 x 100

6.2 x 100

3.7 x 10-1

2.4 x 100

2.0 x 10-2

4.7 x 10-1

6.2 x 10-1

3.5 x 100

6.5 x 100

9.5 x 0-

Cf

2.1 x 10-1

1.8 x 10~

1.5 x 1012

4.1 x 10 2

5.1 x 10 2

1.9 x 10 2

1.3 x 10~ 2

1.3 x 10-

3.0 x 10 2

2.8 x 10~ 2

2.3 x 10
1

2.3 x 1
0 3

1.3 x 10-

8.5 x 10 1

5.5 x 10-13

4.6 x 1017

1.1 x 10-16

2.8 x icr 4

1.6 x 10-13

3.0 x 1o-13

.4 x -1

3.0 x 10 1.3 x 10-2 1. 8 x 100 5.4x 10-1

5.7 x 101

1.0 x 102

1.0 x 102

3.0 x 101

3.0 x 101

3.0 x 101

.0 xi-2

8.0 x 10-2

3.0 x 10-2

3.4 x 10-2

3.4 x 10- 2

3.4 x io-2

8.5 x 10-1

4.8 100

6.9 x 10-1

1.5 x 100

1.2 x 100

3.2 x 100

7.8 x 10

8.8 x 10-13

4.7 x 10-1

1.2 x 10-13

9.3 x 10-1

2.5 x 1o- 1 3

Kidney

T F E C
b a __

9.0 x 100 5.0 x 103 8.9 x 10-1 2.4 x 10-13

5.5 x 102 2.7 x 10-3 2.4 x 101 3.5 x 10~

1.8 x 10

1.8 x 10

1.8 x 10

1.8 x 10

1.8 x 10

1.8 x 10

1.8 x 10

1.8 x 10

1.8 x 10

1.0 x 103

1.0 x 103

1.0 x 103

1.0 x 103

1.0 x 103

2.5 x 101

2.5 x 101

1.6 x

1.6 x 101

1.6 x 101

1.7 x 101

5.0 x 10-3

5.0 x 10-3

5.0 x 10-3

5.0 x 10-3

5.0 x 10-3

5.0 x 10-2

5.0 x 103

5.0 x 10-3

5.0 x io-2

5.0 x 10-2

5.0 x 10-2

1.0 x 10-2

3.0 x 10-
2

5.0 x 10-3

2.5 x 10
2

1.0 x 10-2

3.0 x 10-2

3.0 x io-2

3.0 x 10-2

2.4 x 10 2

4.6 x 10~1

1.5 x 100

2.0 x 10-1

6.0 x 10 1

4.1 x i01~

2.5 x 10 2

9.4 x 10-2

2.2 x 10~1

8.4 x 10-1

1.3 x 100

1.9 x 10-

4.2 x 101

3.7 x 10-
1

5.6 x 10-1

1.7 x 10-

3.2 x 10-1

2.4 x 10-1

7.8 x 10-1

6.4 x 1cr15

1.2 x 10-13

4.0 x 10- 1 3

5.3 x10'1

1.6 x 1013

1.1 x 10-

6.5 x 10-15

2.5 x 10 1

5.9 x 10- 1 3

3.5 x io-12

3.5 x 10'

1.1 x 10- 13

6.7 x 10-13

9.9 x 10 1

7.5 x 10-13

9.1 x1

5.1 x 10- 1 3

3.8 x 1013

1.2 x 10~

208

9.0 x102

9.0 x 102

9.0 x 102

7.6 x 102

7.6 x 102

3.0 x 100

2.0 x 101

2.0 x 101

2.5 x 100

2.5 x 100

2.5 x 100

2.8 x 101

3.0 x 101

1.0 x 101

3.0 x 102

6.0 x 101

3.0 x 101

3.0 x 101

3.0 x 101

- o---



TABLE XLIV (Cont.)

