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ABSTRACT

Surveillance of a nuclear reactor core comprehends determination of assemblies' three-
dimensional (3D) power distribution. Derived from other assemblies' measured values,
power of non-measured assembly is calculated for every assembly with the help of prin-
cipal components method (PCM) which is also presented. The measured values are
interpolated for different geometrical coverings of the VVER-440 core. Different proce-
dures have been elaborated and investigated, among them the most successful methods
are discussed. Each method offers self consistent means to determine numerical errors
of the interpolated values.

I. INTRODUCTION

Knowledge of the in-core power distribution in a nuclear reactor is essential for the re-
actor's safe and economical operation. The (3D)power distribution in the core is usually
obtained by means of in-core measurements.

When operating a nuclear reactor, the staff follows stringent regulatory guides;
one such guide limits the maximum heat rate. It would be difficult and expensive to
measure the power or outlet temperature of every assembly and it would be unneces-
sary, too. The symmetry of the core together with a good reactor model make most
of the measurements superfluous. In fact, only a small proportion of the assemblies
are equipped with either temperature or power measurement. The "small proportion"
varies from reactor to reactor. In a VVER-440, to be specified below, there are 349 as-
semblies of which 36 have self powered neutron detectors (SPNDs) and 210 have outlet
temperature measurements. Measurements are required

• to ascertain if the core is in the designed state;
• to check other measurements;
• to detect unexpected events (e.g. flow rate reduction, axial shape distortion).

The present work deals with determining power distribution of non-measured
assemblies. The proposed method has been elaborated for VVER-440 type reactors.
Similar investigations can be performed for other reactor types in which the fuel as-
semblies are hexagonal. The main characteristic of this water cooled, water moderated
reactor, operated with low enriched UO2 fuel are as follows:



• the core consists of 349 hexagonal assemblies;
• there are 210 thermocouples measuring the outlet temperatures of 210 assemblies

(see Fig.l.);
• 36 assemblies are equipped with SPNDs;
• the core height is 250 cm;
• the assembly size is 14.7 cm (face-to-face).

Modern methods using in-core measurements to determine the power distribution
in the reactor core vary to a considerable extent. In the method presented in Ref.[l]
thermocouples and eddy-current type flow meters measure the local boiling in a BWR
core, and an autoregressive model (the whiteness test method index) is used to estimate
the differences in the statistical properties between the fluctuation signals [1].

In Ref.[2] the three-dimensional (3D) power distributions are obtained by two
types of calculation: horizontal, two-dimensional whole core, and 3D local core. The
detector readings are used as internal boundary conditions.

Rational Mapping (RAM) of in-core data is a simulation procedure designed to
provide flux distributions with the distinctive feature of continuous coupling of mea-
surements and diffusion theory [3]. RAM processes the in-core flux detector signals in
two stages:

• A "slow" map is obtained off-line via a diffusion theory calculation incorporating
the detector measurements in a unique manner.

• A "fast" map is obtained via a modal expansion of the flux update, i.e. the
difference between the current measurements and the most recently computed
slow map.
The detector wildness (DEW) criterion is designed to discover the presence of

erroneous measurements.
A hybrid method [4] combines calculated 3D power distributions, obtained using

a simple 3D core simulator, with in-core local flux measurements to achieve a more
reliable estimate of core power distributions. One of the solutions relies on least-squares
fitting of precalculated power distributions to the self powered neutron detector (SPND)
measurements. The other one utilizes transversal 2D diffusion equation solutions with
axial bucklings derived from SPND measurements.

The Advanced Finite Difference Code (AFD Code) [5] is based on an effective
one-group finite difference diffusion model adopting an improved coarse mesh method
and discontinuity factors.

The trial function method expresses the power distribution as a linear combi-
nation of certain trial functions. Usually the first trial function is a calculated power
distribution. Other trial functions account for experimental errors and for errors in the
calculations! model. This method has been implemented in the RESU system [6] and
in the VERONA system [7].

