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[57] ABSTRACT 

Failure of a fuel element in a nuclear reactor core is 
determined by a gas tagging failure detection system 
and method. Failures are catalogued and characterized 
after the event so that samples of the reactor's cover gas 
are taken at regular intervals and analyzed by mass 
spectroscopy. Employing a first set of systematic heu­
ristic rules which are applied in a transformed node 
space allows the number of node combinations which 
must be processed within a barycentric algorithm to be 
substantially reduced. A second set of heuristic rules 
treats the tag nodes of the most recent one or two leak­
ers as "background" gases, further reducing the number 
of trial node combinations. Lastly, a "fuzzy" set theory 
formalism minimizes experimental uncertainties in the 
identification of the most likely volumes of tag gases. 
This approach allows for the identification of virtually 
any number of sequential leaks and up to five simulta­
neous gas leaks from fuel elements. 
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EXPERT SYSTEM FOR IDE1'1TIFICATION OF 
SIMULTANEOUS AND SEQUENTIAL REACTOR 

FUEL FAILURES WITH GAS TAGGING 

2 
breached fuel elements can be found in U.S. Pat. Nos. 
4,495,143 and 4,764,335. 

One of the early difficulties encountered with this gas 
tagging technique for identifying failed fuel assemblies 

CONTRACTUAL ORIGIN OF THE INVENTION 

The United States government has rights in this in­
vention pursuant to Contract No. W-31-109-ENG-38 
between the U.S. Department of Energy and the Uni­
versity of Chicago representing Argonne National Lab­
oratory. 

5 involved the resolution of multiple, simultaneous fail­
ures. A prior art approach developed by the present 
inventor is described in an article entitled "Barycentric­
Coordinates Technique for Identification of Simulta­
neous Fuel Failures with Gas Tagging," by Kenny C. 

FIELD OF THE INVENTION 

10 Gross and Chris Passerello, Nuclear Science and Engi­
neering: 75, 1-11 (1980). This barycentric-coordinates 
technique (BCT) is capable of resolving simultaneous 
fuel failures for a relatively small system of gas tags 
such as, for example, in the Experimental Breeder Reac-

This invention relates generally to a system and 15 tor-II (EBR-II) with less than 80 unique tags. However, 
method for diagnosing breached fuel elements in a nu- as the number of unique tags in the gas tagging system 
clear reacto_r, an? i~ particular _to an expert syste~ and increases, the number of tag combinations to be 
meth~d for identtfymg up to 5 s1mul~neous fu~l fad~res searched with the BCT increases exponentially, so that 
and v1rt~ally any number of sequential f~el failures m a a multi-million dollar supercomputer is required to per-
gas taggmg system for the fuel elements m the core of a 20 form light water reactor (LWR) tagging calculations 
nuclear reactor. with more than 750 unique tags. 

BACKGROUND OF THE INVENTION The present invention addresses the aforementioned 

The typical nuclear reactor core includes a chain­
reacting nuclear fuel material such as U235 or U238 or 25 
Pu239 in the form of pellets encased in separate corro­
sion resistant heat conductive cans or cladding to form 
an elongated fuel element referred to as a fuel rod or 
fuel pin. A number of such fuel elements are grouped 
together in a pre-arranged spaced matrix within the 30 
core of the reactor, with moderators or another form of 
control means located in a different pre-arranged matrix 
within the core. The controlled presence of the fuel 
elements and control means regulate the extent of the 
nuclear reaction in which neutron bombardment and 35 
fission of heavy atoms provides for thermal heating of 
the fuel elements and surrounding core structures. A 
reactor coolant is circulated through the core and fuel 
assemblies and over the fuel elements so as to cool them. 
Electricity is generated by expansion of the heated cool- 40 
ant using suitable steam expansion equipment. 

The fuel element cladding is typically of stainless 
steel or a zirconium alloy which maintains the fuel ma­
terial sealed and isolated from the coolant. Failure of 
the cladding, such as by cracking or localized melting, 45 
may result in the release of radioactive fission products 
which contaminate the circulating coolant and present 
an operating and safety hazard. It is desirable to identify 
and locate a leaking fuel element as soon as possible so 
that the situation can be appraised and fuel replacement 50 
procedures quickly initiated with minimal cost and re­
actor down time. 

Gas tagging is a common approach for identifying 
and locating a leaking fuel element in a nuclear reactor 
core. In a gas tagging failure detection system, stable 55 
isotopes of a gas in proportioned percentages of concen­
tration to one another are sealed within different fuel 
elements as they are manufactured. The different fuel 
elements with their unique gas tags are then catalogued 
according to a prearranged matrix within the core. 60 
Upon a breach of a fuel element cladding, the unique 
"tag gas" mixture escapes to the reactor coolant system. 
Mass spectrometric analysis of gas samples from the 
reactor coolant system provides a weighted presence of 
the isotopes for identifying the unique "tag gas". The 65 
corresponding fuel assembly "leaker" may then be iden­
tified according to the reactor core's matrix catalog. 
Examples of this gas tagging approach for diagnosing 

limitations of the prior art by providing an expert sys­
tem and method for identification of simultaneous and 
sequential fuel failures with gas tagging for use with up 
to 800 unique gas tags with as many as five simultaneous 
fuel element failures. 