PARAMETERS AND CONVERSION FACTORS
FOR INHALATION DOSE CALCULATION

Organ Affected

Bone

Isotope

Te-129

Te-131m

Te-132

I-129

I-131

I-132

1-133

I-134

1-135

Cs-135

Cs-137

Ba-140

La-140

Ce-141

Ce-143

Ce-144

Pr-143

Nd-147

Nd-149

Pm-147

Sm-153

Eu-155

Gd-159

Tb

3.0 x 101

3.0 x 10

3.0 x 10

1.4 x 101

1.4 x 101

1.4 x 101

1.4 xo 2

1.4 x 1o2

6.5 x 10

1.0 x 10
3

1.5 x 103

1.5 x 103

1.5 x 103

1.5 x 103

1.5 x 103

1.5 x 103

1.5 x 103

1.5 x 103

1.5 x 103

1.0 x 103

Faa

3.4 x 10-
2

3.4 x 10-2

3.4 xito-2

5.3 x 10 2

5.3 x 10-2

5.3 x 10
2

3.0 x 10 2

3.0 x 10-2

1.9 x 10

1.0 x 101

7.5 x i0 2

7.5 x 10
2

7.5 x 10-2

1.0 x 10-1

9.0 x i0-2

9.0 x 10-2

9.0 x i0-2

9.0 x 10- 2

9.0 x 10- 2

1.1 x 10-1

E

2.8 x 100

2.6 x100

3.1 x 100

3.0 x 10-1

1.0 xo

2.7 x 100

3.3 x 10-1

1.4 x 100

4.2 x 100

2.7 x 100

8.1 x 10-1

3.8 x 100

6.3 x 100

1.6 x 100

1.4 x 100

4.7 x 100

3.5 x 10-1

1.1 x 100

2.8 x 10-1

7.5 x 10-1

Cf

2.2 x 10-
13

2.0 x 10-13

2.4 x 10-13

3.6 x 10- 4

1.2 x 10- 1 3

3.3 x 10-13

2.3 x 10 14

9.6 x 1014

1.8 x 10 2

6.2 x 1- 13

1.4 x 10- 1 3

6.5 x 10- 1 3

1.1 x 10 

3.7 x 10-13

2.9 x 10-13

9.7 x 10-13

7.2 x 10~'
4

2.3 x 10-13

5.8 x 10-14

1.9 x 10-13

Organ Affected

Liver
F a

6.3 x 10-2

8.0 x 10-3

4.0 10-2

4.0 x 10-2

E

1.1 x 100

2.4 x 101

6.6 x 10-1

9.0 x 10 2

Cf

6.5 x 10-13

1.8 x 10 41

2.5 x 1o-13

3.4 x 101

Tb

1.2 x 102

1.2 x 102

1.2 x 102

1.2 x 12

1.2 x 102

1.2 x 102

1.2 x 102

1.2 x 102

Lung
F a

1.2 x 10-1

1.2 x 101

1.2 x 101

1.2 x 101

1.2 x 101

1.2 x 101

1.2 x 10-1

1.2 x 101

1.2 x 101
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Kidney

Tb

3.0 x 101

3.0 x 101

3.0 x 101

7.0 x 100

7.0 x l0

7.0 x l0

4.2 x 101

4.2 x 101

8.5 x 100

5.6 x 102

5.6 x i 2o

5.6 x 102

7.5 x 102

6.6 x 102

6.6 x 102

6.6 x 102

6.6 x 102

1.5 x 103

F a

3.0 x io-2

3.0 x i0-2

3.0 x i- 2

3.0 x 10-2
3.0 x 102

3.0 x 10-2

3.05 x 10-32

3.0 x 1i-3

3.0 x 10-2

7.5 x 10-3

7.5 x 1-

2.8 x 1-

5.0 x 10-3

5.0 x 10-3

5.0 x 10-3

5.0 x 10-3

1.0x icr2

1.0 xi10 2

5.0 x 10-3

5.0 x 10-3

7.5 x 10'3

E

6.8 x 10-1

8.1 x 10-1

9.6 x 10-1

7.7 x 10-2

2.7 x 10~1

8.6 x 10-1

6.6 xic-2

-i
3.7 x 10

1.2 x 100

1.8 x 10~1

8.2 x 10~1

1.3 x 100

3.2 x 10-1

3.1 x 10-1

9.7 x 10-1

6.9 x 1c-2

2.5 x 10~1

8.3 x 10
2

Cf.

