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The present report deals with issues associated with one of the elements of the reactor control and
monitoring system, namely, the in-core monitoring system. The main attention is paid to detectors,
which are incorporated in the system and integrated in assemblies of in-core detectors (SVRD which
determine capabilities of the system as a whole.

We have been assuring continuous upgrading of the design, manufacturing technology and methods of
products application since 1960, when our specialists offered to use self powered neutron detectors
(SPND) for the in-core monitoring.

Our products are being operated on 50 major power reactors of various type in Russia, CIS countries
and Eastern Europe and in experimental reactors.

Total operating time: - SPND - no less 270,000 reactor-years.

- SVRD assemblies - no less 30,000 reactor-years.

The quality assurance system during design and manufacture of the products meets requirements of
GOST R- ISO 9000 standard.

Supervisory authority of Russia (GAN RF) is engaged in the control over development and manufac-
turing of products.

Assemblies portrayed in the present report are designed and operated in the Russian-built pressurized-
water reactors and uranium - graphite channel reactors. However, the philosophy of their design is
such that an assembly can be easily adapted to reactors of other types. In case of necessity of using
SVRD assemblies in reactors of other types, the problems of designing are connected simply with
binding-in to new dimensions determined by the reactor design.

The range of sensors used as in-core detectors in on-line industrial measurements is extremely limited
in number. It is possible to cite among them self-powered neutron detectors (SPND) and chro-
mel/alumel thermocouples.

With the help of these sensors it is now possible to ensure monitoring of the following variables:

1. neutron flux (power density),

2. coolant temperature,

3. coolant flow rate,

4. RPV coolant level,

5. accident temperature in case of loss of coolant.

The characteristics of either in-core monitoring system, or any other monitoring system are determined
by primary transducers. Any system used for processing of industrial measurements, which has an
output to the operator's interface or the automatic control and protection system, does not allow to use
statistical methods, which per se have a delayed response, and - this is most important - they do not
allow basically to obtain measurement accuracy better than the sensor's class (intrinsic error). While
conducting technical (industrial) measurements, the one-time readout of observations is taken as the
final result of the measurement of a value and the measurement error determined by the intrinsic error,
i.e. by the sensor's class cannot be diminished by any consequent mathematical treatment.

SMOLENICE - SLOVAKIA - 09/2001 VIII - 1/14



..SAFETY RELATED MEASUREMENTS IN PWRs"

The main principles used in the SVRD design are the following:

• Minimization of measuring error, which ensures optimum conditions for control and monitoring of
the reactor installation.

• Use of design of sensors and other system components, which maintain their functional capability
either in normal or transient, accident and post-accident operation conditions.

• Minimization of detectors' maintenance by the final user on a reactor. Their maintenance should
not call for the highly qualified "research" personnel providing their continuous in-service calibra-
tion.

• All necessary research and work connected with the determination of detectors' characteristics
should be carried out during the R & D stage and not during their fabrication and operation. In the
process, fabrication and operation costs go down.

• Minimization of costs during the manufacture of detectors.

• Exclusion of induced radioactivity in delivered sensors.

• Capability of conducting upgrade and unification of detectors.

• Miniaturization of detectors, which can ensure the following:

• Placement of a rather big their amount in a reactor without considerable difficulties for the main
process;

• Capability of combination of detectors able to measure different parameters in one assembly.

These principles are accomplished in the produced SVRD assemblies in the following way:

1. A careful study of the dependence of SPND characteristics on the design and technology factors
conducted during the R & D of products has allowed to develop the design and production process
of sensors, which ensure high reproducibility of products' characteristics during the production
process. In our case it was possible to reach the variation of initial response following the produc-
tion below ±1 % (RMS = 0.33 %), which allowed not to apply the neutron calibration during the
production process. The assemblies are delivered to the customer without the induced radioactiv-
ity.

2. The small variation of initial response ensure the insignificant error of entering the burn-up cor-
rection, which is carried out on the basis of the current (electric charge) generated by the SPND
during operation, and thus makes possible to discard the in-service SPND calibration. Moreover, it
is all but impossible to realize this calibration with the necessary accuracy capable to compete
with the method of definition of actual response by corrective action on burn-up for SPND detec-
tors having the variation of initial response below ±1 %.

It is apparent that the exclusion of graduation simplifies the operation process significantly. The
variation of initial response ensures also the error of entering the burn-up correction.

