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ABSTRACT 
Following a serious accident, there are fragmentary and 

often conflicting observations and physical evidence 
available to analysts investigating the incident. This paper 
describes a systematic approach to identifying the causes and 
progression of an actual large-scale accident using process-tree 
methodology. A process tree is a logic model developed in  
such a way that the cut sets of the tree are strings of “events” 
that could produce the observed damage and represent potential 
accident scenarios. In the process tree, a branch represents a 
specific sequence of physical or chemical processes for which 
the underlying accident initiators and expected observational 
sequence can be developed, The signature for each of these 
process-tree branches then can be compared with the evidence 
available from the actual accident. This technique was used to 
analyze the major explosion in 1993 at the Tomsk-7 nuclear 
fuel reprocessing facility in Russia. In this paper, we show the 
development of the process tree for the accident, discuss the 
use of accumulating evidence to “prune” physically realizable 
branches in conflict with the data, and demonstrate the use of 
the tree in modifying physical models for this accident. 

INTRODUCTION 
At 1258 p.m. on April 6 ,  1993, a chemical explosion 

occurred at Tomsk-7, a radiochemical processing facility of the 
Siberian Chemical Combine in the Russian Federation. 
Tomsk-7, one of the secret military cities in the former Soviet 
Union, is located near the large industrial city of Tomsk in 
south-central Russia. The explosion caused substantial phys- 
ical damage to the Tomsk-7 facility and contaminated an area 
of approximately 123 square miles (32,000 hectares) with 
plutonium and uranium. Radionuclides released into the atmo- 
sphere were detected worldwide in the days following the 
explosion. 

The circumstances surrounding this accident were of 
immediate concern in the United States and Japan, where the 
PUREX process [Plutonium-Uranium Extraction (Schultz and 
Navratil. 1984)J also is used to recover fissionable material. 
In the US, this is performed at Department of Energy (DOE) 
weapons complex facilities at Hanford, Washington, and at the 
Savannah River Site in  South Carolina. Similar accidents 
involving tributyl phosphate (TBP), which is used in  the 
PUREX process, and nitric acid have occurred in the past at 
both sites (Hyder, 1994). DOE immediately embarked on a 
program to understand the causes of the accident at Tomsk and 
to determine whether a similar event remained credible in cur- 
rent US plants. The program consisted of three components- 
a fact-finding mission to Tomsk in co-operation with the 
Russian Atomic Energy Agency (Minatom), an analytical 
effort at Los Alamos to model the accident. and experimental 
studies at Los Alamos, Hanford. and Savannah River. 

The available information was often fragmentary and 
frequently contradictory during the first weeks after the 
accident. It was known that an explosion had occurred within a 
tank with subsequent damage to the building as shown in  
Fig. 1. However, this could have happened in many different 
ways, and it was not possible to determine the accident 
phenomenology in any detail from the available data. This 
uncertainty made it difficult to plan either the analytical or 
experimental work and hindered efforts to evaluate the proba- 
bility of a similar incident in a US facility. Therefore. i t  was 
necessary as part of the Tomsk study effort to provide a method 
to systematically analyze the available data and to integrate 
this information with the modeling and laboratory work. 

In this paper, we describe the approach we used to identify 
potential accident scenarios for the Tomsk accident. Our 
method provides a logical means for systematically extending 
the accident scenarios to include potential operational events 
or conditions. I t  functions as a framework for associating 



FIG. 1. DAMAGE TO THE TOMSK-7 REPROCESSING PLANT FOLLOWING THE APRIL 6,1993, ACCIDENT. 

known facts with the potential scenarios so that likely 
candidate scenarios-those consistent with the known facts 
and relevant physical phenomena-can be identified. A 
process tree [a type of logic model that has been described 
elsewhere (Bott and Eisenhawer 1989)] is the tool used for this 
analysis. The process-tree method provides a logical structure 
for our investigation of accident scenarios and casts our 
analysis in a format that is readily accessible to others. A 
process tree is a logic tree developed in such a way that the cut 
sets of the tree are strings of events that could lead to the 
observed top event-in this case, the catastrophic failure of 
the tank. The cut sets of the process tree are potential accident 
scenarios systematically obtained by constructing the tree. 

