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SYSTEMATICS OF RECONSTRUCTED
PROCESS FACILITY CRITICALITY ACCIDENTS

iNorman L. Pruvost Thomas P. McLaughlin and Shean P. Monahan
Galaxy Computer Services, Inc. Los A1amos National Laboratory

Abstract

The systematic of the characteristics of twenty-one criticality accidents occurring in nuclear
processing facilities of the Russian Federation, the United States, and the United Kingdom are
examined. By systematic we mean the degree of consistency or agreement between the factual
parameters reported for the accidents and the experimentally known conditions for criticality. The
twenty-one reported process criticality accidents are not sufficiently well described to justify
attempting detailed neutronic modeling. However, results of classic hand calculations confirm the
credibility of the reported accident conditions.

Introduction

A criticality accident is the condition that results in an unanticipated and uncontrolled power
excursion. Previous Los Alamos National Laboratory reports 1~2 on criticality accidents have
categorized the accidents into two types: those which occurred in processing facilities and those
which occurred in reactor and critical experiment research facilities. This categorization was based on
the following distinction. In process facilities physical and administrative controls are used to prevent
the occurrence of critical or near-critical configurations. In contrast, reactor and experimental
research facilities plan for and deliberately achieve critical and near-critical configurations. Operating
personnel in process facilities are usually not technical experts in the neutronics of criticality, while in
research facilities they usually possess such expertise. Under normal working conditions operating
personnel in both categories can be close to the potential accident location. Our study of systematic
addresses only accidents in processing facilities, which are listed in Table 1.

Accident Reconstruction

The geometry and material specifications provided in accident documentation falls far short of
qualifying as criticality benchmarks as accepted by the international criticality safety community.s
Our ability to accurately reconstruct accident configurations is seriously limited b! the lack of
technical detail provided in the descriptions reported for the accidents. For example, m the case of
accident number 21 these limitations are so severe that we do not attempt a reconstruction. We
provide reconstructions for accidents 1 through 20 using interpretations of conditions reported for
the accident. The reconstructions extracted from the accident description are intended to estimate
the accident configuration corresponding to the critical state. Construction of these estimated
parameters should not be interpreted as creating new “facts” to be added into the documentation of
the accidents.

only primary parameters affecting criticality are considered in our estimates – fissile nuclide

(235U or 239Pu), fissile density, shape of fissile-bearing material, degree of moderation, and uranium
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enrichment in the case of accidents 9 and 15. Examples of parameters missing in the accident
description or ignored as being of secondary im ortance include vessel material and thickness,

presence of fissile nuclides other than !~35U and 2 9pu and the presence of external reflectors near
or in contact with the fissile-bearing material. Material ‘compositions are represented as either of the
two fissile nuclides present in water as homogeneous metal-water mixtures. The degree of moderation
is implicit in the assumption of metal-water mixture. A few of the accidents (2, 9, 15, 21) involved
heterogeneous fissile-bearing material. For our estimates all fissile-bearing mixtures are represented
as homogeneous.

Table 1 presents estimated parameter values for twenty-one process facility accidents. To the best
of our knowledge, these twenty-one accidents represent a complete listing for events which
unambiguously qualify as accidents in the processing facilities of the Russian Federation, the United
States, and the United Kingdom. Several features are immediately recognizable in the first twenty
accidents listed in Table 1. First, accidents 1 through 20 all occurred in vessels which can be described
geometrically as having an axis of cylindrical symmetry. Accident 21 (15 May 1997, Novosibirsk)
occurred in parallel slab tanks. Second, twenty of the twenty-one accidents occurred with fissile-
bearing material in either solution or slurry form. Only one accident, number 20, occurred with solid
material (Pu metal ingots). No accident occurred with fissile-bearing material in the form of powder.
Third, no accident occurred with the fissile-bearing material during storage or transport conditions.

Some explanation of the column headings presented in Table 1 is necessary.

● Accident number: The twenty-one accidents are numbered sequentially in chronological order.
We have elected chronological order to recognize the close parallel in the historical timeline of
technological developments occurring in the three countries.

● Site and Date: We have elected to use short descriptive names for each of the ten sites where
accidents occurred: RF designates those occurring in the Russian Federation, US designates
those occurring in the United States, and UK designates those occurring in the United
Kingdom. Accident date is provided in the day-month-year format.

Geometry

● Vessel Shape: Vessel shape for accidents one through twenty is designated as cylindrical.
For eighteen accidents the axis of cylindrical symmetry is designated as vertical. For two
accidents (numbers 2 and 6) the axis is designated as horizontal. Although these
designations are accurate for most accidents, some accidents are known to have occurred
when the axis of cylindrical symmetry was neither vertical nor horizontal, that is tilted at
some angle from the vertical. All vessels were steel except for accident 10 which occurred
in a glass vessel.