The present procedure for determining the (3D) power distribution in a VVER
core is based on the principal components method (PCM). The main point of princi-
pal component analysis is to reduce the problem to be solved yet retaining as much
information as possible. The measured values are arranged into certain vectors and it



is their statistical analysis that reveals the "most important" components (or principal
components) of those vectors. In this way the apparently large number of vectors can
be explained with the help of a surprisingly small number of principal components. The
main points of the PCM are described in the Appendix.

Section II presents the PCM for the VVER core; in Sec.Ill the principal com-
ponents"*are investigated in several constructions. Further investigations of the best
procedures are presented and numerical errors are determined in Sec.IV; in Sec.V. the
axial extension and the 3D power distribution are determined in the whole core; and a
few concluding remarks are made in Sec.VI.

II. PRINCIPAL COMPONENTS IN THE VVER CORE

The present paper deals with reconstruction of the 3D assembly powers based on outlet
temperature and SPNDs measurements. The 2D power distribution (w) determined
from outlet temperature measurements and the axial distribution is obtained with the
help of SPNDs measurements. There are 349 assemblies in the W E R core, and outlet
temperatures of 210 assemblies are measured and there are only 36 .SPNDs in the core.

At first we determine the 2D power distribution (w) of assemblies. Once the
temperature is known, the 2D power distribution in the reactor core can be obtained
[11]. Thus the 210 measured values of the temperature should be interpolated for all
the 349 assemblies in order to determine the power distribution in the whole core. We
need a calculational procedure enabling us to reproduce a known distribution with an
error not greater than 1%, and rendering an estimated error for every value.

The PCM is used as an interpolation procedure. In order to extrapolate the mea-
sured values, i.e. to assign a value to non-measured assemblies, additional information
must be added in one way or another to the measurements. Here we assume that a given
state of the reactor core is known (e.g. the power distribution in this state is determined
by a certain mathematical model). This known state is used as a setpoint. By analysing
the setpoint distribution, specific properties (the principal components) are derived and
those properties are considered valid as long as the reactor state is not far from the
setpoint.

Let the setpoint distribution be the column vector

X = CO/(X1,X2,...,X349), (1)

where x, stands for the power of the i-th assembly. Let us cover the core with
small areas, which we shall call elements. The elements are arbitrary with the restriction
that each element must have the same number of assemblies, say m (m<l). The elements
are not necessarily disjoint and a given assembly may occur in more than one element.
A trivial covering is, for example, when the core is divided into six sectors of 60-deg and
the central assembly belongs to all six elements, see Fig.2.

We represent the setpoint distribution by elements using the mapping:



x-> A = rou;(yi,y2,...,yiv), (2)

where y* = co/(xjti, x^2, • • •, Xjfcm) is a column vector formed by the power values
in element k; and N is the number of elements and m-N > 349. In general, the y, vectors
are neither all different, nor all independent. One might suspect that instead of tlie N
yi vectors, m "typical" vectors would adequately describe the setpoint distribution or,
maybe, the first "most important" components would describe the setpoint distribution
with small error. PCM supplies both the "most important" (principal) components and
an estimation of how small the error is. The procedure is as follows.

A symmetric matrix (S) is formed from the A "observation" matrix:

A * A T = S. (3)

The order of the matrix A is Nxm, so the order of matrix S i s m x m. S is a symmetric
and positive definite matrix (see Appendix). We now determine the eigenvalues (A,-) and
eigenvectors (z,) of matrix S:

Sz, = A,-z,-,t = l,...,m; (4)

the z, vectors are the principal components. The eigenvalues are ordered in a decreasing
sequence: Ai > A2 > A3 > . . . > Am; the first value is usually much greater than the
others, and the eigenvectors are orthonormal:

zfzj = Sij. (5)

Here S is the Kronecker symbol. Let matrix Z consist of the eigenvectors z, as a row
matrix:

Z = roio(z1,z2,...,zm). (6)

Up till now the main steps of the first (learning) stage of PCM have been present-
ed. The principal components characterize all the values of the known power distribu-
tion, i.e. each vector is expressed as a linear combination of the principal components.
The weight of the first principal component is much greater than the others (see above),
i.e. the first principal component characterizes the average value of the power distribu-
tion and the other ones are its perturbations.

Since the weights of the first few principal components are significant the first
components are capable of describing the power values with sufficient accuracy [9].
Usually one needs only the first three or four principal components to reduce the error
of the calculated values to below 1%.