In this paper we demonstrate the value of the process-tree 
methodology in reconstructing a large-scale accident. We 
begin with a discussion of the theory of process trees and 
discuss in some detail the particular tree drawn for the Tomsk 
accident. This tree then is examined in terms of the available 
plant information and the phenomenological models 
developed for the accident. We show how, as more 
information became available, the models evolved and how 
this evolution was anticipated logically through the process 
tree. We conclude that this methodology is generally 
applicable to analysis of process facility accidents. 

CHRONOLOGY OF THE TOMSK-7 ACCIDENT 
Before discussing the generation of a process tree and the 

Tomsk process tree specifically, we will provide a brief review 
of the accident. The chronology here is based on information 
in the trip report of the DOE fact-finding team (1994) and 
discussions with Russians knowledgeable about the accident in  
meetings at Richland, Washington in 1993 and at Los Alamos 
in 1994 (Nazin et al., 1995). A short summary account (not 
entirely accurate) also is given in  Nuclear Engineering 
International (1993). An English-language translation of the 
Japanese Science and Technology Agency investigation of the 
accident is also available ( 1  994). 

Sometime before the day of the accident, a rework solution 
was added to Tank 6102/2 in preparation for running it through 
the PUREX process. This batch had evidently been sitting in 
storage in  another tank for 6 months or longer. An organic 
layer was transferred inadvertently into tank 610212 along 
with the aqueous phase of this batch. 

During the two work shifts before the accident, two batches 
of evaporator bottoms were added to 6102/2. After the first 
batch, the tank contents were stirred and cooled (see Fig. 2) per 
procedure. The tank i s  stirred by means of an nitrogen bubbler 
or sparge, and i t  was normal procedure to stir a tank after such 
an addition. The tank is cooled by a water jacket covering the 
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FIG. 2. CONFIGURATION OF TANK 6102/2 AND LAYERS AT TIME OF ACCIDENT. 

bottom 40% of the tank. However, after the second addition, 
the operator incorrectly assumed that the tank contents did not 
need further cooling because the thermocouple used to measure 
the temperature was at the bottom of the tank near the water 
jacket and did not represent the temperature of the top of the 
tank. Therefore, this second addition remained as a fairly hot 
upper layer in the tank. At about 10:00-11:00 a.m., there was 
27,500 L of aqueous solution topped with a -500 L floating 
organic layer. The upper portion of the tank contents 
(including the organic layer) has been estimated to be at 
approximately 85°C at this time (Eisenhawer et al., 1993). 

About 1500 L of 12 M HN03 (density -1.4 g/cm') then was 
added to the tank in preparation for its rework. The acid was 
approximately 30-35°C upon addition, i.e., much cooler than 
the tank contents. Because the tank was not stirred or agitated 
in any way after the acid addition, the acid would have passed 
through the lower density organic layer and formed a boundary 
layer between the 1.5-g/cm3 aqueous layer and the estimated 
0.9 l-g/cm" organic layer. 

Two hours after the acid was added, the tank pressure 
increased to 0.15 atm, and brown NO2 fumes were seen 
escaping from the plant stack. At this point, the operator 
became aware that a problem existed and attempted remedial 

action. He thought it inadvisable to add even more gas (Le., 
the nitrogen bubbler) by stirring the tank, so he tried to vent 
the pressure to an adjacent tank by opening a transfer valve. 
In spite of that attempt, the tank pressure rose suddenly at 
1255 p.m. and the tank exploded at 1258 p.m. The explo- 
sion not only ruptured the 6-mm-thick stainless-steel tank, but 
i t  blew a 38-ton (34.5-tonne) concrete cover off of the vault 
and threw it  a distance of about 10 ft (3 m) into the gallery. 
Several panels were ejected off the roof above the tank; a brick 
wall was blown out; and portions of the solution were ejected 
into the gallery above the tank, where a fire soon started, and 
as aerosol to the local environs. Seconds after the primary 
explosion. there were reports of a secondary explosion that 
has been attributed to ignition of flammable vapor after the 
primary explosion. Analysis at Los Alamos suggests that the 
large amount of steam vapor in the vented gases would have 
made ignition unlikely (Eisenhawer et al., 1993). However, 
this issue remains open and i s  not addressed further here. 

PROCESS-TREE METHODOLOGY 
A process tree is a specialized directed graph that uses logic 

gates to model the logical relationship between conditions, 



events, and processes in a system. The logic gates are princi- 
pally AND and exclusive OR gates, although gates represent- 
ing other logical operations could be used. The process-tree 
cut sets are sets of events that cause the top condition on the 
process tree to occur and therefore are specific accident 
scenarios. In disjunctive normal form. the cut set equation for 
the process tree should be a complete list of potential accident 
scenarios. If any of the events in a particular accident scenario 
did not actually occur, then we know that the particular sce- 
nario is inconsistent with the evidence and can be eliminated 
from consideration. This is the basis for making inferences 
concerning accident scenario likelihood. 