1.1x 12

1.3 x 10 2

1.5 x 10 2

1.2 x 10 3

4.3 x 10-13

1.4 x 10-13

2.6 x 10' 4

1.5 x 10- 1 3

1.8 x 10-15

4.8 x 10~

2.2 x 10-
1 3

3.5 x 10-13

8.5 x 10-1

1.7 x 10 13

5.2 x 10-
13

1.8 x 10-15

6.7 x 10-1

3.3 x 10-

Tb
b

4.8 x 100

5.5 x 102

6.3 x 101

6.3 x 101

Isotope

Ga-72

As-77

Br-82

Rb-86

Rb-87

Sr-
8 9

Sr-90

Sr-91

Sr-92

E

1.1 x 100

2.4 x 10~1

8.5 x 10~1

6.6 x 10-1

9.0 x 10-2

5.5 x 10-1

1.1 x 100

1.6 x 100

2.0 x 100

Cf

2.1 x 10-12

4.6 x 10-13

1.6 x 10~

1.3 x 10 1 2

1.7 x 1o- 1 3

1.1 x 10-1

2.1 x 10_ 12

3.1 x 10-1

3.8 x 10 2



TABLE XLIV (Cont.)

PARAMETERS AND CONVERSION FACTORS
FOR INHALATION DOSE CALCULATION

Organ Affected

Liver Lung

Isotope Tb Fa E CTb Fa E C

Y-90 1.2 x 102 1.2 x 10-1 8.9 x 10-1 1.7 x 012

Y-91m 1.2 x l02 1.2 x 101 5.5 x 101 1.1 x 102

Y-91 1.2 x 10 1.2 x 10 5.9 x 10 1.1 x 10

Y-92 1.2 x10 1.2 x 10 1.5 x 10 2.9 xl10

Y-93 1.2 x io 2  
1.2 x 101 1.5 x 100 2.9 x 10

Zr-93 3.2 x 102 2.0 x 0-2 2.5 x 10-2 4.7 x 10-15 1.2 x 102 1.2 x 101 2.0 x 10-2 3.8 x 1014

Zr-95 3.2 x 102 2.0 x 10-2 5.7 x 101 1.1 x 10-13 1.2 x 102 1.2 x 10~1 5.2 x 101 1.0 x 10

Zr-97 3.2 x 10 2.0 x 10-2 1.6 x 100 3.0 x 10-13 1.2 x 102 1.2 x 10 1.6 x 100 3.1 x 10

Nb-95 8.5 x 102 2.0 x 1o-2 2.6 x 10 4.9x 10 1.2 x 102 1.2 x 10 2.6 x 10~ 5.0 x 10-
13

Nb-97 8.5 x 10 2.0 x 10-2 6.4x 10~ 1.2 x 10~ 1.2 x 102 1.2 x 10 6.4x 101.2 x 10-2

Mo-99 4.5 x 101 6.5 x 10~ 4.4 x 10-1 2.7 x 1o- 1 3  1.2 x 1l2 1.2 x 10-1 4.5 x 10~1 8.5 x 1o-13

Tc-99m 3.0 x 10 1.5 x 10-3 3.5 x 1o- 2  .9 x 10 1.2 x 102 1.2 x 10~ 3.5 x 10-2 6.7 x 10

Tc-99 3.0 x 101 1.5x10-3 9.4x1-2 1.3x10-15 1.2 x 102 1.2 x 10 9.4 x10-2 1.8 x 10-13

Ru-103 1.2 x 102 1.2 x 101 2.7 x 101 5.2 x 1013

Ru-lO5 1.2 x 102 1.2 xl10-1 9.1 x 10-1 1.7 x 10

Ru-106 1.2 xl102 1.2 xl10-1 1.4 x 100 2.7 x 10

Rh-lO5 1.
8 
x 101 1.4 x10-2 1.9 x 10 2.5 x 1014 1.2 x 10 1.2 x 10 1.9 x 10 3.6 x 10-

1 3

Pd-109 1.9 x 1013.0 x to-2 4.2 x 10 1.2 x 10-13 1.2 x 102 1.2 x 101 4.2 x 101 8.1 x 1o-13