Figure 1 shows the dependence of the total error from the variation of initial response and entering
the burn-up correction from the time of SPND operation in the reactor for values of variation of
initial response of ±1 and ±6 %, respectively.
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It can be seen from the figure that the error does not exceed ±1% at the beginning of operation
and ± 4.2% after 5 years of operation for SPND with the variation of initial sensitivity of+ 1 %.
For SPND with the variation of initial sensitivity of ±6 %, which are widely used around the
word, the error can reach +6 % at the beginning of operation and + 15% after 5 years of opera-
tion. It is necessary to note that the variation of +6 % is achieved by neutron calibration of SPND
during fabrication, which results in the delivery of radioactive products.

Basically, SPNDs can be calibrated during operation, however, the in-service calibration of
each detector installed in a reactor requires the creation of special and expensive calibration
system, while it is virtually impossible to assure the calibration error below ±1.4% (RMS =
0.5 %), which is necessary to insure the variation of 4.2 %.

3. The SPND signal wire is made from the two-wire cable with mineral insulation. One cable wire of
is current conducting, and it is connected to the emitter, the other wire is background and it is in-
tended for measurement of the signal wire current. Wires of the cable are twisted, which ensures
independence of observations from gradients of neutron and gamma fields. The error of determi-
nation of the signal wire current is determined only by reproducibility of diameters of current con-
ducting and background wires.

4. All SVRD assemblies are resistant to LOCA conditions.

5. It is possible to ensure within just one assembly the in-core monitoring of the neutron flux den-
sity (power density) along the core height and radius, coolant temperature in several points along
the core height, coolant flow rate and RPV steam phase presence in case of an accident.

Depending on an application, SVRD assemblies are subdivided on the following types (see fig.2):

• KNI (neutron measuring thimbles) designed for in-core monitoring of neutron flux density (power
density) along the core height and radius;

• KNIT (neutron and temperature measuring thimbles) designed for coolant temperature monitoring
at fuel assembly outlet and coolant flow per fuel assembly in addition to functions performed by
KNI detectors;

• KNITT (neutron and temperature measuring thimbles) designed for coolant temperature monitor-
ing in the reactor vessel upper part in addition to functions performed by KNIT detectors;

• KNIT2T (neutron and temperature measuring thimbles) designed for coolant temperature moni-
toring in lower part (at fuel assembly inlet) in addition to functions performed by KNITT detec-
tors;
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• KNITU (neutron and temperature measuring thimble with RPV coolant level gauge) designed for
coolant level monitoring in the reactor pressure vessel in addition to functions performed by
KNITT detectors;

• KITU (temperature measuring thimble with RPV coolant level gauge) designed for coolant level
monitoring in the reactor pressure vessel, coolant temperature at fuel assembly outlet in the reactor
vessel upper part;

• KNIK (neutron measuring channels with a calibration channel) designed for calibration of neutron
detectors incorporated in a KNIK detector in addition to functions performed by KNI detectors.

Figure 3 shows the KNITU design
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Fig. 2. Functions of SVRD assemblies
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Fig. 3
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Chromel/alumel thermocouples (according to IEC-584-1-77) are used in SVRD assemblies for monitor-
ing coolant temperature. The good thermal contact between the thermocouple and the sheath is ensured
by brazing. In order to measure and compensate the temperature of thermocouple's cold junctions, ther-
mostat device providing equality of temperatures of resistance thermometer and thermocouple's cold
junction is incorporated in the SVRD assembly. Thermocouples of the same type are used for measure-
ment of coolant temperature, temperature in accident condition and also as primary transducers. The
quality control of thermal contact is carried out during fabrication of SVRD assemblies.

In accordance with the performance specification of the SVRD assembly:

• The main permissible error of thermocouple's signal should not exceed the level of permissible de-
viation from the nominal static characteristics s e l by the thermocouple class according to IEC 584-2-
82 2.

• The nominal static characteristics a nd errors of the resistance thermometer's signal should correspond
to accuracy class A according to IEC 751-85.

• The thermal lag of thermocouples determined when the heat output virtually tends to infinity is below
0.2 seconds.

• The temperature measurement error due to radiation heat-up is above +0.03° C at absorbed dose rate
in the location of thermocouple below 10 Gy/seconds.

• The permissible temperature gradient of the passive thermostat device is below ± 0.05° C.