The logic gates in a process tree link three basic types of 
objects-conditions, events, and processes. I t  is suggested 
that the reader refer to Fig. 3, which is a truncated version of 
the full Tomsk process tree, to understand our definitions of 
these objects. 

A condition is defined as a state of the system under study. 
The system state is described by parameter values and 
qualitative descriptions of the system status. Parameter values 
include pressure, layer temperatures, and masses of reactants. 
An example of a system status description is "tank cooling 
jacket inactive." The top gate in a process tree is usually a 
condition representing the ultimate system state of interest to 
the analysts. For example, the top AND gate of our tree is 
"Holdup Tank Over pressurization R icpre  Condition." 
Conditions can also appear in the tree as logical inputs to 
other gates. Necessary conditions appear on the tree as inputs 
to AND gates. Lists of sufficient alternate conditions will 
appear as inputs to OR gates. 

Events are occurrences that affect the system. For example. 
a valve failure resulting from excessive wear is an event that 
occurs in a system and would appear at some level i n  the 
development of a process tree. An example of an event in  our 
process tree is "Tank Vent Valve Shut by the Operator." 
Events are represented on the tree by the standard symbols for 
basic, undeveloped, developed, or conditional events. 

A process is the means by which the system transitions 
between states. An example of a process in our tree is the gate 
"Vapor Production Process. " This process changcs the vapor 
content of the system. Processes are brought about by events 
occurring under different conditions, so they may be developed 
logically by linking interacting events and system conditions 
using AND and OR gates. When developed in sufficient detail. 
processes can be tied directly to specific physical or chemical 
models. For example "Accelerating Rate Chemical Process" 
has a sub-object "Arrhenius-type Rate Temperature 
Dependence. '' 

The logical structure of the tree leads from the top system 
condition to processes resulting in that condition. to system 
conditions that are required for the processes to occur, and to 
events that cause the required systems conditions. AND logic 
is encountered in the tree when a process is developed into sub- 
processes and conditions. OR logic is encountered when 
several possible processes or events could have led to a 
condition. The SEATREE computer program (Bingham and 
Walker, 1989) was used as an automated tree drawing program. 
The complete tree then was transformed using SEATREE to a SETS 

fault tree file. SETS (Stack and Hill, 1984) was used to a solve 
for the cut sets of the tree. 

TOMSK-7 PROCESS TREE DEVELOPMENT 
The process tree for this accident investigation is very large 
and will not be described in detail here. For explanatory 
purposes, only a single path is traced through the tree of Fig. 3 
from the top to the level of basic events. Conditions or 
processes that are not on the main path of the example tree are 
represented by developed event symbols, indicating that they 
are developed on the actual process tree to the basic or 
undeveloped event level. T h i s  truncated tree therefore exhibits 
a large number of developed events and only a few basic or 
undeveloped events. 

At an early stage of the investigation, it  was clear that an 
energetic release of radioactive material from a processing 
tank had occurred. Russian officials reported that the tank was 
in the second uranium cycle, and measurements of radionuclide 
abundances released to the environment supported this 
statement. Therefore, we chose to begin development of our 
process tree with the top condition "Holdup Tank Over 
pressurization Rupture Occurs.'' The next level in the tree i s  
modeled by AND logic. One of the inputs to the AND gate is 
"Tank Pressurization Process. " and the other is "Pressurization 
Rate Exceeds Tank Relief Capacity." The former event is 
developed further using OR logic to delineate possible 
pressurization processes, including "Vapor Production 
Process, " "Single Phase Liquid Tank Pressurization Process, " 
"Cas Evolution Process, '* and "Tank internal Explosion 
Process. " This development is presented in a later paragraph. 

