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In this analytical overview, domestic and foreign scientific and technical
publications focusing on research of different types of in-core detectors
and in-core instrumentation systems (ICIS) are considered. The issues
of ICIS development are discussed and a novel nonconventional concept
of reactor monitoring is suggested.
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Poapobka cuMCTeMM BHYTPIlWHLOro PeakTOPHOro KOHT-
ponio Ha 6a3i kKanopuMeTpUYHOro raMmma-geTeKTopa

B ananitnyHomy ornagl posrnagaiotsca BiTHu3HAaHl Ta 3apybixHi Ha-
yKOBO-TEXHIYHI ryGaikalii cTocosHo npobnemit JOCHIAKEHHA PI3HKUX THUMIE
AETEKTOPIB aKk TMBHOT 30HK | CUCTEM BHY TRILWHbLOIO PeakToPHOro KOHTPOIO
(CBPK). O6rosopiototeca ripobnemit possutky CBPK | nponoHyeTsca He-
TPaguuifina KoHUEnyia KoHTpomo poboTi peakTopa.

Knw4ogi cnoBa: kanopuMeTp, CUCTEMA BHYTRILLIHLOMO PEaKTOPHO-
ro KOHTPOMO, AETEKTOP aKkTHBHOT 30HM.
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he operational effectiveness and reliability of nuclear

reactors depend to a great extent on their thermal

stresses. Therefore, the issues of justified and reliable

monitoring of power generation are of utmost signifi-

cance. We refer to instrumentation providing in-core
power distribution monitoring within the In-Core Instrumenta-
tion System (ICIS). We distinguish ICIS detectors, communica-
tion equipment, and distributed information management with
software.

The aim of this paper is to summarize and classify data
on methods and means of in-core reactor monitoring for
the world’s Nuclear Power Plants (NPPs) and suggest a briefl
outline of a new type of in-core calorimeter detectors.

The following classification of methods and means for in-core
energy release monitoring is suggested (Fig. 1):

e monitoring regarding physical fields (thermal, neutron
and gamma);

¢ shaping of physical fields (activation, ionization, emission
charge, calorimeter);

e technical modes of
tion: [lonization Chambers

implemented  instrumenta-
(IC), Self-Powered Neutron
Detectors (SPND), Activation Detectors (AD), Fission
Chambers (FC), Neutron Thermopiles (NT), Gamma
Cameras (GC), Gamma Thermometers (GT), Calorimetric
Detectors (CD);

e measurement of time and spatial in-core energy release
characteristics: distribution, point distribution, quasidistribu-
tion, occasional and permanent actions, stationary mounted
and relocated means, detector units and combined trains.

Under an activation detector we mean a transducer capable
of detecting ionization radiation in the sensitive element with
induced radioactivity under radiation exposure. An ionization
detector is a transducer whose functioning is based on the ion-
izing effect in the sensitive element under radiation exposure.
An emission detector is a unit where potential difference be-
tween two insulated electrodes induces transfer of charged par-
ticles under radiation exposure.

A calorimetric detector highlights heat energy distribu-
tion in the sensitive element following energy transfer. Under
an In-core Detector Unit (IDU) we assume a primary trans-
ducer of instrumentation distributed in the reactor core leading
to conversion of radiation energy into the type of energy suit-
able for on-line generation of signals and their transfer to sec-
ondary instrumentation. Methods and means for monitoring
of in-core energy release distribution are addressed regarding
the above classification.

Overview of Evolution and Development of Methods and
Means for Energy Release Monitoring. For flexibility of retro-
spective analysis, the development of methods and means for
energy release monitoring in the period 1960—1992 is divided
into three groups: early on-going efforts, extensive development
and stabilization period in NPP engineering [1].

Early on-going efforts in NPP development encompass
(1960—1968) featured pilot commercial reactor designs, power
capacity from 100 to 300 MW, where design criteria and sci-
entific and technical approaches were validated. Design, op-
erating parameters and functional performance differed much
for nuclear reactors. They had insignificant in-core dimensions
and were characterized by low thermal and energy stresses. It
resulted from the lack of process equipment production and
little experience in reactor operation. Therefore, in this period,
individual designs of ICIS were under development for each
NPP, and there were numerous methods and means of in-core
reactor monitoring. In the period in question, there was a range
of thermal, axial power distribution, neutron and gamma acti-
vation, ionization, charge and calorimetric methods for radial
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Fig. 1. Classification of

reactor monitoring. Activation detectors performed in distribu-
tion periodic mode with wire or ball sensing elements (Mn33,
Cub3 and W186) [2].