We assume that the principal components determined from the known power
distribution of the setpoint are valid in the vicinity of the setpoint. Thus these principal
components are used as a basis over a certain time interval, and when the state of



the reactor core changes significantly we introduce a new setpoint and recalculate the
principal components of the power distribution of this setpoint.

Further on we introduce the second stage of the PCM, this stage endeavours to
interpolate the measured values to non-measured positions. The maximum number of
measured values is 210; the core is covered with the same elements as above, viz. the
number of elements'ls N and there are m assemblies in each element. Let the distribution
of the measured values be

x' = co/(x'i, x'2,..., x'210), (7)

where the subscript of x{ gives the sequential number (between 1 and 210) of the i-th
measurement. The location of each measurement is also known thus we can construct a
matrix B constructed in a similar way to matrix A:

x' -+B = row{y[,y'2,...,y'N), (8)

where y'fc = col(y'lk,... ,y'mk) is a column vector formed by the mesured values so that
y'jk = x\ if measurement / is located in the j-th assembly of element k. yl

k has no element
at the non-measured positions of element k, i.e.

• y'jk = x\ if measured value x\ is in position j of element k ;
• v'ik ~ 0 tf there is no measurement in the i-th position of element k.

So matrix B contains zero where no measurement occurs.
Our goal is to determine the missing (i.e. zero) values of matrix B, i.e. to inter-

polate the measured values to non-measured positions. Every vector can be expressed
as a linear combination of the eigenvectors:

t=i

that is,

The Cki coefficients are unknown, but there are some known elements of vector y'k at the
measured positions. We fit the eigenvectors to the measured values so the ct-, coefficients
are obtained as follows

Vjk =

where j £ Mk and Mk is the set of measured positions in element k. Let the number of
measured values in element k be mk; thus

y* = z*ck, (12)

where the order of vectors y£ and c^ is mk {y\ = col(y[k,..., y'mk)), and Zjt is a matrix
of order mk x mk . (Matrix Zjt consists of the elements of the eigenvectors at the
measured positions of element k.) Thus we get



Ck = (Z-x)yi:), (13)

i.e. we have determined the first rrik coefficients. In other words, the missing values of
matrix B are obtained as a linear combination of the first mjt principal components
with the help of the coefficients determined above. If rajb is sufficiently great (mjt > 3)
the relative deviation between the calculated and the real values is less than 1%.

This procedure is performed for every element of the core covering and we can
therefore give a value for the non-mesured positions by means of Eqs.(ll) and (13).
Thus we interpolate the measured values to the non-measured locations of the core, i.e.
the interpolated distribution is determined in the whole core.

In our case the thermocouples measure the temperature of the coolant above the
assemblies, the inlet temperature is known from the cold leg temperatures of the prima-
ry circuits so we can express the temperature increase (AT) at the measured assemblies.
A relationship w(AT) is known [11] that can be used to transform ATinto power (w).

III. INVESTIGATIONS OF THE PRINCIPAL COMPONENTS
IN DIFFERENT CASES

In the present section we express matrix A utilizing from different geometrical
coverings of the reactor core. In each covering an element and the y vectors are chosen
and the principal components are determined accordingly.

a) The whole reactor core covered by microsectors
A microsector is introduced as follows: the microsector contains 7 assemblies of

which the first is central in the microsector and the other 6 are its neighbours, see Fig.2.
(The numbering of the neighbours is rotationally symmetric with respect to the central
assembly of the core.) The whole core is covered by these microsectors, i.e. the elements
are overlapping microsectors. Matrix A also consists of the values of the setpoint power
distribution at these microsectors. The order of matrix A is 7x 283 , because 283
overlapping microsectors cover the whole reactor core. Thus an assembly occurs 7 or
less times in matrix A, the peripheral assemblies (having at least one face common with
the reflector) occur fewer times. We determine the principal components as above:

A * A r = S;

the order of matrix S is 7x7 , and its eigenvectors are the seven principal components.
Matrix B of Eq.(8) consists of the measured ATvalues corresponding to the same

covering by microsectors of the whole core. The Cki coefficients can be determinedJby
the procedure introduced in Sec.II. The non-measured AT values are obtained as linear
combinations of the principal components with known cjt» coefficients. Thus we get 7
or less values for a certain assembly depending on its location in the seven possible
microsectors. Assemblies at the core edge belong to only one microsector. The mean of
these maximum 7 values is considered as the AT value of this assembly and its variance
is determined, too.