The event "Pressurization Rate Exceeds Tank Relief 
Capacity" is developed into a subtree using OR logic to include 
the events "No Pressure Relief on Tank, " "Tank Pressure Relief 
Totally or Partially Disabled." and "Pressure Rise Rate Exceeds 
Relief Capacity of Tank." Each of these events can be 
developed immediately to include possible design or 
operational events that will lead to their occurrence. For 
example, the event "Tank Pressure Relief Totally or Partially 
Disabled" is developed using OR logic to include the events 
"Tank Pressure Relief Valve Gagged," "Tank Pressure Relief 
Shutoff Valve Shut or Inadequately Opened," "Tank Pressure 
Relief Valve Plugged, " or "Tank Pressure Relief Valve Liff 
Point Incorrectly Set.'' The development of this part of the 
tree is now at a level where operational reports from Tomsk-7 
can be associated with the tree. 

Each of the  pressurization processes appearing as events 
under the development of "Tank Pressurization Process" is 
itself developed to the level of physical conditions required for 
the process to occur. The physical conditions were developed 
to the level of plant operations and events that could produce 
those conditions. This development is complex and lengthy; 
only one branch, "Vapor Production Process, 'I will be 
followed here. 

In our model, the vaporization process is expanded using OR 
logic to include the events "Continuous Vapor Production 
Process" and "Explosive Vapor Production Process. ' I  In a 
continuous vapor production process, the pressure rises 
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smoothly to the level where the tank ruptures. In an 
explosive process (such as a steam explosion), there is a 
sudden transition to a very high vaporization rate. At this 
gate, we only follow the development of the "Continuous 
Vapor P reduction Process. " This process is developed 
through an AND gate to include a set of processes and 
conditions: "Continuously Available Volatile Liquid Source,, 
""Continuous Vaporization Energy Source, 'I and "Quasi- 
Steady Hear Transfer Process To The Volatile Liquid." These 
correspond to the physical requirements that a liquid supply 
be available to boil, that sufficient energy exists to produce 
vapor, and that this energy is supplied to the liquid. Only the 
"Continuous Vaporization Energy Source" development is 
described here. We note in passing that this development is 
incomplete. There also should be a condition that the liquid 
is at some point on the saturation curve so that vapor 
production is thermodynamically allowed. 

Potential continuous energy sources include nuclear 
criticality and exothermic chemical reactions. A nuclear 
criticality requires a reactivity control mechanism (negative 
feedback) to remain stable. Such candidate mechanisms are 
readily developed, but there was strong evidence that nuclear 
criticality had not occurred, so this branch was left 
undeveloped. The chemical heat source is represented as a 
quasi-steady state reacting system using OR logic. The three 
component reaction processes are "Quasi-Steady Chemical 
Process," "Accelerating Reaction Rate Process" and 
"Discontinuous Reaction Rate Process. " A quasi-steady 
process corresponds to a zero-order reaction rate and an 
example of a discontinuous process would be a system in 
which the primary energy producing recation changed. We 
will consider this possibility further in the next section. For 
the moment, only the "Accelerating Reaction Rate Process" 
is discussed. This process is developed further using AND 
logic with two conditions: "Net Internal Energy Increase in 
the Reaction Zone" and "The Derivative of the Extensive 
Reaction Rate with Respect to Internal Energy i s  Positive." 
The first condition is a statement that a system cannot run 
away if the heat losses exceed the energy production. The 
second condition requires that the reaction rate increase as the 
system heats up. Only the second of these branches will be 
described. 

The "Derivative of the Extensive Reaction Rate with 
Respect to Internal Energy is Positive" condition was 
developed into two branches using OR logic. One branch that 
will be developed for illustration is: "Intensive Reaction 
Parameters Dominate Extensive Reaction Rate Temperature 
Behavior. I' This branch includes processes in  which the 
intensive chemical properties of the reactants dominate the 
reaction rate and lead to an autocatalytic reaction rate 
increase. These properties include a positive derivative in the 
heat of reaction with respect to reaction zone temperature or 
dominance of the reaction behavior by the intrinsic rate 
constant temperature dependence. The latter condition will be 
met if the reaction is an Arrhenius-type reaction. the reactants 
are well mixed, and the reaction rate is not mass-transport 
limited. In this simple but very common case, the reaction 
rate will increase exponentially with temperature. 

Methods to produce a well-mixed system include mechan- 
ical or fluid dynamic mixers, thermal agitation, gashapor- 
pumped mixing or a dissolution reaction. Examples of 
designed stirring mechanisms include use of sparging gas, 
liquid jets, and mechanical agitators. At this point in the 
tree, we have identified specific features of the tank that are 
logically antecedent to the observed event. These features 
combine according to the logic gates in the tree to give 
strings of conditions, processes, and events, each of which 
could lead to the observed tank rupture. Each of these strings 
is a potential accident scenario. Hundreds of such possible 
scenarios are included in our tree. 