Ag-ll 1.5 x 101 7.7 x 10-3 3.8 x 10~1 2.8 x 10 1.2 x 102 1.2 x 101 3.8 x 10~1 7.3 x 10-13

Cd-115 2.0OxO 1t1.9 x 10- 5.8 x 10-1 1.0 x 10- 1.2 x10 1.2 x 101 5.8 x 10-1 1.1 x 10-

In-115 5.
8
x101 4.0 x 10-2 1.7x -1 6.4x10 1.2 x 102 1.2 x 10~ 1.7 x 10 3.3 x 10-13

Sn-125 7.0 x 101 2.
8
x10-3 9.4x0-1 2.5 x 1014 1.2x10 1.2 x 10 9.6 x 10~ 1.8 x 10~

Sb-125 3.8 x 10
1  

5.0 x 10~ 2.3 x 101 1.1 x 10-15 1.2 x 102 1.2 xl10~
1 

2.6 x 101 5.0Ox 10-13

Te-127m 3.0 x 10 2.0 x 10-2 3.2 x 10-1 6.0 x 1014 1.2 x 102 1.2 x 101 3.2 x 101 6.1 x 10-13

Te-127 3.0 x 10 2.0 x to-2 2.4x101 4.5 x 1014 1.2 x 10 1.2 x 10~ 2.4x10~1 4.6 x 10-13

Te-129m 3.0 x 10 2.0 x 10-2 8.3 x 10-1 1.6 x 10-13 1.2 x 1-2 1.2 x 10 1 8.3 x 10-1 1.6 x 10

Te-129 3.0 x 10 2.0 x 10-2 7.3 x 10-1 1.6 x 10-13 1.2 x 1o2 1.2 x 10 1 7.3 x 101 1.4 x 10

Te-13lm 3.0 x 10 2.0 x 10-2 9.7 x 10-1 1.8 x 10-13 1.2 x 102 1.2 x 10-1 1.0 x 100 1.9 x 102

Te-132 3.0 x 101 2.0 x 10 1.1 x 100 2.1 x 10-13 1.2 x 102 1.2 x 10 1 1.1 x 100 2.1 x 10

I-129 7.0 x 1o0 9.0 x t-2 8.2 x 10-2 7.0 x 10-1.2 x 102 1.2 x 101 8.2 x 10-2 1.6 x 1o-13

I-131 7.0 2.0 x 107-23.0 x 10~1 2.6 x 10-13 1.2 x 102 1.2 x 10 1 3.0 x 10~1 5.8 x 10-13

-132 7.0 x loo 9.0 x 1-2 1.0 x 100 8.5 x 1o- 1
3 1.2 x 1o2 1.2 x 10 011. -o 1.9 x 102

-133 1.2 x 102 1.2 x 10 16.lxl 01 1.2 x 10

I-131 7 x1 9 x1 . 10 .21.2 x l02 1.2 x 100 2. x 10 .8 x 1

1-135 1.2 xlo t21.2 x 10-1 7.7 x 10 1.5 x 10
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TABLE XLIV (Cont.)