OBJECTS AND SUMMARY OF THE 
INVENTION 

Accordingly, it is an object of the present invention 
to detect and determine the identity and number of 
breached fuel elements in a nuclear reactor. 

Yet another object of the present invention is to de­
tect and analyze a breached fuel element in a nuclear 
reactor using the reac"tor's most recent fuel element 
breach history and an approximate, or "fuzzy", set the­
ory formalism where there is a large number of fuel 
elements potentially in a breached condition. 

A further object of the present invention is to provide 
a heuristic, rule-based methodology that substantially 
reduces the search space required for the identification 
of multiple, simultaneous fuel element failures in the 
core of a nuclear reactor. 

A still further object of the present invention is to 
provide an improved method for the identification of 
simultaneous and sequential reactor fuel failures with 
gas tagging for use either with an inert cover gas such as 
in a liquid metal cooled reactor or without an inert 
cover gas such as in a commercial water cooled reactor .. 

These objects of the present invention are achieved 
and the disadvantages of the prior art are eliminated in 
a nuclear reactor having a plurality of fuel elements 
each including an inner fuel rod and an outer cladding 
disposed about and enclosing the fuel rod in a sealed 
manner, wherein each fuel element further includes a 
unique tag gas to assist in detection of a leak from a 
failed fuel element, by an inventive method for identify­
ing a fuel element failure comprising the steps of: deter­
mining the composition in tetms of one or more tag 
gases of a leaked gas from one or more of the fuel ele­
ments and assigning the composition of the leaked gas a 
tag node M in a first coordinate system; translating the 
tag node M to a second coordinate system wherein the 
tag node M is at the origin of the second coordinate 
system; generating a plurality of geometric node figures 
by identifying possible combinations of tag gases, 
wherein each comer of each of the geometric node 
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4 
Mis at the origin of the new coordinate system in carry­
ing out the present invention; 

FIGS. 10a and 10b respectively illustrate graphically 
a two-dimensional system having a single assembly 

figures represents a tag gas from a possible leaking fuel 
element and wherein the area or volume within all of 
the geometric figures represents all possible combina­
tions of tag gases from leaking fuel elements; selecting 
only those tag gases within node figures encompassing 
the origin of the second coordinate system as from 
possibly leaking fuel elements; comparing the node 
figures encompassing the origin of the second coordi­
nate system with a predetermined number of most re­
cently leaking fuel elements; selecting only those node 
figures containing the most recently leaking fuel ele­
ments; and defining the selected node figures in terms of 

5 leaker as analyzed by a prior art approach and as ana­
lyzed by the expert system and method of the present 
invention which takes into consideration experimental 
uncertainties; and 

FIG. lla and llb illustrate the application of fuzzy 
10 logic to a two-dimensional gas tagging case involving a 

single leaker by means of two-dimensional radial mem­
bership contours and the overlapping of membership 
contours in accordance with the present invention. a membership contour ranging from Oto 1, wherein 0 

represents 0 probability of a gas tag and 1 represents 
100% probability of a gas tag; and comparing the mem- 15 
bership contours of each of the selected node figures 
with the tag node M for identifying a failed fuel element 
while compensating for measurement and tag gas com­
position uncertainties. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

Referring to FIG. 1, there is shown a simplified sche­
matic diagram of a nuclear power system including a 
reactor 10. Reactor 10 includes a containment vessel 12 

BRIEF DESCRIPTION OF THE ORA WINGS 
20 within which a core, comprised of a plurality of fuel 

assemblies 16, 18 and 20, is located. The entire vessel 12 
confines a coolant 14 which is typically liquid sodium or 
water. Each of the fuel assemblies 16, 18 and 20 includes 

The appended claims set forth those novel features 
which characterize the invention. However, the inven­
tion itself, as well as further objects and advantages 

25 thereof, will best be understood by reference to the 
following detailed description of a preferred embodi­
ment taken in conjunction with the accompanying 
drawings, where like reference characters identify like 
elements throughout the various figures, in which: 30 

FIG. 1 is a simplified schematic diagram of a nuclear 
power system including a reactor containment vessel 
containing a plurality of fuel assemblies, one of which is 
shown as including a leaking fuel element; 

FIG. 2 is a graphic representation of a system of six 35 
tag nodes in a R1-R2 coordinate plane where isotopic 
ratios of a measured tag sample lie at a point M 1 and 
identification of a single leaker involves determination 
of which assembly's node lies closest to M1 in the two-
dimensional ratio plane; 40 

FIG. 3 is a graphic representation of the isotopic 
ratios of a second measured sample at point M2, where 
the node M2 is displaced from the first measured node 
M1, indicating the occurrence of a second defect; 

FIG. 4 is a graphic representation that the suspect 45 
most likely to contain the second leaker is the one pro­
ducing a vector passing nearest the measured node M2, 
as determined by the magnitude of the perpendicular 
distance H,; 

FIG. 5 is a graphic representation showing that a new 50 
measured node M3 does not fall on the line connecting 
the first two leakers, but rather lies inside suspect trian­
gles 145 and 146, indicating that assemblies 5 and 6 are 
possible sources of the new tag release; 

FIG. 6 shows a three node triangle used to establish 55 
the transformation from global (Cartesian) coordinates 
to a barycentric-coordinates system, where the value M 
denotes a measured node with global coordinates (x, y); 