SIMPLIFYING THE PROCESS TREE 
In this Section we discuss integrating the logical structure 

of the process tree with the available physical evidence and 
the results of phenomenological modeling of the accident. I t  
should be noted that the tree was drawn in May 1993, about 6 
weeks after of the accident. As evidence accumulated, we were 
able to prune the tree-certain cut sets were incompatible 
with the evidence. For example, scenarios where the vent 
valve was closed or where the relief set point was too high 
were eliminated based on information from the plant. 
However, i t  was impossible to remove many of the scenarios 
based on the observed damage or improved knowledge of the 
plant design and operator actions. I t  was necessary to use 
numerical modeling to narrow the range of credible scenarios 
further. 

The evolution of the modeling effort is described i n  
Eisenhawer et al. (1993) and Nazin et al. (1995). The models 
start with the concept of a thermal explosion (Frank- 
Kamenitski, 1939). The potential for an excursion in a TBP- 
nitric acid system had first been studied in detail by Nichols 
( I  960). Some modifications to the thermodynamics and 
kinetics parameters were required to allow for potentially 
more energetic reactions than noted by Nichols. However, 
with these corrections, early models gave a pressurization 
behavior in good agreement with the observed results. The 
time scale agreed with the exponential behavior seen for a 
well-mixed system where mass transfer effects could be 
neglected. The calculations also showed that vaporization 
played a key role in  the pressurization of the tank. That is, 
the amount of product gas was insufficient to explain the vent 
system failure. 

The results summarized above are in good agreement with 
the truncated tree discussed above. However, these results 
were based on incorrect information that the nitric acid had 
been added hot. Under these conditions, the assumption of a 
well-mixed system with relatively small heat losses was 
appropriate. As noted in the chronology, the acid was added 
cold. Under these conditions, a stable multiple layer system 
forms where the effect of heat transfer is significant. 
Calculated behavior for this system using the early model 
showed a temporal evolution in  very poor agreement with 
observation. 

Clearly the assumptions in  that model and the accident 
scenario represented by this particular path through the 



truncated tree now had to be pruned. Alternative paths 
through the tree existed however, that suggested models 
capable of replicating the excursion in a layered system with 
cold acid. Figures 4 and 5 show the more detailed branching 
below “Net Energy Change Greater than Zero in Reaction 
Zone” and “Accelerating Readion Rate Greater than Zero.” 
Note that in Fig. 4 “Heat Transfer Process to the Reaction 
Zone” and “Reactant Addition Process” are both considered. 
In Fig. 5 ,  the possibility of a precursor reaction and the 
topology of the reacting region are addressed as well. These 
logical alternatives were seen to be consistent with the new 
information available from Russia on the tendency of the 
diluent used with TBP in their system to undergo nitration, 
especially after prolonged exposure to radiation. The reactive 
carbon present in the diluent is an additional fuel source that 
generates energy at low temperature and has the role of a 
“Precursor Raction” shown in Fig. 5. 

The revised model is shown in Fig. 6. There are now five 
layers (upper to lower): tank free volume, organic layer with 
minimal chemistry, organic layer reaction zone, concentrated 
nitric acid layer, and aqueous layer. Chemical energy 
production resulting from the reaction of nitric acid with TBP 
and in addition with reactive carbon present i n  the 
hydrocarbon diluent is considered. Heat transfer between the 
layers, vaporization within the upper liquid layers, and 
pressurization of the free volume also are modeled. This 
model is considerably more complicated but generates 
pressurization time histories in  good agreement with the 
known conditions. 

CONCLUSIONS 
This paper presents a new approach to reconstructing 

large-scale process accidents. The process-tree methodology 
provides a logical framework to systematically consider alter- 
native accident scenarios. The structure explicitly defines the 
alternative paths depending on specific physical processes 
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FIG. 6. REVISED PHYSICAL MODEL USED TO MODEL 
THE ACCIDENT. 

that are related to specific plant conditions and events. In the 
specific application to the Tomsk accident, i t  was possible to 
use the tree to exclude scenarios incompatible with the 
observed evidence. Further, the process tree was a valuable 
tool in revising the calculational models used to analyze 
Tomsk as new data became available. The interaction 
between the logic of the process tree and the specific insights 
obtained from physical modeling are an efficient method for 
understanding complex process-related accidents. 
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