PARAMETERS AND CONVERSION FACTORS
FOR INHALATION DOSE CALCULATION

Organ Affected

Liver

F

5.0 x 10-2

5.0 x 102

1.7 x10

4.0 x 10-2

6.0 x io-2

6.0 x 1-2

6.0 x 1-2

5.0 x 1-2

1.3 x 10-1

1.3 x 10-1

2.0 x 10-2

9.0 x 1-2

6.0 x 1-2

3.0 x 10-2

E

6.6 x io-2

4.1 x 10~1

1.4 x100

1.1 x 100

1.8 x 10-1

8.5 x 10-1

1.3 x 100

3.2 x 10-1

3.2 x 10-1

9.9 x 10-1

6.9 x 10-2

2.6 x 10-1

9.5 x 10-2

3.3 x 10-1

Cf

3.1 x 1O-

1.9 x 10- 1 3

2.2 x 1o-15

4.1 x 10-
13

1.0 x 1o-13

4.8 x 10-13

7.3 x 10-13

1.5 x 10-13

3.9 x 10-13

1.2 x 10-

1.3 x 10i1

2.2 x 10- 13

5.4 x 1014

9.3 x 10- 4

T
b

1.2 x 102

1.2 x 102

1.2 x 102

1.2 x 102

1.2 x 102

1.2 x 102

1.2 x102

1.2 x 102

1.2 x 102

1.2 x102

1.2 x 102

1.2 x 102

1.2 x 102

1.2 x1i 2

F
a

1.2 x 10-1

1.2 x 101

1.2 x 101

1.2 x 10-1

1.2 x 10-1

1.2 x 10-1

1.2 x 10-1

1.2 x 10-1

1.2 x 10- 1

1.2 x 10-1

1.2 x 10~1

1.2 x 10-1

1.2 x 101

1.2 x 10-1

Organ Affected

Thyroid

Isotope b

Ga-72

As-77

Br-82

Rb-86

Rb-87

Sr-
8
9

Sr-90

Sr-91

Sr-92

Y-90

Y-91m

Y-91

Y-92

Y-93

Zr-93

Zr-95

Zr-97

F E
a

Cf

Total
T F

b a

6.0 x 100 2.5 x 10_1

2.
8
x102 2.7x10-1

8
.0 x 100 7.5 xi10~1

4.5 x 10 7.5 x 10-1

4.5 x 10 7.5 x 10-1

1.3 x 10 4.0 x 10-1

1.3 x 10 4.0 x 10-1

1.3 x 10 4.0 x 10-1-

1.3 x 10 4.0 x 10~1

1.4 x 104 2.5 x 10_1

1.4 x 104 2.5 x 10i

1.4 x 104 2.5 x 10-1

1.4 x 104 2.5 x 10~1

1.4 x 10 2.5 x 10-1

4.5 x 10 2.5 x 10-1

4.5 x 102 2.5 xi10-1

4.5 x 102 2.5 x 10-1
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Lung

Isotope

Cs-135

Cs-137

Ba-140

La-140

Ce-141

Ce-143

Ce-144

Pr-143

Nd-147

Nd-149

Pm-147

Sn-153

Eu-155

Gd-159

T

9.0 x 101

9.0 x 101

9.8 x 102

4.0 x 102

2.9 x 102

2.9 x 102

2.9 x 102

3.8 x 102

1.3 x 102

1.3 x 102

6.6 x 102

1.9 x i02

1.3 x 1o2

4.6 x 102

E

6.6 x ia-2

4.1 x 10-1

1.4 x 100

1.1 x 100

1.8 x 101

8.3 x 10-1

1.3 x 100

3.2 x 10~1

3.0 x 10-1

9.9 x l0

6.9 x io-2

2.6 x 10-1

9.5 x to~2

3.3 x 10-1

Cf

1.3 x 10-13

7.9 x 10- 13

2.7 x 10 2

2.1 x 1012

3.5 x 10'13

1.6 x 1012

2.5 x 10
2

6.1 x 10-
13

5.8 x 1-13

1.9 x 10~

1.3 x 10-13

5.0 x 10-13

1.8 x 10-13

6.3 x 10-13

t1 Body

E

1.8 x 100

2.4 x 10-1

1.8 x 100

7.0 x 10-1

9.0 x 10-2

5.5 x 10-1

1.1 x 100

2.2 x 100

2.6 x 100

8.9 x 10-1

9.3 x 10-1

5.9 x 10_1

1.6 x 100

1.7 x 100

2.4 x 10-2

1.1 x 100

2.1 x100

Cf

1.0 x 10-13

1.5 x 1014

3.1 x 10-
1 3

1.2 x 10- 1 3

1.6 x 1014

5.0 x 10-14

1.0 x 10-13

2.0 x 10-13

2.4 x 10-13

5.1 x 10 1

5.3 x 104

3.4 x 10

9.2 x 1 4

97 x 10-4

1. -15

6.3 x 10

1.2 x 10-13



TABLE XLIV (Cont.)