FIG. 7 is a graphic representation of the values taken 
on by components of the C3 vector in various regions of 60 
the simplex plane; 

FIG. 8 is a graphic representation of the tag gas isoto­
pic ratios for a system of three tags illustrating the prop­
erties of the C3 vector; 

FIG. 9a and 9b are graphic representations respec- 65 
tively of an original node configuration for isotopic 
ratios in a gas tagging arrangement and an isotopic ratio 
node configuration translated so that the measur.ed node 

a plurality of cylindrical fuel rods arranged in a matrix 
array within the assembly. Thus, as shown for the first 
fuel assembly 16, a plurality of fuel rods 22-26 are ar-
ranged in a spaced, aligned manner within the fuel as­
sembly. Each of the three fuel assemblies 16, 18 and 20 
includes an outer cladding disposed about lateral and 
bottom portions of each of the fuel rods within the fuel 
assembly. The upper part of each of the fuel assemblies 
16, 18 and 20 is open to provide access to the fuelrods 
disposed therein. 

The reactor coolant 14 is circulated through the reac­
tor's vessel 12 and over the fuel assemblies 16, 18 and 20 
so as to cool them. The fuel assemblies 6, 18 and 20 are 
located in a prearranged spaced matrix within the reac­
tor's containment vessel 12, with moderators or other 
form of control means (not shown in the figure for 
simplicity) being located in a different prearranged 
matrix within the reactor's containment vessel. 

As shown for three of the fuel rods 22, 24 and 26 in 
the first fuel assembly 16, each of the fuel rods includes 
a respective cylindrical fuel element 28, 30 and 32 
(shown in dotted-line form). Each of the fuel rods is 
sealed so that the fuel element therein is isolated from 
the coolant 14. Disposed in each of the sealed fuel rods 
is a gas tag comprised of stable isotopes of a gas isolated 
in proportioned percentages of concentration relative to 
the other tag gases for establishing unique combinations 
of the isotopes. The various fuel elements with their 
unique gas tags are catalogued according to the matrix 
array of fuel elements in the reactor's containment ves­
sel 12. Although only three fuel assemblies 16, 18 and 20 
are shown in the reactor's containment vessel 12 and 
only five fuel rods are shown in each fuel element, the 
present invention is adapted for use with a large number 
of fuel assemblies each containing a large number of fuel 
rods such as encountered in current light water reactors 
(LWRs). 

As shown in the figure, fuel rod 26 in the first fuel 
assembly 16 contains an opening, or leak site, 40. When 
fission gas 34 is released from a breached cladding to the 
flowing coolant 14 within containment vessel 12, the 
turbulent mixing with the coolant breaks down the 
fission gas bubbles to sizes small enough that their trans-
port is similar to that of atoms. Fission gas 34 migrates 
upward through the layers of coolant 14 and enters the 
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cover gas 42. A detector 36 within the containment 
vessel 12 is then used to detect the escaped tag gas. 
Detector 36 typically includes a mass spectrometer 38. 

The following discussion briefly summarizes a prior 
art barycentric-coordinates technique (BCT) for the 5 
identification of simultaneous fuel failures by means of 
gas tagging. This discussion is provided to lay a basis for 
the description of the present invention which follows 
and to point out differences between the present inven­
tion and the prior art. The term "simultaneous," as used 10 
herein, refers to any failure that occurs while more than 
a negligible quantity of tag gas remains in the coolant 
system from one or more previous Ieakers. 

Consider a system of six tag nodes whose characteris-
tic tag ratios are plotted on the two-dimensional ratio 15 
plane as shown in FIG. 2. It is assumed that the tag 
compositions have been corrected for the effects of 
neutron burnup. Suppose that a leak is detected and the 
composition of the released gas is point M1 in the figure. 
The procedure for determining which of the six assem- 20 
blies is most likely to contain the leaker consists simply 
of computing the vector distance from point M1 to each 
of the six tag nodes. In the absence of any other infor­
mation, the prime suspect is the one with the shortest 
vector. If additional "probability of failure" information 25 
is available (e.g., from fuel burnup considerations, de­
layed neutron signals, etc.), then this information can be 
combined with the results from the vector calculations 
to provide an improved ranking of the leaker suspects. 
How-ever, since this work is concerned only with the 30 
information that can be extracted from the tag analyses, 
it will be assumed here that quantitative a priori failure 
probabilities for each assembly are not available; ac­
cordingly, each assembly will be considered equally 
likely to have failed. In this case, it can be seen immedi- 35 
ately that, for the elementary example shown, assembly 
4 is the one most likely to contain the leaker. 

Suppose now that a second gas sample, M2, is taken 
soon after M 1. If the position of the second measured 
node, M2, is displaced from node M1 (after appropriate 40 
allowances have been made for experimental uncertain­
ties), then it has to be assumed that a second defect has 
occurred. FIG. 3 depicts a possible position ofnode M2. 