Vessel Volume: Vessel volume is used to designate the volume within the vessel.

Fissile Volume: This heading could be more properly described as fissile-bearing material
volume. It is an estimate of the volume occupied by the fissile-bearing material which
dominates the neutronic reactivity of the system. In some cases (accidents 5 and 18) fissile
material was present in low concentration outside our designated volume and ignored as
having a secondary impact on system reactivity. In cases where the accident occurred or is
modeled with cylindrical. axis vertical and fissile material in solution or slurry form an
additional parameter h/D is provided. In these seventeen cases (accidents 1, 3, 4, 5, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19) the fissile-heal-ing material is modeled with the shape
of a right-circular cylinder (lower case h designates the height of the cylinder and capital D
designates the diameter of the vessel and fissile-beafing material in the shape of a right-
circular cylinder).



● Shape Factor: Shape factor is a dimensionless ratio. This ratio is the mass of fissile
material estimated to be critical in the accident configuration to the mass of fissile material
expected to be critical under similar conditions in spherical geometry. The shape factor is
used to convert actual shape to equivalent spherical shape as a method to compare all
twenty accidents in terms of geometrically equivalent spherical systems.

For the seventeen accidents where h/D is specified, the upper curve in Fig. 14
corresponding to unreflected systems was utilized to determine the shape factor. The curve
in Fig. 1 is based directly on experimental results and exemplifies our desire to minimize
dependence on calculational reliability. For the remaining three accidents (2, 6, and 20)
buckling or other mathematically simple approximations were used to obtain the estimated
shape factor.

lMateriaI

● Fissile Mass: Fissile mass is the mass of either 235U or 239Pu. Fissile type is designated
below the mass entry as either 235U or 239Pu. For ten 235U systems (accidents 2, 3, 4, 6,
8, 12, 13, 14, 16, and 19) uranium was enriched in the range of 82-94 weight per cent.
Exceptions are accident 9 where 235U weight per cent was 22.6, and accident 15 where
weight per cent was 6.5. For accidents 9 and 15 the fissile mass column also provides the

atom ratio of hydrogen atomic density to 235U atomic density. For accident 15 the
estimate provided is adjusted for full water reflection spherical critical mass. For the eight

939Pu weight percent wasplutonium systems (accidents” 1, 5, 7, 10, 11, 17, 18, and 20) -
approximately 95.

● Fissile Density: Fissile density is the homo~enous density for either 235U or 239Pu.
Fissile density is the quotient of fissile mass and~issile volume.

“ Estimated Spherical Critical Mass: Entries in this column (with the exception of accident 15)
represent unreflected spherical critical mass as the quotient of fissile mass and shape factor. We
use these estimated masses as the measure for consistency or agreement of the reconstructed
accidents with established conditions for criticality.

Discussion

Traditionally, estimates of the type presented in Table 1 have been referred to as “back-of-the-
envelope calculations. ” These calculations are characterized by their mathematical simplicity and are
better described as estimates when contrasted to results from .Monte Carlo computer calculations.
Within Los Alamos National Laboratory they are sometimes used as the first step in the design of
experiments or in the planning of more detailed calculations. In some cases these estimates are
sufficient and more elaborate computer code calculations are not necessary. We characterize our
results as estimates in conformity with “Wheeler’s First Moral Principle: Never make a calculation until
you know the answer. Make an estimate before every calculation...”. 4

Figures 2 and 4 are selected and adapted from LA-12808.5 Figure 3 is selected and adapted from
LA- 10860.6 These three figures graphically include points whose coordinates correspond to fissile
density (or atom ratio) and estimated spherical critical mass for the twenty accident reconstructions in
Table 1. The abscissa in Fig. 3 is the hydrogen to 235U atom ratio and the ordinate is the 235U
spherical critical mass for water reflected spheres. Curves for systems with uranium enrichment
corresponding to 2.0, 3.0, 5.0, 30.3, and 93.0 are presented. Results from Table 1 for accidents 9 and
15 are superimposed on this figure.
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Additional adjustments to fissile density and estimated critical spherical mass can be performed.
For example, the effects of nitrate absorption and organic versus aqueous base composition can be
included in the estimates. Of course, judgment is required as to whether such adjustments are
meaningful and whether carrying out such adjustments would lead to estimates in closer agreement
with the curves presented in Figs. 2, 3, and 4. We judge that such adjustments are not justifiable. The
absence of technical detail provided in the accident descriptions prevents meaningful refinement of
our estimates. This lack of technical information also precludes any attempt for meaningful, more
detailed, neutronic modeling such as for a Monte Carlo calculation.

Conclusions

Considering the effects of partial reflection and inherent uncertainties in our estimates, we judge
the position of eighteen of the twenty points plotted in Figs. 2, 3, and 4 as sufficient for establishing
credible agreement between the reported accident conditions and known conditions for criticality.
Our estimates for accidents numbers 1 and 7 appear to be in questionable agreement in that more
mass is required under the hypothesized accident conditions. No systematic features are
distinguishable which differentiate the Russian, the United States, and the United Kingdom accidents.
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Date

MAYAK
(R.F.)