PWR, BWR and WWER reactor types employed station-
ary mounted instrumentation racks comprising FC, SPND
and NT [3—5]. PHWR reactors used GT [6] sensor units and
PWR SPND [7]. Information from in-core detector units was
submitted to the instrumentation and control system usually
comprising a second-generation computer. The instrumenta-
tion systems ensured reception, normalization and generaliza-
tion of signals, computation of energy release distribution, de-
tection of loss-of-coolant conditions, etc.

The stage of intensive NPP engineering development (1968 —
1976) was characterized by commercial reactors of middle
power capacity (400—900 MW) with modified technical and
economic parameters. NPP operating experience at this stage
clearly demonstrated that performances and physical and tech-
nical characteristics were not utilized in full extent in the re-
actors, and physical profiling and process modifications were
needed to produce significantly higher energy in the same core
volume.

On the other hand, higher nuclear reactor performance pa-
rameters compared to increase in the core dimensions resulted
in better thermal, technical and subsequently economic charac-
teristics of NPP operation. For the period in question, the core
volume increased on average by two times, energy stress in-
creased by 1.5 times and lose-of-coolant factor decreased by
1.3 times.

Hence, this contributed much to monitoring of energy
spatial instability distribution and sharp deviations of in-core
temperature and thermal stresses, following credit of failures
in in-core reactor instrumentation. In this period, the neutron
method was widely used for reliable energy emission monitor-
ing. Since already tested in-core detector units did not meet
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Calorimetric Detectors (CD)

in-core detectors

the growing requirements for middle-power reactor operation,
it was urgently needed to develop new types of in-core detector
units. The requirements for in-core performance are determined
to a high extent by the construction design, production technol-
ogy and reliability of SPND and FC [8, 9]. Thus WWER-440
reactors in the USSR employed SPND with (Rh, V) emitters
for the determination of neutron spectral characteristics, fol-
lowing transmission of signals to the Gindukush instrumenta-
tion system [10].

ICIS for RBMK reactors used 7 point SPND (Ag) distributed
in the instrumentation channel for axial energy emission moni-
toring and 117 radial SPND. Signals from the detectors were
transmitted to the Skala system with VNIEM computer [11].
BWR reactors utilized relocated and stationary distributed FC
and PWR reactors utilized SPND [12. 13]. [n this stage, sensors
were performed in conjunction with third-generation comput-
ers M-60, M-6000, M-7000 (USSR), Produc-250 (WE. USA),
[BM-130 (IBM, USA), Ge/PAC-4020 (GE, USA), C 90—40,
TAC (CAE, EEC, France), and AEG 60—50 (Siemens, FRG),
ensuring computation of nuclear-physical thermodynamics
in compliance with technical and economical standards for
NPPs, optimization of static and transient modes, etc.

The stabilization period (1976—1992) was distinguished
by commissioning of reactors with sufficient power capacity
(1000—1300 MW), where a great part of work was done con-
sidering enhancement of technical and economic indicators
of reactor operation to reduce capital investments, following
the tendency to increase of in-core instrumentation dimensions,
performance parameters and energy stress.

A qualitatively new type of [DUs was also urgently needed
since conventional ones became outdated and obsolete. Due
to varieties in production technologies and options in assem-
bly of units, [DUs differed much in primary sensitivity and
pre-operational calibration. On the other hand, SPND and FC
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Fig. 2. Calorimetric Detector:
I — heater element; 2 — thermal sensitivity element; 3 — gamma sensitivity
body; 4 — hot junction; § — mineral insulated cable

exhibited change in sensitivity under radiation exposure during
operation (following Rh%, Ag!% and U2 burnup) and needed
permanent control of detector sensitivity change [14].