The second leaker is identified by forming N - 1 vec­
tors from node 4 (the first leaker) to each of the remain- 45 
ing suspect nodes, where N is the total number of tags in 
the system A vector is then drawn from node 4 to M2 
and elementary vector manipulations are used to com­
pute the perpendicular distance, H, from node M2 to 
each of the suspect vectors ( see FIG. 4). The suspect 50 
producing the smallest value of H is the one considered 
most likely to contain the second leaker. For the system 
of nodes in FIG. 3, this procedure would indicate that 
assembly 1 contains the second leaker. 

Note that the procedure just outlined is based on the 55 
experimentally verifiable principle that the node repre­
senting the mixture of two tags lies on the tie-line con­
necting their two tag nodes. This assumes that certain 
precautions have been taken when specifying the iso­
tope to be used in the demonstration of each character~ 60 
istic tag ratio. (Otherwise, identification of double, tri­
ple and higher order failures would not be analytically 
tractable). 

If a third gas sample, M3, were analyzed and found 
not to fall on the tie-line connecting nodes 4 and 1, the 65 
analysis would then be extended to search for a third 
leaker. In this case, N -2 triangles are formed using line 
segment 4-1 as the base and the remaining suspects (i.e., 

6 
nodes 2, 3, 5 and 6 in our example) as vertices (see FIG. 
5). Vector techniques are again used to determine 
which of the four suspect triangles contains M3. The 
triangles containing point M3 are considered possible 
suspects, and parameters are computed to determine the 
relative amounts of gas escaping from each leaker. Sus­
pects producing triangles that do not contain M3 are 
eliminated from further consideration. 

The situation depicted in FIG. 5 illustrates one of the 
limitations of a two-dimensional tag system-that more 
than one triangle may contain the measured node (i.e., 
triangles 146 and 145 both contain M3). Under these 
circumstances and without additional information, 
there would be nothing more our tag analyses could tell 
us. Thus, for our example, we would know that assem­
blies 2 and 3 are not leaking, that assemblies 4 and 1 
contain the first two leakers, and that there is a third 
defect that is equally likely to have occurred in assem­
bly 5 or 6. 

Early efforts to alleviate this problem of degenerate 
identification led to three-ratio designs in which the 
system of tags was plotted in a three-dimensional Carte­
sian space. In a three-dimensional system, the same 
vector techniques described above are currently used to 
identify a new leaker in the presence of two, one, or no 
previously identified leakers. The degenerate-identifica­
tion problem is still a possibility, but the likelihood of 
this situation arising is diminished because, for a given 
system of tags, the number of nodes that happen to be 
coplanar with the first two leakers and the point M3 is 
reduced considerably. Locating the system of tags on 
curved surfaces can further reduce the likelihood of this 
problem. 

In three dimensions, one can, in principle, extend the 
identification techniques to locate a fourth leaker, once 
the previous three have been identified. In this case, the 
procedure is to form N - 3 tetrahedra by using the first 
three tag nodes as the common base and each of the 
remaining tag nodes in the system as the fourth vertex. 
Vector t~chniques are again used to determine which of 
the suspect tetrahedra enclose the fourth measured 
node, M4. 

The techniques described above have been used suc­
cessfully in the Experimental Breeder Reactor-II 
(EBR--II) to identify new Ieakers in the presence of up 
to two background tags in a core of 50 to 55 tagged 
assemblies. However, these methods suffer from two 
limitations that may severely restrict their usefulness in 
resolving simultaneous failures in reactors with larger 
cores, such as light water reactors or large fast reactors, 
or in reactors operating in the "run beyond failure" 
mode. 

The first limitation is the requirement that one must 
know the composition of the tags from the previous N 
leakers before it is possible to analyze for the (N + l)'th 
leaker. Thus, if a second failure were to occur before a 
gas sample could be obtained with which to identify the 
first leaker, the methods described above would be of 
little value. The second limitation is that the vector 
techniques used in early analysis schemes are computa­
tionally inefficient and awkward to program. 

To overcome the first limitation, one could, in princi­
ple, develop a procedure using the vector techniques to 
systematically check all possible double-failure combi­
nations. This could be accomplished by assuming, for 
example, that node 1 is the first leaker and checking, as 
described above, the remaining N - 1 nodes for possible 
second leakers. The procedure could then be repeated 
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by assuming node 2 to be the first leaker and checking 
8 

[Eq. I] 

The coordinates c1, c2 and c3 may be interpreted as 
weighting functions relating the coordinates of the 

it with the remaining N - 2 nodes, and so on. Combina­
tions producing straight lines passing nearest to the 
measured node would then be ranked as the most likely 
suspects. 5 three tag nodes to the coordinates of any point in the 

plane. The desirable property of the weighting function 
is that the value of c;should be unity at node i and zero 
at the other two nodes. This condition is imposed by 

Such a procedure was advanced by Omberg and 
Schenter and used as an aid in selecting node positions 
for the Fast Flux Test Facility tags in Trans. Am. Nuc/. 
Soc., 16, 215 (1973). This procedure would not be feasi­
ble for routine leaker analyses, however, because of the 10 
second limitation mentioned-the inefficiency of the 
analytical methods. 