PARAMETERS AND CONVERSION FACTORS
FOR INHALATION DOSE CALCULATION

Organ Affected

Thyroid Total Body

T F EC T F E C
Isotope b a EfCTb a E_ C

Nb-95 7.6 x 102 2.5 x 10-1 5.1 x 10-1 2.9 x 1014

Nb-97 7.6 x 102 2.5 x 10~ 8.7 x 10 5.0 x 1014

Mo-99 5.0 x 100 6.5 x 101 6.1 x 10 9.1 x 1014

Tc-99m 1.0 x 10 5.0 x 10~1 8.0 x 10-2 9.2 x10"14

Tc-99 1.0Ox 100 5.0 x 10
1  

9.4 x 10
2  1.1 x 10-14

Ru-103 7.3 x10 2.7 x 101 4.4 x 101 2.7 x 1014

Ru-105 7.3 x 10 2.7 x 101 1.2 x 10 7.4 x 1014

Ru-106 7.3 x loo 2.7 x 101 1.4 x10 
8
.7 x 1014

Rh-105 1.0 x 101 3.5 x101 2.0 x 10- 1.6 x 1014

Pd-109 5.0 x 10 3.5 x 10~l 4.2 x 101 3.4 x 10

Ag-ill 5.0 x 10 2.6 x10-1 4.0 x 10 2.4 x 1014

Cd-115 2.0 xlo 2.5 x101 7.1 x lOl 4.1 x 1014

In-115 8.4 x 10 1.0 x 10~4 1.7 x 10 1.4 x 10-
1
3 4.8 x 101 2.5 x 101 1.7 x 10~1 9.7 x 1015

Sn-125 7.0 x 101 2.8 x 10-5 9.3 x 10 2.1 x 10 3.5 x 10 2.8 x 10~1 9.4 x 101 6.0 x 10~

Sb-125 4.0 x 10 8.0 x 10-6 1.5 x 10 9.6 x 10-i6 3.8 x 10 2.7 x 10-1 3.4 x 101 2.1 x 104

Te-127m 9.0 x 10 3.8 x 10 3.0 x 10 9.1 x 1014 1.5 x 10 3.8 x 10 3.2 x 10 2.8 x 1014

Te-127 9.0 x 10 -38 x 10 2.4 x 10- 7.3 x 1014 1.5 x 10 3.8 x 10- 2.4 x 101 2.1 x 10-14

Te-129m 9.0 x 10o 3.8 x 10 6.8 x 10 2.1 x 1o-13 1.5 x 10 3.8 x 10 1.1 x 10 9.6 x 1014

Te-129 9.0 x 10 3.
8 
x 10 6.0 x 10 1.8 x 1013 1.5 x 101 3.8 x 10 9.8 x 1021 8.5 x 10

Te-131m 9.0 x 10 3.8 x 10 6.9 x 10 2.1 x 1013 1.5 x 101 3.8 x 10 1.6 x 10 1.4 x 10-13

Te-132 9.0 x 100 3.8 x 10 7.4 x 10 12.3 x 10
1 3  

1.5 x 101 3.8 x 10 1.9 x 10 85 .x -13

-129 1.4 x 102 2.3 x 10 6.8 x 10-2 13 x 10 1.4 x 102 7.5 x 101 8.9 x 102 1.5 x 1014

-131 1.4 x 102 2.3 x 10 2.3 x 10 4.2 x 101 1.4 x 102 7.5 x 10 14.4 x 101 7.6 x 10

I-132 1.4 x 102 2.3 x 10 6.5 x 10~1 1.2 x 10 1.4 x 102 75 x 10 1.7 x l0- 2.9 x 10-13

1-133 1.4 x 102 2.3 x 10 5.4 x 101 9.9 x 10 .4x102 7.5 x 10~ 8.4 x 10-1 1.4 x 1013

I-134 1.4 x 102 2.3 x 10 8.2 x 10-1 1.5 x 10 1.4 x 10 7.5 x 10~1 1.5 x 10 2.6 x 10-13

1-135 1.4 x 10 2.3 x 10 52 x 10~1 9.6 x 10 1.4 x 102 7.5 x 10~1 1.3 x 10 2. x 10-13

Cs-135 7.0 x 10 7.5 x 1081 6.6 x 10-2 1.1 x 1014

Cs-137 7.0 x 10 7.5 x 100-15.9 x 101 10 x 0-13

Ba-140 6.5 x 101 28 x 10~1 2.3 x loo 1.5 x 10-13

La-148 5.0 x o 2.x10 75x10~ 1.9 x 10 1.1 x 10-13

Ce-141 5.6 x 102 2.5 x 10-1 2.1 x 101 1.2 x 10-14

Ce-143 5.6 x 102 2.5 x 101 9.7 x 1021 5.6 x 10"14

Ce-144 5.6 x 102 2.5 x 1051 1.3 x 10 7 1.0 x 14

Pr-143 7.5 x 10 2.5 x 10~ 132 x 10 1.8 x 10"
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TABLE XLIV (Cont.)