• Working range of thermocouples' temperatures:

monitoring of the coolant temperature: from 250 °C to 350 °C.

monitoring of the reactor temperature in accident condition — up to 1200 °C,

Despite their presumable traditional character, temperature measurements are one of the most complex
reactor measurements. The issue of temperature measurement on W E R reactors is so confusing that it is
impossible to examine it without the prior helpful hints on the general problems connected with the reac-
tor thermometry.

2. First of all, it is necessary to pay attention to the contents of the Russian standard, GOST 26635-85,
in which the following requirements are given:

"The basic reduced measurement error of the coolant temperature, °C, in locations should be below ±1.0
for thermocouples (with individual calibration).

The above text has a lot of contradictions, including:

• According to item 9.7 of GOST 16263-70 - the reduced error is "the relation of the error of the
measuring device to normalizing value. The reduced is usually expressed in percentage points".

• From here follows the apriori impossibility to meet requirements of the GOST standard, since
it is impossible to express a relative error in°C.

• As the matter consists in the basic error of the coolant temperature measurement, the normalized
value of the error pertains not only to thermocouples, but also to the whole coolant temperature
measurement channel with the inclusion of the secondary transducer, entering correction on the tem-
perature of cold junctions and, which is the most important, the procedural error, which is determined
either by the discrepancy between the thermocouple's temperature and coolant temperature, or un-
certainty of the concept of coolant temperature in case of jet flow and non-uniform heating in the fuel
assembly.

• According to IEC 584-1-77 the error of chromel/alumel thermocouple is + 1.5 °C for thermocouples
of class 1 and ± 2,5 °C for class 2. The error of entering correction on the cold junctions' temperature
cannot be below the error of determining their temperature with the help of the platinum resistance
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thermometer (± 0.35 °C at temperature of cold junctions equal to + 100 °C). It follows from here that
to obtain an errqrof ± 1.0 °C it is necessary to develop and carry out metrological certification of the
new measurement means, which characteristics are substantially better than the world level of
chromel/alumel thermocouples. It will be necessary to confirm that the deviation fromnominal static
characteristics will be kept within the limits substantially smaller than ± 1.0 °C during the whole
product's service life under the influence of neutron and gamma radiation, high temperature, me-
chanical loads (workhardness) during installation, removal, etc. In our opinion, even the measurement
of nominal static characteristics in the reactor with an accuracy higher + 0.33 °C (1/3 of 1.0 °C), as it
is required for confirmation of the invariability of nominal static characteristics, is now just about im-
possible task.

• the reference to "individual calibration" does not save the situation either.
• The individual calibration cannot decrease the measurement error, since according to GOST 16263-

70, and it is the basic Russian GOST standard on metrology, the calibration determines the confor-
mity of nominal static characteristics to the requirements of codes and rules instead of changing the
value of the basic error of the measurement means with de facto assignment of a new tolerance class,
which is not stipulated by the standards.

If we accept the assertion about a possibility to change the basic error with the help of calibration, one
cannot but conclude that it is possible to provide as much small measurement error as possible by having
bought a test installation with the appropriate characteristics.

Note: - In case we take the requirement of + 1 °C as a typing error and consider it as ± 1 %, which corre-
sponds to the general meaning of the GOST standard, then this value will reach ± 3.5 °C at the measured
temperature of 350 °C, which quite corresponds both to the state-of-the-art temperature measurement en-
gineering level and IEC 584-1-77.

At the same time the necessity of the maximum increase of the coolant temperature measurement accu-
racy is not subject to doubt. The heat-up of coolant in W E R reactors is 20 - 30 °C. Even if the measure-
ment error of coolant temperature at an fuel assembly inlet and outlet is ± 1 °C, , the error of determina-
tion of the temperature difference will be ± (7-10) %. With real values of the temperature measurement
error, the error of measurement of the difference will reach ± (23-35) %, which is inadmissible.

The information on the variables determining the technological process and condition of any object can
be received with the help of the following:

• measurement,
• monitoring,
• technical diagnostics,
• image recognition.

Measurement is the finding of the value of a physical variable by practical examination with the help of
special technical means.

The basic feature of measurement consists in reflection of the magnitude of a physical value by the num-
ber. The quality of measurement is determined by the measurement error. The response and the error of
the measurement means are the basic values describing measurement means during the measurement.

Monitoring is the verification of conformity between the condition of the control object and the set norm.
During the monitoring it is not necessity to know the absolute numerical value of the monitored value.
The task of monitoring consists in comparison of the monitored value with the set one. In contrast to the
measurement, the process of monitoring contains logic operations, it is more "intellectual".