A leaker analysis for a core of 50 tags in EBR-11 
requires 2 to 3 seconds of computer time on an IBM-
3033, depending on whether the search is for the first, 15 
second, third or fourth leaker. Basically, each of these 
analyses requires 51-NL vector calculations (where 
NL is the number of leakers involved), followed by a 
simple sorting procedure. However, if the first leaker 
were not known, the number of vector calculations 20 
required to identify two simultaneous Jeakers would 
jump to 1225. If the systematic procedure were ex­
tended to search for three simultaneous leakers without 
knowing the identity of the first two, the number of 
triangle calculations required would be 19 600. To 25 
search for four simultaneous leakers without knowing 
the identity of any of the first three leakers would re­
quire 2.3 X 105 tetrahedron calculations. For larger sys­
tems of tags the computational effort increases with the 
binomial coefficient N!/(N-NL)!NL! where N is the 30 
number of distinct tags in the system and NL= 1, 2, 3 or 
4, depending on the number of Jeakers involved. Of 
course, NL may also be unknown, in which case all four 
procedures would have to be applied and the results 
compared to determine the most likely mode of failure. 35 
A rough calculation reveals that even for the relatively 
modest number of tags in EBR-11, a program to check 
for all possible combinations of simultaneous failures 
with the foregoing vector approach would requi­
re> two hours of central processing unit time per run 40 
on an IBM-3033. 

The barycentric-coordinates technique (BCT) repre­
sents a prior art improvement by providing a highly 
efficient algebraic procedure that produces results iden­
tical to those from the essentially geometric approach 45 
described above, but in a fraction of the computing 
time. This technique utilizes procedures from finite 
element mathematics to express the tag-node coordi­
nates in the form of linear weighting functions using a 
system of what are known in topology as barycentric 50 
coordinates. The BCT approach will first be applied to 
a two-dimensional tag system to show how it can be 
used to identify up to three simultaneous Ieakers with­
out requiring previous knowledge of any of the tag 
compositions. The technique will then be generalized 55 
and extended to N dimensions, where it can be used to 
resolve up to N + 1 simultaneous Jeakers. 

FIG. 6 shows a node triangle in which we desire to 
define a barycentric-coordinate system. The goal is to 
select three weighting functions-c1, c2 and c3-to de- 60 
scribe the coordinates of any point M that falls inside, 
outside or on the edge of the triangle. 

We will Jet the original Cartesian coordinates ofM be 
(x,y) and require that these coordinates be linearly re­
lated to the new coordinates by the following equations: 65 

requiring that the weighting functions sum to unity; that 
is, 

CJ +c:z+c3= J. (Eq. 2] 
From Eq. 2 it is clear that only two of the barycentric 
coordinates can be independent, just as in the original 
ratio system, where there are only two independent 
coordinates. 

In matrix form, Eqs. 1 and 2 become 

(

XJ X2 

YI Y2 

I I 

where 

[Eq. 3] 

[Eq. 4] 

Eq. 3 exhibits at once both the power and the simplic­
ity of the barycentric-coordinates technique. Because of 
the unique properties of the C3 vector, one can perform 
the trivial inversion of Eq. 3 to determine C3 and obtain 
all the information that can be extracted from a given 
mass spectrometer reading regarding which of the three 
suspect assemblies is leaking and which ones are not. 
Moreover, if more than one of the suspects is leaking, 
the C3 vector will also provide the relative amounts of 
tag gas (and hence also fission gas) that have escaped 
from each leaking assembly. 

The properties of the components of C3 and the rela­
tion between the global-coordinate system (i.e., the 
Cartesian ratio plane) and the local, barycentric-coordi­
nate system are illustrated graphically in FIG. 7 for a 
ge11eral triangular simplex. 

As described above, the problem of determining 
which of three suspect assemblies is leaking and which 
are not is equivalent to determining where the measured 
tag node falls with respect to the triangle whose verti­
ces are the three suspect nodes. This information can be 
obtained from the properties displayed in FIG. 7 by 
simply testing the values of the three components ofC3, 
thereby eliminating the computationally inefficient geo­
metric techniques described earlier. 

For example, in the simplest case, in which only one 
of the three suspect assemblies is leaking, the compo­
nent of C3 corresponding to that assembly will be 1, 
while the remaining two components will be zero. 
Thus, if it were determined that, say, c2= 1 with c1 and 
c3 both zero, it would be known that assembly 2 had a 
defective fuel rod and that it was the only assembly 
containing a leaker. Geometrically, this would mean 
that the measured tag node coincides with node 2 in 
FIG. 7. 

Now suppose that one of the e's is computed to be 
zero, while the other two e's have values that lie be-
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10 
tween O and 1. In this case, the assemblies correspond­
ing to the two non-zero components are both leaking 
tag gas, while the assembly corresponding to the zero 
component is not. Thus, if it were found that, say, c3 = 0, 
while O<c1<l and O<c2<l, it would be known that 
assemblies 1 and 2 both contained leakers, while assem­
bly 3 could be eliminated as a suspect. Geometrically, 
this situation would arise if the measured tag node were 
to fall on the tie-line connecting nodes 1 and 2 in FIG. 
7. 

If all three assemblies are leaking simultaneously, 
then all three e's in Eq. 4 will have values that are non­
zero and non-negative [i.e., by Eq. 2, this is equivalent 

5 

10 

TABLE II-continued 
Outcome of C3 Calculation for Measured Node 

Coordinates Selected at Various Positions in 
Ratio Plane of FIG. 8 

Coordinates of 
Measured Node 

( 
C3 

) 
Interpretation 

0.25 triangle. All three 
0.25 assemblies leaking. 