That is why Ignalina NPP (RBMK-1500) used SPND with
GC emitters as radial and axial detectors, which substantially
changed the approach to ICIS development [15]. At foreign
NPPs, SPND with low-burnup emitters fabricated of Pt, Er,
Co, Yo, Ta, and Cd found a wide application in ICIS [16—19].
Besides the neutron method, a considerable amount of applica-
tion was given to the gamma method, where primary transducer
GT was used [21].

A wide application of the gamma method for energy emis-
sion monitoring nowadays is accounted for in-core energy
in NPP operation within high density of the working media
where gamma radiation serves for reliable and accurate moni-
toring of energy emission distribution, being clearly justified
among other monitoring modes [22]. For processing of output
signals transmitted from IDUs, decentralized mini-computers
are widely used, which are assigned to relevant functional spec-
ifications permitting the formation of expert systems.

[CIS are characterized by high requirements for performance
and reliability. They should maintain energy release monitoring
by dedicated channels, provide automatic self-diagnostics of sys-
tem performance, and function in normal operation and emer-
gencies. ICIS are modified and updated by means of modern
microprocessor and programmable logics equipment, serving for
diagnostics of anticipated operational occurrences within ele-
ments of control expert systems and human-machine interface.
In the Nuclear Research Institute of the Ukrainian Academy
of Sciences, considerable work has been done in the field of ICIS
development based on the neutron and gamma methods of en-
ergy release monitoring. where Calorimetric Detectors (CD) are
used as in-core instrumentation (Fig. 2).

Calorimetric detectors are aimed at registration of neutron
or gamma radiation in the core, experiencing high tempera-
ture, vibration and severe ionizing radiation exposure. This type
of reactor instruments allows spectral selective sensitivity to va-
rieties of ionizing radiation exposures (by various sets of gamma
and neutron sensitive materials: B0, U235, Th232, 238 Np237,
Pu?®, Bi, Pb, Zr, Fe, etc.) and is considered for use in systems
for in-core energy release monitoring [23].

Fig. 3 shows transients for various detector types under emer-
gency insertion of control rods, where E is detector signal in % [24].

Calorimetric detectors are characterized by high reliabil-
ity and relatively simple design, performance at wire insulation
resistance up to 10° @ (T < 1000 K) and self-calibration in op-
eration. Comparative characteristics for neutron and gamma
IDUs are summarized in Tables 1 and 2. All the above-men-
tioned aspects allow considering this type of in-core instru-
mentation to be the most promising for high-temperature re-
actor applications. Calorimetric gamma and neutron detectors
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Fig. 3. In-core unit transients under insertion of control rods

were subjected to full-scale performance testing on WWER and
RBMK reactors.

Gamma Method for Energy Release Monitoring. The prob-
lem of power density determination by the absorbed dose rate
was investigated with use of a cylinder-like material with as-
signed dimensions located within the core (Fig. 4).

The following assumptions were made:

e homogeneous in-core environment:

neglect of induced y-radiation;

« interaction of y-radiation with the cylinder body main-
tained in electron equilibrium conditions.

Hence, overheating of the cylinder body in quasistationary
pile mode will be determined by the following formula:

gy (rps Byst) = ijﬁj o, (E,) 0y (rp By t) EdE L, (1)
|

where r_ is coordinate; E is energy in the body: 7 is time:
GF{ET) is absorbing cross-section of gamma quantum; C is
turnover coefficient, equal to 1.6 - 10713(W-sec/MeV); Up(‘ET)
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Table 1. Comparative characteristics of neutron detectors [27]