This procedure reproduces the measured values completely, but the values ob-
tained at the non-measured places have an error of about 10%, and show a large variance
(8-10%), too. In some peripheral positions and in the vicinity of the control rods we got
impossible values (e.g. negative temperature). Thus this procedure does not satisfy the
accuracy requirement.

Our experience is summarized as follows. There are typical microsector structures
in the core but their relative weights are more or less the same. Although the ratio

% ^ , i = l,..., 7; (14)

indicates the decreasing weight of the principal components with subscript i, the 3-4
measurements in a microsector do not allow one to estimate the nonmeasured values
with a reasonable error. This is not surprising since in a core the enrichment and the
gradient account for a large number of microsector shapes.

b) Microsectors along a given radius

In the procedure given below the element is formed from microsectors lying at a
given radius. Matrix A is built up from microsectors placed at the same distance from
the central assembly of the reactor core so we get 11 different distances, i.e. 11 different
matrices A (see in Fig.3). The principal components are determined for each A matrix
in accordance with the procedure illustrated in Sec.II. for all the eleven A matrices
separately. The measured values are then interpolated to the non-measured positions.
Thus optimally we get 7 values in the case of a given assembly, too. The average value
and the variance are obtained as in case a). The error decreases (about 4-5%), but it
is still unsatisfactory even though the peripheral assemblies have credible temperature
values.

In this case further investigations are performed: How many principal components
are sufficient so that the difference between the measured and the calculated values
should be less than 1%. The investigation is the following: matrix B is built up from
the known power distribution, i.e. the real values are considered in all positions (both
in measured and non-measured places). Thus every c*; coefficient can be determined:

7

y* = 5 ĉ*,-z1-. (15)

This equation is multiplied from the left by vector zT and since the eigenvectors
are orthonormal we get:

zjy* = ckj. (16)

Let uj be
i

u/ = y* - ] P c*"»Zm, (17)
m = l



-zyx -

that is,
uu = Vik - ^2 ckmzim. (17a)

m = l

U/ is the difference between the real value and the value determined by the first 1
principal components. We seek subscript / for which the relative deviations decrease to
below 1%, that is

Vi, = — < 0.01 for i = 1, . . . , 7.
Vik

We found that the required accuracy is satisfied by first four principal compo-
nents. In other words, when investigating the microsectors at a given distance from the
core centre we found principal components. With 4 measurements in a microsector, we
are able to determine the missing assembly powers with a 1% accuracy. The average
number of measurements in a microsector is 4 to 5.

c) The so-called "radial" extension
The VVER core has a 60-deg rotational symmetry, so it consists of 6 elements.

(There are similar - theoretically the same- enrichment, structural elements, flow rates,
etc. at the same point of each element.) The in-core measurement facilities are not
symmetrically installed.

In every element there are 58 assemblies and a central assembly. There is a micro-
sector corresponding to each assembly in each element. In this case matrix A consists of
the values of the known power distribution in the microsector of a given assembly and
in the 60-deg rotated equivalents of this microsector. So we get 58 different matrices A.
Since the 6 microsectors of the 6 elements arranged in one A matrix are at the same
distance from the central assembly we call this procedure "radial1' extension.

The principal components are obtained as above, and only the first four com-
ponents are retained (see above). The measured values are interpolated with the help
of the principal components. The calculated values determined by this procedure are
quite accurate: the deviation from the measured value is about 0.5%, and the variance
is 0.1-0.2% (see Fig.4). If there is no measurement in a microsector (this situation may
arise at the periphery and when several thermocouples do not work) we have fewer in-
terpolated values and the variance increases, it is about 0.6% (see Fig.4, position (7-58)
and its vicinity).

Table I shows an example of the principal components expressed by this proce-
dure. The first eigenvector represents the average value of the corresponding microsec-
tors.