(1.5, 2) 
( -1 

) 
Measured node falls outside 

0.5 triangle. Must be other 
1.5 assemblies leaking. 

TABLE I 
Geometric and Physical Properties of C3 Solution Vector 

Outcome of C3 
Determination Physical Interpretation Geometric Interpretation 

c;= I 
Cj = 0 
Ck= 0 
c; = 0 

Assembly i leaking Measured node coincides with tag 
node i 

Assemblies j and k leaking simultaneously Measured node falls on line 
connecting nodes j and k and 0 < Cj <I 

and 0<Ck<l 
0 < c; <I 

and 0 < Cj <I 
and 0 < Ck <I 

c; <0 

Assemblies i, j and k leaking simultaneously Measured node confined to 
triangle whose sides connect nodes 
i, j and k 

or Cj <0 
or Ck <0 

Assemblies i, and/or j and/or k could be 
leaking, but at least one other assembly 
must be leaking elsewhere in the system 

Measured node lies outside 
triangle whose sides connect 
nodes i, j and k 

to saying that all three e's will have values between O 30 
and l]. In this case it also means that the measured tag 
node falls inside the triangle whose vertices are the 
three tag nodes. 

Finally, if any component of C3 is found to have a 
negative value, then at least one other assembly (other 35 
than, or possibly in addition to, the three assemblies 
currently being considered as suspect) is leaking. This 
case occurs when the measured tag node falls outside 
the triangle whose sides connect the three tag nodes. 

Table I summarizes the various properties of the 40 
components of the C3 vector that enables one to deter­
mine which of three given suspect assemblies is leaking 
and which are not. The table shows the physical inter­
pretations and the corresponding geometric interpreta­
tions for the various possible outcomes of the C3 calcu- 45 
lation. 

A simple numerical example explicates these ideas for 
an elementary two-dimensional problem. Consider 
three assemblies whose tag nodes are located at" (1,0), 
(2,1) and (1,1). These three nodes are depicted in the 50 
X-Y tag plane in FIG. 8. 

Several possible positions of the measured tag node 
have been chosen to illustrate each of the observed 
properties associated with the C3 vector. The coordi­
nates of the measured node, the solution vector C3 and 55 
an interpretation of each are given in Table II. 

TABLE II 
Outcome of C3 Calculation for Measured Node 

Coordinates Selected at Various Positions in 
60 Ratio Plane of FIG. 8 

Coordinates of 
Measured Node C3 Interpretation 

(2. !) 
( 0 

) 
Measured node coincides 

I with node 2. Assembly 2 
0 leaking. 65 

(1.5, !) 

( 
0 

) 
Measured node falls on line 

0.5 23. Assemblies 2 and 3 
0.5 leaking. 

(1.25, 0.5) 0.5 Measured node falls inside 

The BCT approach thus far described was developed 
on a large main frame computer and applied to a rela­
tively small system of tags such as in the case ofEBR-11, 
with less than 80 unique tags. This BCT approach is not 
suitable for L WR tagging applications which can re­
quire more than 750 unique tags. As the number of 
unique tags in the reactor increases, the number of tag 
combinations to be searched with the BCT approach 
increases supraexponentially. For example, for a system 
of 200 unique tags in a 4-dimensional tagging system, 
the number of node combinations taken five at a time is 
2.53El0. Although calculational burdens such as this 
can be readily accommodated on supercomputers to 
which a national laboratory may have access, it is not 
feasible for a public utility to purchase a multi-million 
dollar computing machine to perform these tagging 
calculations. 

In order to overcome this problem known as combi­
natorial explosion, the present invention exploits sys­
tematic heuristic rules that are applied in a transformed 
node space, substantially reducing the number of node 
combinations which must be processed with the BCT 
algorithm. Although the present invention described in 
detail below works equally well in three- and four-di­
mensional systems, it is described herein in the context 
of a two-dimensional tag space for ease of illustration. 
All of the geometric concepts described herein have 
direct analogies in the higher dimensional systems. 
· The first step in carrying out the expert method for 
identification of simultaneous and sequential reactor 
fuel failures with gas tagging is to perform a coordinate 
translation so that the measured tag node M is at the 
origin of the new coordinate system. An example of a 
two-dimensional node system before and after this coor­
dinate translation is shown graphically in FIGS. 9a and 
9b. As described above in terms of the prior art BCT 
approach, the problem of identifying feasible leaker 
combinations in a two-dimensional system is geometri­
cally equivalent to identifying all triangles whose verti-
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ces are tag nodes and which enclose the measured node. 
In the translated coordinate system shown in FIG. 9b, it 
can readily be seen that any node triangles lying entirely 
in Region I cannot enclose the measured node at the 
origin of the coordinate system. Likewise, for Regions 5 
II, III and IV, any node triangles lying entirely in any 
one of these regions cannot enclose the measured node 
at the origin. Similarly, triangles lying entirely in the 
upper half-plane, i.e., Regions I and II, cannot enclose 
the node at the origin. This also applies for triangles 10 
lying in Regions II-III, III-IV and IV-I. Our first set of 
heuristic rules then is to eliminate from consideration all 
node triangles that fall into these 8 categories. In prac­
tice, these rules are implemented by simple conditional 
checks on the signs of the node coordinates in the trans- 15 
lated coordinate system. 