Fig. 4. Schematic diagram of calculation model:
H — cylinder height; R — cylinder radius; L, — length of the sample
calorimetric detector; ¢ — center of the sample calorimetric detector;
& —angle between the calorimetric detector and the source; Ry coordinate;
AH — change in height of the source; Ar — change in the coordinate
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DATNRAEY Size, ?htel:ia.ﬂ Measurement range, f _ms;t i‘vii}r t Maximal Absolute Integrated
mm x mm O SESTEIVE m? - sec! Lo, temperature, K error, % flux, m-2
IDU type element (V- m* - sec)
IC 25 % 300 BF, 1014—108 10724 523 4 1024
FC 30 % 76 B 1012108 10722 673 3 0.2 - 10%
3.0 x 200 Ag 10161018 191073 600 3 0.5-10%
SPND 1.8 x 200 Rh 1016—101% 2141072 800 2 0.8 - 102
1.5 % 10 Hf 1016118 10-19 870 3 0.7 - 1026
NT 2.0 x 60 u2s 10141016 107 900 5 0.4 - 10
4.0 x 60 U235 1011018 10-8 1000 4 0.6 - 1026
CD(n)
4.0 » 60 B!0 10101016 107 600 4 0.2-10%
Table 2. Technical characteristics of gamma detectors [27]
chacietriii o o?g::i?\lfe Measurement range, ST?i;i:it"" Maximal Absolute :::::::‘el
IDU type mm % mm elemeit Gy - sec’! (V - sec) temperature, K error, % Gy s
GC 6.0 x 200 He 0.3-1.0 1014 600 3 107
3.0 x 600 Pt 3.0-100 510712 770 5 8- 107
SPND
3.0 x 600 Co 1.0—100 10712 700 -+ 0.7 - 10!
GT 7.0 % 100 Fe 1.1—100 104 370 [ 0.3 1012
4.0 % 60 Bi 0.1—200 103 500 3 1010
3.5 x 40 Zr 1.5—500 1073 900 5 ol
CD(y) - -
4.5 x 100 Fe 3.0—=300 103 600 5 0.5 1012
4,0 x 50 w 10—400 1072 1000 7 0.8 - 1012
is absorbing cross-section of gamma quantum; (p(.!'p » 1) is
flux density of primary y-radiation.
4y
) ; ! ) »
Up(f“f)_“.o("‘?]pp > “p(h‘r)* s |’ @
i

where p (fT) is absorption coefficient with £ ; /> P, is body
density: v, is body volume; .S' is body surface.

The flux density of pnmary v-radiation is considered in core
energy release as follows:

J-[pT (rp, ET‘I)dr = f(

Hz (E‘r) ]{gf (rp um(E ) _[ﬁ,r(

where 1 relates to time >10 sec; pg (k) is linear absorption
of y-quanta in the reactor core area; &, (r,, #) is the number
of fissions per unit volume of the fuel element; H,, (£ ) is instant
y-radiation spectrum; E;O (r, ,7) is the number of ﬁssmns per unit
volume of the fuel elemem regardmg time >10 sec; H, ‘,{}'T, = %)
is delayed y-radiation spectrum of fission products

ET' LP).

) Hey (Eyot T)df} 3)
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AE,, L) is flux decrease function of y-radiation in the body:

f(Ey L) E;r)ppf‘pJGl”E(Ev)'H‘”! (E"r)RJ‘ @)

where G is accumulation factor of gamma radiation:

-]

s (5) Hous ()R]

H R
= _[ dzj c,\(p[—].lz [ET) are scc@]
0 0

(5)
where
(rp2 + r{f )

e
4

secO =

(6)

By applying partition and considering the leak function

4
f ”p(h-v]'—

£ | dependence of y-quantum energy rate, and

formula (3) equation (1) becomes

4v,

q.{( ] uzlx

}x

Tps Eys r] [CP'Hp'pp'f[H

H R

o1o) ] ] exo (-7

0 [}

Sp

rpdrp
2
x

» SEC 0} 5
fil

xcxp(—ﬁ o

= .|- af (rP’ .r) Hi'n.u.r (E-I,) E"fd‘E"r +

o

] J&r(n

E 0

) Hyo (Eyst - <) E,dE,d3 . (7)

Define the term in curved brdckets as M, and substitute ex-
pressions Ims!(b ) and IM(I: , t — 1) to determine the delayed
y-radiation as thc overall cxponcnt sum:

9y ("P’ E,f.r)= M, i&s (rp,r)fl-m (E‘Y) & (rp’f - t) ]

|

B)(r - ), |45t ®)

N
xy A (B),, exp[—l

where n, N, m is the number ol considered isotopes; A(),, is
the group effectiveness of fission products; A(B) ,, is the decay
constant of fission produclq

For calculation of § . 1) in formula (8) the Voters equa-
tion is used considering 11&!‘31:011 Piker’s method:

b
2=

|A
e

12000

"';f ("'p'o) B
Sr (”p-‘rl) =dy

Xj &7 (rps0) E‘: A(B)y

cexp[-A(B)(n - 7)), dv:
o P ©)

&r (ﬂﬂ"ff) =y (rF‘ET‘ )
Xi & (rpe ’j)i A(B), cxp| A (B)(

j=12,..