In this case we determine the numerical error, too. The investigation is the fol-
lowing: we use the known distribution (in this case the power distribution, from which
matrix A is obtained) to give the measured values in the measured positions. These val-
ues are interpolated for non-measured assemblies, and the difference between the values
calculated in this way and the original distribution is determined. This is considered
as the numerical error. The relative error is about 0.7%, so the numerical accuracy is



sufficient.

d) Azimuthal extension

In the procedure represented below there axe no micro- sectors. The geometrical
covering of the reactor core is the following: There are 6 sectors in the W E R core
(see above). A selected assembly and its 60-deg rotated equivalents form a basic vector.
An assembly is represented only once in this covering. Thus we have 58 vectors each
of which has 6 elements. Now matrix A is not necessary because the basis (i.e. the
principal components) has been determined for this geometrical covering [8], it consists
of the lower Fourier azimuthal components. The principal components are 6 tuples, see
Table II. The first component is the average value, and the others are its perturbations:
cosx, sinx, cos2x, sin2x, cos3x.

Matrix B consists of the measured values at the measured positions. The mea-
sured values are obtained as a linear combination of the principal components. The
coefficients are determined by the procedure represented in Sec.II. Now we use more
principal components than the first four. If in the vector determined above there are
k measurements (k < 6), then the first k principal components are used but at least 3
components are required. Hence if there are fewer than 3 measurements in the vector,
then this procedure cannot be used.

This procedure has proved very accurate. The relative error is about 0.5%, and
at the measured places the calculated values are the same as the measured values. The
numerical error is about 0.5%, it is determined by discarding measured values.

This procedure is more accurate than the others, but if there are either no mea-
surements in a 6 tuple (e.g. this is the case with control rod positions, the control rods
are placed in 60-deg rotational symmetric positions and no measurement is there) or
we do not have enough measurements (k < 2) (e.g. because some thermocouples do not
work) the procedure cannot be used. The high accuracy is due to the symmetric core
state; the accuracy is expected to diminish in non-symmetric cores.

In summary, the last two procedures are the best. They satisfy the requirement of
accuracy, the error of the calculated distribution remains below 1%. Since they comple-
ment each other well, these two procedures are suitable for interpolating the measured
values.

IV. SENSITIVITY OF THE PROCEDURES

The last two procedures (the so-called "radial" and the azimuthal extension)
introduced in the previous section are selected for determining the AT distribution in the
whole reactor core because they satisfy the accuracy requirement. The measured values
are interpolated so that all the ATvalues can be represented as a linear combination
of the principal components. The first principal component has the greatest weight, i.e.
the first coefficient is much greater than the others.

Two investigations have been performed to determine how our procedures work



if the state of the reactor core changes, or some thermocouples do not work. The inves-
tigations are the following: a projected value is introduced (as an example of the failure
of a thermocouple), and Gaussian noise is added to the measured values (as an example
of a random experimental error). The goal of the following investigations is to study
the error propagation. We determine the "measurements" by perturbing the setpoint
distribution in the measured positions then powers of the non-measured assemblies are
interpolated by means of the PCM. The difference between the interpolated and set-
point values is taken as the error of the interpolation method.

a) A Projected Value

In the first investigation a measured value of an assembly (in this case the as-
sembly at position 11-54) is increased by 20% in order to imitate a large individual
anomaly.

In the case of the azimuthal extension an assembly is connected only with its five
60-deg rotational symmetric equivalents. Thus the projected value can affect only those
assemblies. Since our procedure fully reproduces the measured values (see Sec.III./d)
the effect can be observed only in non-measured positions (see Fig.5). In this method the
experimental error spreads only to the 60-deg symmetric counterparts of the assembly
with the wrong measurement.

In the case of radial extension an assembly is also related with its neighbourhood,
so the influence of the projected value appears at the 60-deg rotated assemblies and at
their neighbours, too. The effect in this case is less sharp than in the case of the azimuthal
extension (see Fig.6). In this method the error spreads to a limited area around the
wrong measurement and the magnitude strongly decreases, in the first neighbours it is
2-3 %, in the second neighbours only 0.5-1 %.