The second set of heuristic rules for leaker searches is 
based upon plant personnel having knowledge of previ­
ous leaker identities. In principle, the expert system and 
method of the present invention does not require 20 
knowledge of the composition of tags from prior leak­
ers. However, if the identities of recent previous leakers 
are known, then it is likely that small amounts of resid­
ual tag isotopes remain in the coolant system from those 
leakers. By inputting the identities of the most recent 25 
one or two leakers, the present invention treats those 
tag nodes as "background" gases and tests only the 
triangles containing one (or both) of the background 
nodes. If, in fact, no gas remains in the system from 
those previous leakers, this will be immediately evident 30 
by the earliest calculations in carrying out the present 
invention which would show a C component of near 
zero for the background nodes. Where the C compo­
nent for the background nodes is near zero, the method 
of the present invention resumes its search of all trian- 35 
gles remaining after the first set of coordinate transla­
tion heuristics. But in the more likely cases where resid­
ual gas is still present from previous leakers, the search 
space is reduced to an extremely small fraction of the 
original very large number of trial node combinations. 40 

The final step in carrying out the expert system and 
method of the present invention involves the applica­
tion of fuzzy logic. Although tagging coordinate 
schemes are designed on the basis of points and lines, 
these ideal abstractions do not exist in the real world of 45 
experimental systems. Because of small imperfections in 
the blending procedure used to create the tags, and 
experimental uncertainties in the mass spectrometer 
used to quantify the tag compositions, "points" in tag 
space are in reality fuzzy spheres and "tie-lines" are 50 
actually fuzzy cylinders. Thus, rather than being char­
acterized by exact equalities and unambiguous inequal-
ity relationships, the tag gas analytical system is well 
suited for fuzzy set theory formalism. This fuzzy logic 
set theory formalism is embodied in a conditional 55 
branching hierarchy to determine the most likely vol­
umes of tag gases emanating from each of the failed rods 
in a multiple leaker situation. 

To illustrate the limitations of prior art leaking fuel 
rod analysis arising from experimental uncertainties, 60 
reference is made to FIG. 10a which shows a two-di­
mensional system with a single assembly leaker. Ideally, 
if there were no experimental uncertainties in the sys­
tem, the measured tag node would coincide exactly 
with the tag node for Assembly A in a single leaker 65 
situation as shown in FIG. 10a. In practice, however, 
experimental uncertainties can result in the measured 
node lying some distance from the assembly node as 
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shown in FIG. 10b. This situation may result in a mis­
identification of the leaker because in prior art ap­
proaches there was no reliable quantitative way to con­
clude that Assembly A is a leaker. 

In the present invention, this difficulty is overcome 
with a multi-dimensional adaptation of fuzzy logic for­
malism. FIG. lla graphically illustrates the fuzzy logic 
approach employed in carrying out the present inven­
tion for the simplest case of a two-dimensional system 
involving a single leaker by representing a two-dimen­
sional radial membership contour. This two-dimen­
sional function is defined so that it has a value of 1.0 at 
the exact coordinates of a given tag node, whether an 
assembly node or a measured node, and the membership 
function decays radially to a value of 0.0 at some "dis­
tance" from the node. The radius at which the member­
ship function assumes a value of zero is specified by the 
gas chemists for any given tagging system and is influ­
enced by the isotopes used as well as the experimental 
resolution of the mass spectrometer used for detecting 
those isotopes. 

With reference to FIG. llb, there is graphically 
shown the overlapping of membership contours when 
the measured node lies a small distance from an assem­
bly node. The values of the membership contours are 
combined using a multi-dimensional extension of fuzzy 
set theory to provide a quantitative confidence factor 
for any given leaker identification. This feature of the 
present invention is vital for commercial reactor de­
ployment of gas tagging systems, where a misidentifica­
tion of a leaker (or leakers) could result in plant down 
time costing on the order of $1,000,000 per day. 

For a two leaker situation, in a two-dimensional sys­
tem the membership functions are elliptical and sur­
round the line segment connecting the pair of assembly 
nodes under consideration. These elliptical functions 
decay systematically from a value of 1.0 on the line, to 
a value of 0.0 some distance from the line. In a three-di­
mensional tagging system, for a three leaker situation 
the three assembly nodes considered as suspects form a 
triangle. In this case, the three dimension membership 
functions are defined as closed surface contours that 
envelope the triangle and decay systematically from 1.0 
in the plane of the triangle to a value of 0.0 some dis­
tance from the plane of the triangle. Similarly, for four 
leaker combinations, the membership contour functions 
are in the form of a three-dimensional tetrahedron. In all 
cases, the three-dimensional membership contours are 
combined systematically with the spherical membership 
contours associated with the measured node to provide 
a ranking of the most likely leaker combinations, with 
each combination having its associated quantitative 
confidence factor. 