The result of monitoring is the following:

• achievement of the monitored parameter of the set norm (value),

• deviation of the monitored parameter from the set norm (value).
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In essence, the monitoring can be carried out during the measurement process, i.e. there is determined the
difference of absolute magnitudes of values, one of which is the monitored and another the norm.

However, in most cases, the monitoring is carried out as a deviation of indications of a device from the set
values of indications of the same device or achievement by it of the set level.

The monitoring contains a number of operations intrinsic to measurements, and the issues of accuracy are
highly important for the monitoring.

The basic values for a measurement means during monitoring are sensitivity and limit of sensitivity of
the measuring device or transducer. The limit of sensitivity is the least change of magnitude of the
measured (input) value capable to cause the slightest change of indication of the measuring device or the
output signal of the transducer.

During the use of the same device as a monitoring means, its results are not influenced by constituents of
the error determined by variation of initial characteristics for different devices of the same type, which
make up the mane part of the error determined by the device class (basic error). Furthermore, when the
time of parameter change is small, processes do not influence measurement results, if characteristics of
devices (for example, change of the neutron detector response after burn-up) change slowly as a result of
their action.

Technical diagnostics is the procedure for detection of faults of individual elements of objects, i.e. de-
termination of the technical condition of the object of diagnostics. Technical diagnostics is carried out
with the help of test systems.

Recognition of image is the procedure connected with determination of conformity between the exam-
ined object and the set image.

The primary goal of image recognition consists in comparison of "reference" images with an object on the
basis of certain attributes and decision on assignment of the object to a certain image.

Various parameters are used for the characterization of the condition of a reactor or its elements (fuel as-
sembly) which can be divided into the following parameters:

• main process,
• describing degree of attainment of limits and conditions of safe operation,
• condition of equipment.

The main process in the reactor installation is generation and removal of heat.

These processes determine conditions of effective energy production at observance of conditions and
limits of safe operation.

At a certain condition of the fuel assembly the thermal capacity of the fuel assembly is determined by the
neutron flux density (neutron power of the fuel assembly).

The value of heat removal is determined by the increment of coolant enthalpy and coolant flow per fuel
assembly. The coolant flow rate determines not only the total amount of coolant flown through the fuel
assembly, but also the value of heat output at a given coolant temperature and pressure.

The value of heat output determines the temperature of fuel at preset values of coolant temperature, pres-
sure and power.

As SVRD detectors (KNIT, KNITT, KNIT2T and KHHTY) allow to measure power by two independent
methods, i.e. they do it by using observations of neutron detectors and by increment of temperature (en-
thalpies), so it is possible to determine the coolant flow rate using the equation:

G = W/(iout - iin) = Const- W/(Tout -Tin)
where: G is coolant flow r ate,

W is the power of a fuel assembly measured using SPND readings,

(iOut - iin) *s ̂ e increment of enthalpy;
(Tout -Tin) *s ̂ e coolant heat-up in the fuel assembly.
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The reactor design features (their core zone) bring a number of important traits in an issue of the main
process monitoring with reference to the fuel assembly.

For a case of vessel-type reactors (WER, PWR, BWR), there is a set of fuel assemblies (in core) in-
stalled in the common vessel. A part of the coolant flows in spaces between fuel assemblies and spaces
between fuel assemblies and the reactor vessel.

Hence, there is no unequivocal connection between the sum of coolant flow rates through fuel assemblies
(if the flow rate can be determined) and the total coolant flow rate per reactor.

Significant complexities arise also during the identification of results of coolant temperature measurement
at fuel assembly outlet for vessel-type reactors.

It is necessary to take into account for temperature at fuel assembly outlet that the coolant jet flow and its
non-uniform heat-up takes place in the fuel assembly and in the reactor as a whole depending on hydrau-
lic resistance of a given space between fuel elements and fuel element's power density forming the space
between fuel elements. Furthermore, there are jets which do not flow between fuel elements and are prac-
tically not heated up.

So, if the temperature measuring instrument is located close enough to the fuel assembly outlet, it can
measure the temperature of the jet which can substantially differ from the average temperature of coolant
flown through this fuel assembly. In pace with distancing of the temperature measuring instrument from
the fuel assembly outlet, the averaging of temperature takes place as a result of mixing jets flown through
the fuel assembly, but simultaneously the influence grows on the measured coolant temperature not flown
through the fuel assembly.