There is a phenomenon common in the two interpolation methods: the ratio of the
coefficients occurring in the linear combinations of the principal components changes.
The coefficient of the first principal component decreases and the others increase. The
variance of the calculated values increases, too.

Therefore a comparison of the results derived from these two procedures can show
the difference between the following two cases: first a thermocouple does not work, sec-
ond a local power state variation is present in the core. (The latter case can be indicated
only if the local variation is not confined to one assembly.)

b) Gaussian Noise

In the second investigation a noise of 10%, with a zero mean Gaussian distri-
bution, is added to the measured values to imitate a random experimental error of
amplitude 0.10 times the setpoint value in the measured positions. The main question
is: What is the error of the non-measured assembly's power?

The effect appearing in both procedures is that the ratio of the coefficients
changes. The weight of the first principal component decreases and the weights of the



other principal components increase. In other words the perturbations increase in com-
parison with the average value. The variance of the calculated values increases, it is
about 5%, i.e. the increase is significant but smaller than the magnitude of the added
random error. This indicates the stability of the PCM.

In practical calculations the state of the reactor core changes with time, so the
setpoint utilized to determine matrix A is not equal to the actual core state. Thus from
time to time the setpoint must be refreshed so that one can calculate new principal
components.

In summary, the collective application of two procedures (the radial and az-
imuthal extension) is able to indicate erroneous measurements. The increasing errors of
the non-measured assemblies indicate a distance between the actual core state and the
setpoint. Therefore when the error exceeds a given threshold value (say the assumed
experimental error) a new setpoint has to be taken, e.g. from the core-follow-calculation.
Large individual errors, as well as a considerable difference between the azimuthal and
radial extension may indicate different variations of the core-state (e.g. non-symmetric
core state, flow rate anomaly). The azimuthal extension is sensitive to variations (er-
rors) of the individual measured values, however the radial extension is less sensitive to
individual errors.

V. AXIAL EXTENSION

In the previous sections, the 2D power distribution is obtained in the whole core
with the help of outlet temperature measurements. In the present section a 3D power
distribution is to be determined, so an axial extension is needed yet.

There is an investigation of the principal components of the axial power distribu-
tion in the WER-1000 core in Ref.[10]. There are 163 assemblies in the VVER-1000 core
and 10 points in the axial direction of each assembly. The principal components of the
axial distribution are determined in the case of a known setpoint distribution (see the
procedure in Sec.II.). The investigation indicates that the first 3 principal components
are enough to express the original axial distribution with an error under 0.2%.

There are 36 assemblies supplied with SPND measurements in the VVER-440
core. SPNDs are placed on 7 floors in each measured assembly, and their measured
current values are transformed into power values [11]. So we have an axial power distri-
bution at the measured assemblies.

The setpoint power distribution is three-dimensional with 10 axial points. The
SPNDs measure at 7 points, but we have got a spline-matrix [11] to convert 7 floors
to 10 floors and vica versa. So we transform the setpoint power distribution to 7 floors
and build up the matrix A. A vector consists of the 7 axial values of the setpoint
distribution at the measured assembly, so we have got 36 vector. Thus the order of
matrix A is 7x36. The principal components are obtained as in Sec.II. (see Eqs.(3)
and (4)). A similar investigation is introduced as in Ref.flO] (see also in Sec.III/b). It
indicates that the first 3-4 principal components are sufficient to reduce the deviation of



the original and the calculated distribution under 1%. The larger error is due partly to
the transfomation by the spline-matrix, partly to the axial shape differences in VVER-
1000 and VVER-440. So we need at least 4 working SPNDs in a SPND set placed in
one assembly.

The matrix B is built up from the values measured by SPNDs. Since some SPNDs
don't work the matrix B contains zero at these places. The principal components are
fitted to the measured values and the c*, coefficients are determined this way (see
Sec.IL). The non-measured values (where the SPNDs don't work) are obtained as a
linear combinations of the principal components with the known cjt, coefficients. (The
procedure differs a little bit from the procedure introduced in Sec.II. because we make
an effort to avoid the matrix inversion because of the instability of the matrices Z.)
Thus we know the 3D power distribution of the 36 measured assembly. Fig.7. shows
three typical axial distributions.