15-03-53

MAYAK
(R.F.)
~1-(34.57

MAYAK
(R.F.)

02-01-58

Y-12
(Us.)

16-06-58

LANL
(Us.)

30-12-58

ICPP
(Us.)

16-10-59

MAYAK
(R. F.)

05-12-60

Table 1. Reconstruction of Accident Geometry and Material Configurations .

GEOMETRY MATERiAI, Estimated
Vessel Vessel Fissile Shape I?issile Fissile S~herical
Shape

cylindrical
vertical axis

cylindrical
horizontal axis

cylindrical
vertical axis

cylindrical
vertical axis

cylindrical
vertical axis

cylindrical
horizontal axis

cylindrical
vertical axis

Volume
(1)

40.0

100.0

442.0

208.0

982.0

19,000.0

40.0

Volume
(1)

31.0

h/D=O.62

30.0

58.4

h/D=O. 18

56.0

h/D=O.42

160.0

h/D=O.20

800.0

19.0

h/D=O.55

l?acttir Mass
(kg)

1.2 0.81

239pu

2.8 3.06

235u

Density C;itical Mass
(g/l) (kg)

26.0 0.67

102.() 1.09

4.2

1.4

3.5

25.0

1.2

21.0

235u

2.32

235u

2.83

239pu

31.6

235u

0.95

239pu

376.0

37.4

17.7

39.5

50.0 0.90



ACXXH3NI’
No. Site &

Date

8 ICPP
(Us.)

25-01-61

9 Tomsk
(R.F.)

14-07-61

10 Hanford
(Us.)

07-04-62

11 MAYAK
(R. F.)

07-09-62

12 Tomsk
(R. F.)

30-01-63

13 Tomsk
(R.F.)

02-12-63

14 WoodRiver
(U. S.)

24-07-64

GEOMETRY
Vessel Vessel I%sile Shape

FactorShape

Table 1. Reconstruction of Accident Geometry and Material Configurations, cont.

cylindrical
vertical axis

cylindrical
vertical axis

cylindrical
vertical axis

cylindrical
vertical axis

cylindrical
vertical axis

cylindrical
vertical axis

cylindrical
vertical axis

Volume
(1)

356.0

65.0

69.0

98.6

49.9

100.0

105.0

Volume
(1)

40.0

h/D=O.22

42.9

h/D=O.47

45.0

h/D=O.60

95.4

h/D=l .33

35.5

h/D=O.69

64.8

h/D=O.47

41.0

h/D=O.68

2.9

1.3

1.2

1.2

1.1

1.4

1.2

MATERIAL
I?issile J?issile
Mass Density
(kg) (g/l)

8.00 200.0

235u

1.68 39.2
U (22.6)

H/235U= 850

1.28 28.4

239pu

1.25 13.1

239pu

2.27 63.9

235u

] ,93 29.6

235u

2.03 50.8

235u

.

.

Estimated
Spherical

Critical Mass
(kg)

~,76

I ,29

1.06

1.05

2.06

1.38

1.69
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Table 1. Reconstruction of Accident Geometry and Material Configurations, cont.
.

.

ACCIDENT
No. Site &

Date

MATERIAL Estimated
Fissile Fissile Spherical
Mass Densitv Critical Mass
(kg)

GEOMETRY
Vessel Vessel Fissile Shape
Shape Volume

(1)
Volume Fac~or

(1)

100.0 1.4

h/11=0.46

28.6 1.2

h/D=O.60

28.0 1.0

h/D=O.68

40.0 3.0

h/D=O.22

300.0 1.4

h/D=l .90

0.56 1.1

(g/lj (kg)

36.5 2.61

(1 .61 refl)

15 131ectrostal
(R.F.)

03-11-65

cylindrical
vertical axis

300.0 3.65
U(6.5)

H/235U = 600

16 MAYAK
(R. F.)

16-12-65

cylindrical
vertical axis

100.0 1.98

235u

69.0 1.65

cylindrical
vertical axis

17 MAYAK
(R.F.)

10-12-68

1.3862.0 1.45

239pu

52.0

18 Windscale
(U. K.)

24-08-70

cylindrical
vertical axis

156.0

300.0

2.07

239pu

5.46

235u

51.8 0.73

3.9019 ICPP
(Us.)

17-10-78

cylindrical
vertical axis

18.2

20 Tomsk
(R.F.)

13-12-78

cylindrical
vertical axis

3.2 10.0

239pu

18.0 9.13

* * * *21 Novo
(R. F.)

Pamllel
Slab

700.0
each

15-OS-97 Tanks

*System description inadequate to estimate parameter.
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