PARAMETERS AND CONVERSION FACTORS
FOR INHALATION DOSE CALCULATION

Organ Affected

Thyroid Total Body

T Fb E C TF a E Cb ag _ ___ ____ ___

6.6 x 102 2.5 x 10-1 4.0 x 10-1 2.3 x 10-14

6.6 x 10
2  

2.5 x 10~
1  

1.1lx 100 6.3 x 10-14

6.6 x 102  2.5 x 10- 1  6.9 x 10- 2  
-.x 15

6.6 x lot 2.5 x 10-1 3.0 x 10-1 1.7 x 10-1

6.4 x 102 2.5 x 10~1 1.6 x 10-1 9.2 x 10-15

5.5 x 102 2.5 x 10- 3.6 x 10- 2.1 x 10-1

Organ Affected

Muscle Testes

Tb Fa E

Isotope

Nd-147

Nd-149

Pm-147

Sm-153

Eu-155

Gd-159

Isotope

Ga-72

As-77

Br-82

Rb-86

Rb-87

Sr-89

Sr-90

Sr-91

Sr-92

Y-90

Y-91m

Y-91

Y-92

Y-93

Zr-93

Zr-95

Zr-97

Nb-95

Nb-97

Mo-99

Tc-99m

Tc-99

Ru-103

Ru-105

Ru-106

C T F E Cf_ _ b a f_ _ _ _

1.3 x 10-1
3

1.6 x 10'14
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TABLE XLIV (Cont.)

PARAMETERS AND CONVERSION FACTORS
FOR INHALATION DOSE CALCULATION

Organ Affected

Muscle

Tb Fa E C Tb Fa E C

3.0 x

3.0 x

3.0 x

101

101

101

1.1

1.1

1.1

Isotope

Rh-105

Pd-109

Ag-ll

Cd-115

In-15

Sn-125

Sb-125

Te-127m

Te-127

Te-129mr

Te-129

Te-131m

Te-132

I-129

I-131

I-132

I-133

I-134

I-135

Cs-135

Cs-137

Ba-140

La-140

Ce-141

Ce-143

Ce-144

Pr-143

Nd-147

Nd-149

Pm-147

Sm-153

Eu-155

Gd-159

3.0 x

7.0 x

101

100

x 10-3

x 10-3

x 10-3

x 10-3

1.1 x 10-3

3.8 x 10-3

3.1 x 10-1

2.4 x 101

6.9 x 10-1

6.0 x 10-1

7.3 x 10-1

6.8 x 10-2

1.4 x 10-13

1.1 x 10-13

3.0 x 10-13

2.6 x 10-13

3.2 x 10-
13

1.0 x 10-13

7.0 x 100 3.8 x 10-3 6.5 x 10-1 9.9 x 10-13

1.4 x 10 3.0x 1 -1 6.6 x 10-2

1.4 x 102 3.0x101 5.9x101

2.0x103 8.3 x 10 2.3x10

1.1x 1-4

9.4 x 10-14

1.0 x 10-15
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6. LOFT DECONTAMINATION

Following blowdown, decontamination of the atmosphere and the surfaces
of the LOFT containment building is required to allow removal of the reactor
package and test samples, and to allow reuse of the building. A major remote
decontamination effort is expected with decontamination factors of about 104

required for the atmosphere and about 103 required for the walls, floor, and
other surfaces before initial entry of personnel. To allow the building to be
reused without health limitations, activity on the surfaces will have to be
further reduced by a factor of about 102 by decay or direct decontamination.
The following sections give the expected contamination, decontamination se-
quence for LOFT, and preliminary estimates of fission product release and
distribution in the containment building. This work represents the beginning of
a long-term program to determine practical methods and procedures for de-
contaminating the LOFT reactor and containment building.