There has thus been shown an expert system and 
method for the identification of simultaneous and se­
quential nuclear reactor fuel failures by means of gas 
tagging. In the inventive system and method, failures 
are catalogued and characterized after the event so that 
samples of the reactor's cover gas are taken at regular 
intervals and analyzed by mass spectroscopy. Employ­
ing a first set of systematic heuristic rules which are 
applied in a transformed node space allows the number 
of node combinations which must be processed within a 
barycentric algorithm to be substantially reduced. The 
node space is transformed by performing a coordinate 
translation so that a measured tag node M is at the ori­
gin of the new coordinate system. Node triangles are 
. then generated by identifying feasible leaker combina-
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tions in two dimensions in a two leaker system. The first 
set of heuristic rules further includes eliminating all 
node triangles which are entirely within Regions I-IV 
or are within Regions 1-11 ... IV-I or which do not 
encompass the measured tag node M at the origin. A 5 
second set of heuristic rules treats the tag nodes of the 
most recent one or two leakers as "background" gases, 
further reducing the number of trial node combinations. 
This involves selecting only those triangles containing 
previously leaked gases. Lastly, a fuzzy set theory for- 10 
malism minimizes experimental uncertainties in the 
identification of the most likely volumes of tag gases. 
This fuzzy logic approach in the two-dimensional case 
employs a two-dimensional function defined so that it 
has a value of 1.0 at the exact coordinates of the given 15 

tag node, with the membership function decaying radi­
ally to a value of 0.0 at some "distance" from the node. 
The radius at which the membership function assumes a 
value of zero is specified by the gas chemists for any 
given tagging system and is influenced by the isotopes 20 

used and the experimental resolution of a mass spec­
trometer for those isotopes. The values of the member­
ship contours are combined using a multi-dimensional 
extension of fuzzy set theory to provide a quantitative 

25 
confidence factor for any given leaker identification. 
The two-dimensional tag space for a two leaker system 
has direct analogy to higher dimensional systems in­
volving more than two leakers. The expert system and 
method of the present invention allows for the identifi- 30 
cation of virtually any number of sequential leaks 
among as many as 800 unique gas tag samples and up to 
five simultaneous gas leaks from fuel elements. 

While particular embodiments of the present inven­
tion have been shown and described, it will be obvious 35 
to those skilled in the art that changes and modifications 
may be made without departing from the invention irt 
its broader aspects. Thus, while the present invention 
has been described for use with an inert cover gas such 
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from a failed fuel element, a method for identifying a 
fuel element failure comprising the steps of: 

determining the composition in terms of one or more 
tag gases of a leaked gas from one or more of the 
fuel elements and assigning the composition of the 
leaked gas a tag node M in a first coordinate sys-
tem; 

translating said tag node M to a second coordinate 
system wherein said tag node Mis at the origin of 
said second coordinate system; 

generating a plurality of geometric node figures by 
identifying possible combinations of tag gases, 
wherein each corner of each of said geometric 
node figures represents a tag gas from a possible 
leaking fuel element and wherein the area or vol­
ume within all of said geometric figures represents 
all possible combinations of tag gases from leaking 
fuel elements; 

selecting only those tag gases within node figures 
encompassing the origin of said second coordinate 
system as from possibly leaking fuel elements; 

comparing the node encompassing the origin of said 
second coordinate system with a predetermined 
number of most recently leaking fuel element tag 
gases; 

selecting only those node figures containing said most 
recently leaking fuel element tag gases; 

defining the selected node figures in terms of a mem­
bership contour ranging from O to 1, wherein 0 
represents O probability of a gas tag and 1 repre­
sents 100% probability of a gas tag; and 

comparing the membership contours of each of the 
selected node figures with said tag node M for 
identifying a failed fuel element while compensat­
ing for measureme~t and tag gas composition un­
certainties. 

2. The method of claim 1 wherein the compositions of 
two tag gases are determined and wherein each of said 
geometric node figures is a straight line. 

3. The method of claim 1 wherein the compositions of 
three tag gases are determined and wherein each of said 
geometric node figures is a triangle. 

4. The method of claim 1 wherein the compositions of 
four tag gases are determined and wherein each of said 
geometric node figures is a tetrahedron. 

5. The method of claim 1 wherein said predetermined 
number of the most recently leaking fuel elements is 
two or three. 

as in a liquid metal cooled reactor, the present invention 40 
is equally applicable where a cover gas is not employed 
such as in a commercial water cooled reactor. There­
fore, the aim in the appended claims is to cover all such 
changes and modifications as fall within the true spirit 
and scope of the invention. The matter set forth in the 45 
foregoing description and accompanying drawings is 
offered by way of illustration only and not as a limita­
tion. The actual scope of the invention is intended to be 
defined in the following claims when viewed in their 
proper perspective based on the prior art. 

6. The method of claim 1 wherein said membership 
SO contour is defined in terms of a dimension R, where R 

is 1 at the coordinates of a given tag node and R is O at 
zero probability of a gas tag. 

The embodiments of the invention in which an exclu­
sive property or privilege is claimed are defined as 
follows: 

1. In a nuclear reactor having a plurality of fuel ele­
ments each including an inner fuel rod and an outer 55 
cladding disposed about and enclosing said fuel rod in a 
sealed manner, wherein each fuel element further in­
cludes a unique tag gas to assist in detection of a leak 

60 

65 

7. The method of claim 1 further comprising the step 
of repeating the step of generating a plurality of geo­
metric node figures by identifying possible combina­
tions of tag gases if no node figure contains a most 
recently leaking fuel element tag gas. 

• • • • • 