4y (rP,E,P,.(});

(rps Eyot)) = M Ty (E,) %

inst [

I _llnm(ﬁ )_] x

|

L-1 I dr;
2 )kk
!"I:

k, M is the number of considered isotopes; i, j is the number
of energy gaps (group).

In stationary pile mode operation, the dose rate absorbed
in the cylinder body may be determined as

(rE

4 T) .[M( )QIH"N(E?)ETdE‘f'

}‘

(10)

For this case, the problem of in-core y-spectrum determi-
nation will be reduced to resolution of the system of integral
equations.

Using recurrent relations we obtain:

J

z - - n

A M, (E, ),-._,- Hypst (B )j
z Mp[‘ﬁ"*:),-___,-

= ‘?-f.o("pE*r),-

n+ k
Hig (E,)"" = Si:xp(l.lE,r)H

(1)

L. . . .
where H,,,, (E?)::+ is instant y-spectrum in y-energy group with
n+1 iteration.

The final step to determine whether the iteration process
can be quit involves resolution of the following assumption:

/‘?*; rp. J Jﬁgg.

M
Eop=08EY, Sq° [qT (rp_. ET)] lq

m
m=1

max[ (12)

a3

where &, is assigned accuracy; 8€ is the factor determined from
test of y-spectrum reduction; Sq is relative dispersion of power
shift in the cylinder body.

Consequently with insertion of in-core sensors fabricated
from materials with various atomic numbers and absorption
factors having insignificant contribution to elastic and inelastic

12000

Fig. 5. Calorimetric y-sensor
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Fig. 6. Relative power distribution

fast neutron scattering and radiation capture (e.g., Bi, Pb, Zr,
Fe, W) and dose rate, in-core energy release may be determined
with a reliable accuracy (220 %) for practical purposes.

For energy release monitoring, y-calorimeter has been de-
signed with sensitive and grade scale elements [30]. The calorimet-
ric y-sensor (see Fig. 5) was subjected to full-scale performance
testing in operating nuclear reactors. Experiments carried out with
the gamma calorimeter proved that primary y-radiation contribu-
tion for WWER accounted to 80 % and secondary one to 20 %.

The instant y-radiation accounted to almost 70 % and de-
layed one to 30 %. Fig. 6 presents relative axial power distribu-
tion (¢.) measured by the gamma-calorimeter (1) and activation
detector (2) and profile BIPR-5 calculated for WWER-440.

The tests with control rod insertion showed that 2/3 of pri-
mary y-radiation was absorbed in the fuel assembly where GC
was located, and the share of y-radiation from the surround-
ing fuel elements exceeded 15 % in the total dose rate, being
in agreement with the above assumptions.

Conclusions
The production of energy at nuclear power plants is closely
related to the reliability and efficiency of plant operation, en-

gineering characteristics, in-core geometry and energy stress
increase. Therefore, considerable elaboration of methods and
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means for in-core reactor monitoring has been observed, fol-
lowing sophisticated ICIS functions (diagnosis, identifica-
tion, detection of anticipated operational occurrences). Hence,
the most important issues facing new types of ICIS design that
need to be investigated further are as follows:

e further research of nonconventional monitoring and in-
strumentation methods;

¢ selection of reliable in-core instrumentation, excluding
burnup of sensitive elements, with self-calibration of in-core
detectors;

= optimization of the most informative fluxes and features
in anticipated operational occurrences in the early stage of their
development;

» development of effective procedure for treatment and
analysis of measurement data and recognition of accident
conditions;

e development of mathematical basis and software for im-
plementation of the above procedure;

o determination of the design and architecture of informa-
tion management system, detector sets, cable trains, plant-spe-
cific software;

e further investigation of human-machine interface.
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