6.1 Contamination Sequence

The LOFT test will be initiated by allowing the coolant to blow down into
the containment building. The coolant will vaporize, filling the containment
building with steam, causing all parts of the containment building to be bathed
with condensate. Barring the premature failure of a fuel element, fission
products are not likely to be released during the first few minutes following
the loss of coolant. However, after a short delay, fuel cladding will melt and
release fission products to the reactor vessel. Part of the fission products
that are released will be swept out of the reactor vessel into the containment
building where they will contaminate the building. Following a five-day pressure
decay period, decontamination will be initiated. The sequence of events expected
following the loss of coolant incident is presented in Table XLV.

6.2 Estimated Contamination of the LOFT Containment Building

At the end of the five-day pressure decay, fission products will be located
in the residual fuel, in the reactor vessel (deposited on surfaces), in the con-
tainment atmosphere, on the inside surfaces of the containment building, and
in the building sump liquid. An estimate has been made, based mainly on the
data from ORNL in-pile tests with UO 2 , of the expected release and distribution
of these fission products. This estimate shows that the reactor will probably
contain at least 80 percent of the fission products, even if all of the UO2 is
melted. Since total melting of UO2 would be an extreme case, a second estimate,
based on 25 percent of the cladding and UO2 melting, was made. This estimate
indicates that more than 95 percent of the fission products remain in the
reactor.

Fission product release was first estimated by dividing the calculated
core inventory of fission products into groups based on volatility for the total
core meltdown case. The most important elements in each group and the total
curies of each group are given in Table XLVI.

The assumption was then made that 45 percent of the iodine escaping from
the reactor would deposit on the surfaces in the containment building and 10
percent would stay suspended in the air. The balance of the iodine was assumed
to be absorbed by the condensing steam and carried to the sump. Based on
these assumptions, an estimate was made of the distribution of the fission
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TABLE XLV

SEQUENCE OF EVENTS FOLLOWING LOSS OF COOLANT

Time

0 seconds

5 to 30 seconds

10 to 15 minutes

10 to 50 minutes

50 minutes

5 hours

1 to 2 days

5 days

5 days

6 days

Event

Pipe rupture with subsequent buildup of containment
building pressure and temperature from coolant
blowdown.

Coolant blowdown completed.

Fuel cladding begins to melt with the resultant re-
lease of gaseous fission products.

Accelerated fission product release due to continued
core heat-up.

Fuel (Uo2 ) begins to melt with gross release of fis-
sion products.

Average core temperature equal to melting point of

Uo2 (280
0 *C).

Some fuel is possibly still molten.

Pressure-reduction spray system activated to wash-
down the containment building atmosphere and to re-
duce the containment-building air temperature and
pressure to ambient conditions.

Containment building atmosphere is recirculated
through filters to reduce particulate matter and
radioactive iodine concentration in the atmosphere.

Decontamination of building with liquid solutions
and with controlled release of gases begins.
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TABLE XLVI

ESTIMATED RELEASE OF FISSION
PRODUCTS FROM TOTAL CORE MELTDOWN

Group

I - - Xe

II -- I, Te, Cs

III - - Ru, Ba, Sr, Ce

IV -- Rare Earths

Total Activity
at Five Days

(curies

1.7 x 10

2.2 x 106

4.6 x 106

8. 4 x 106

Percent Release

Fuel Hot Zone Reactor

100

98

60

50

100 100

75

4

0.5

1

0.1

products five days after the coolant
line rupture. These results for 100 per-
cent fuel meltdown are presented in
Table XLVII along with the results of
a similar calculation for the 25 percent
fuel meltdown.

TABLE XLVII

ESTIMATED DISTRIBUTION
OF FISSION PRODUCTS

Degree of Fuel Meltdown

100 Percent 25 Percent
Location (curies) (curies)

Remaining in the fuel 6.1 x 106 1I.1 x 106

Deposition inside reactor
and piping 7.I x 10 1.9 x 10

Atmosphere of dome 1.9 x 106 0.5 x 106

Inside surface of dome 0.8 x 106 0.2 x 106

In sump liquid of dome 0.7 x 10
6

0.2 x 10
6
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