The deviation of the measured axial distribution and the calculated values de-
pends on the number of measurements. Naturally, if we have all the 7 measured values
the deviation is zero. If one SPND doesn't work the accuracy remains under 1%. The
procedure is very sensitive at the edge of the assembly. If two SPNDs don't work side
by side at one edge of the assembly the error of the procedure increases significantly
but only at the edge, i.e. the deviation of the maximum value remain under 1%, but
the error of the axial distribution at the edge of assembly can also be 8%.

The axial extensions are rendered to the other assemblies which haven't got SP-
NDs measurements, too. The procedure is the following: at first we determine the axial
distribution of the assemblies which are 60-deg equivalents of an assembly with SPNDs.
The 2D power distribution is known, so the rate of the powers of two 60-deg equivalents
can be determined:

q = £f; where p, is the power of the assembly i, and assembly i and assembly
j are 60-deg equivalents of each other. The assembly j has got SPNDs measurements.
Thus the axial distribution (r,) of the assembly i is the following:

n = q * TJ; where rj is the axial power distribution of the measured assembly j .
There are some assemblies which haven't got any equivalents measured by SPNDs. Their
axial distributions are determined by the help of axial distributions of their neighbours.
Let assembly k be the one which hasn't got measured equivalents. It has got / neigh-
bours with axial distributions determined above. The axial distribution of assembly k
is obtained as follows:

Pit

where p, and r,- is the power and the axial distribution, respectively of assembly i which
is a neighbour to assembly k.

The deviation of the setpoint axial distribution and the axial distribution ob-
tained this way is under 2%. Thus the 3D power distribution is determined in the whole
core. The 2D distribution has got a relative error under 1% and the axial extension is



obtained with an error under 2%.

VI. CONCLUSIONS

In the present work the 3D power distribution was determined in the whole VVER
core by applying the principal components method to the in-core measurements. The
measured values are interpolated to the non-measured positions with the help of the
principal components obtained from a known power distribution at a given state of the
reactor core. The 2D power distribution is determined from the outlet temperature mea-
surements and the axial distribution is obtained with the help of SPNDs measurements.
The core is subdivided into overlapping elements.

The power values of an element can be expressed as a linear combination of the
principal components, so the principal components are fitted to the measured values,
and the coefficients of the linear combination are determined in this way. The first
principal component is the average distribution in an element, so it has the greatest
weight, i.e. the first coefficient is much greater than the others. Thus the non-measured
values are obtained as a linear combination of the principal components with known
coefficients.

The method to determine 2D power distribution described in the present work
has been investigated at different geometricalcoverings of the reactor core. Two proce-
dures ("radial" and "azimuthal" extension) satisfy the required accuracy (the difference
between the calculated and the measured values is under lfurther investigations are per-
formed. These investigations show that the collective use of two procedures can indicate
not only the different variations of the core-state but the failure of the thermocouples
as well.

The axial distribution is determined by the procedure based on the PCM, too.
At first we determine the axial distribution at the assembly measured by SPNDs (but
some SPNDs don't work), then the axial distributions of the non-measured assemblies
are obtained with the help of their 60-deg equivalents or their neighbours. This procedure
has got 1% accuracy at the measured assemblies (there may be a larger error at the
edge of the assembly but it is irrelevant because of the low power there) and the error
remains under 2% in the case of non-measured assemblies.

The procedures based on the PCM are valid not only in a VVER core, but they
are applicable for any reactor type under suitable geometrical coverings of the given
core. The investigations indicated that this method is sufficiently accurate, the relative
error of the 2D distribution is under 1% and the axial extension has got an error under
2%.

The PCM has proven to depend slightly on the preselected setpoint distribution,
and it is sufficient to refresh the setpoint distribution two or three times during a fuel
cycle.

This is an improvement compared to the trial function method [6,7], which has
to cope with the problem of trial function selection. The most important trial function
is a calculated distribution and is based on averaged input values (e.g., rod position,



power, and coolant flow rate). The actual core state may differ from the averaged state;
hence, trial functions are needed to account for this difference. Further trial functions are
needed to account for experimental and modeling errors. The number of trial functions
is limited in a real-time system; thus, some of the mentioned trial functions must be left
out.

Throughout this paper, we have considered core surveillance methods based on
time-averaged measurements. There is an alternative technique to solve core surveillance
problems. Noise analysis [12,13] is capable of evaluating several parameters including ^
and flow rate changes. Thus, we have two independent methods for evaluating certain
parameters.
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APPENDIX
PRINCIPAL COMPONENT ANALYSIS

Let £ be a random vector and 1 • £ a linear combination of £. We call 1 • £ a
standardized linear combination (SLC) if:

. As a first objective principal component analysis seeks that particular SLC of the
original variables which has maximal variance.

Generally, principal component analysis looks for a few linear combinations which
can be used to summarize the data, while losing as little information as possible. This
attempt to reduce dimensionality can be described as "parsimonious summarization" of
the data.

The exact definition of principal components is as follows: If £ is an n-dimension
random vector with mean \i and covariance matrix S, then the principal component
transformation is

where F is orthogonal, F'SF is diagonal and Ai > A2 > ... > \p > 0, (p < n). The
strict positivity of the eigenvalues A,- is guaranteed if S is positively definite. This rep-
resentation of E follows from the spectral decomposition theorem [7]. The ith principal
component of £ may be defined as the ith element of vector y, namely as

= i'i * U -

Here 7; is the ith column of F, and may be called the ith vector of principal
component loadings. Thus Ai is an eigenvalue and 7* is an eigenvector of the covariance
matrix S.

Theorem: No SLC of £ has a variance larger than Ai, the variance of the first
principal component [9].

The (k+l)th principal component of £ is given with the help of the previous
theorem: If a is a SLC of £, which is uncorrelated with the first k principal components
of f, then the variance of a is maximized when a is the (k+l)th principal component
of £. This procedure is based on Lagrange's multiplier method [9].

In practice we have n sequences of independent measurements: Xj , . . . , x n . We
assume that the vector x, has a normal distribution with mean m = 0 and covariance
matrix S. S = x̂  * x^ and S is positive definite due to the normal distribution of
x,. Proved mathematically the eigenvalues and eigenvectors of the covariance matrix



Sare the so-called maximum likelihood estimators of the theoretical \i and 7,- principal
components [9].

Properties of the principal components:
a, The sum of the first k eigenvalues divided by the sum of all the eigenvalues

represents the "portion of total variation" explained by the first k principal com-
ponents.

b, The principal components of a random vector are not scale invariants.
c, The vector subspace spanned by the first k principal components (1 < k < p) has

a smaller mean square deviation from the population (or sample) variables than
any other k-dimensional subspace.



1 1

Radial eigenvalues and eigenvectors |

1

1 *

V
e

1 c

1 o
1 r

1 e

| 1
1 e

1 m

1 e

1 n

1 t

1st

717.34

0.364

0.384

0.332

0.386

0.419

0.330

0.419

2nd

0.0222

-0.143

0.889

-0.031

-0.117

-0.391

-0.139

-0.056

3rd

0.0071

0.034

-0.033

0.256

0.744

-0.122

-0.409

-0.443

4 th

0.0038

-0.701

0.098

-0.179

0.269

0.270

0.506

-0.256

5th

0.0013

0.318

0.019

0.422

-0.292

-0.096

0.472

-0.635

6 th

0.0003

0.086

-0.184

-0.125

0.324

-0.741

0.468

0.266

7th |

4*10-6|

-0.495 |

-0.135 |

0.773 |

-0.144 |

-0.160 |

-0.077 |

0.294

Table I.

1 1

Azimuthal eigenvectors |

1st

1.00

| 1.00

| 1.00

| 1.00
_ .

| 1.00

| 1.00
1

2nd

1.00

0.50

-0.50

-1.00

-0.50

0.50

3rd

0.00

1.225

1.225

0.00

-1.225

-1.225

4 th

1.00

-0.50

-0.50

1.00

-0.50

-0.50

5th

0.00

1.225

-1.225

0.00

1.225

-1.225

6th |

1.00 |

-1.00 1

1.00 |

-1.00 |

1.00

-1.00

Table II .
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AXIAL DISTRIBUTIONS
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