On the basis of the above, it is possible to draw a conclusion on the absence of unequivocal connection
between the values of temperature measured at the fuel assembly inlet and outlet, the increment of coolant
enthalpy determined on the basis of these values and the heat removed from the fuel assembly.

Hence, it appears just about impossible in the vessel-type reactors to carry out measurement of parame-
ters determining heat removal from concrete fuel assemblies, namely, the flow rate coolant per fuel as-
sembly and coolant temperature at the fuel assembly outlet corresponding to the average coolant tem-
perature flown through this fuel assembly.

It does not mean that the process of heat removal from concrete fuel assemblies is not observed.

From the point of view of hydraulics, reactor is a rather conservative system. The distribution of the
flow through fuel assemblies and the jet, in which the temperature measuring instrument is located at the
fuel assembly outlet, remain constant, in any event, until a sharp change occurs in the hydraulic mode of
reactor operation. For example, a stop of one ofreactor coolant pumps, closing of a gate, etc. can be at-
tributed to such changes.

At the steady-state reactor hydraulic mode, the conclusion about impossibility to measure the heat_re-
moved from the fuel assembly is fair. However, a change of either the flow through a certain fuel assem-
bly, or energy generated in the fuel assembly is determined precisely, since the temperature of the coolant
jet at the fuel assembly outlet correlates well enough with temperature in adjacent spaces between fuel
elements for this fuel assembly. Precisely in the same way flow rates in adjacent spaces between fuel
elements are proportional to the pressure difference per fuel assembly differing by the constant multiplier
which is equal to their hydraulic resistance. It should be also noted that the change of temperature meas-
ured by the same thermocouple is determined much more precisely than the measurement of absolute
value of temperature, since the variation of nominal static characteristics of the thermocouple and resis-
tance thermometer (error of correction on temperature of cold junctions) has almost no effect on the ob-
tained results.

It follows from the above that in case of decrease of the coolant flow rate through the fuel assembly (at
preservation of the power density value), there will be noted the increase of temperature measured by the
thermocouple at the fuel assembly outlet. At constant temperature at the reactor inlet (or fuel assembly
inlet), which is also determined with high accuracy by an increment of indications of the same sensor, the
increase of the temperature difference will be noted at the inlet and outlet of the fuel assembly, which will
serve as an evidence of deterioration of the heat removal conditions. It is necessary to note that a sensitiv-
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ity and accuracy of this method of monitoring surpass considerably the appropriate characteristics of the
method based on determination of the difference of temperatures received on the basis of the difference of
their measured absolute values. The main sensor's characteristic is the limit of sensitivity.

In this case we carry out supervision over the main process of heat removal as monitoring, at which we
do not know numerical value of monitored value (in any case, with sufficient accuracy), but we know its
change and correspondence with the set norm.

The allocation of two zones (admissible and inadmissible) is expedient for parameters describing
degree of attainment of safety requirements.

The task of operation is not to let parameters to go over the boundary of these zones or approach it dan-
gerously.

In this case there is no necessity to know the numerical value of monitored value. It is enough to fathom
its relative value in relation to the set norm (value).

The analysis shows that the temperature of fuel element's walls is the parameter determining (without
considering a possibility of destruction under influence of mechanical factors) the reliable work of fuel
element and core zone as a whole.

The temperature of fuel element's walls is determined by power density the fuel element and processes of
the heat removal from it. Conditions of heat removal are determined by the speed of flow (flow rate) and
temperature of coolant washing the fuel element.

The critical heat flux can arise both as a result of excessive power density and in case of violation of con-
ditions of heat exchange which can be caused by reduction of the coolant flow rate.

So, conditions of reactor safety determined by a necessity to exclude the fuel element destruction require
the monitoring of heat exchange and power density conditions in a fuel assembly (fuel element). The pa-
rameters determining these processes are parameters of the main process.

It is obvious that the information on the parameters determining the degree of attainment of limits and
conditions of reactor safe operation can be received by methods similar to methods of gathering of the
information on parameters of the main process.

However, the value of "intellectual" methods peculiar to the monitoring grows for reception of informa-
tion characterizing the degree of attainment of safety limits and conditions in comparison with the simple
measurement. During realization of operation of comparison done for reception of the measuring infor-
mation, the significant part of bias errors is excluded; it allows to lower the insensitiveness zone deter-
mined by bias errors during finding of the valid magnitudes of values characterizing parameters.

The existing design of fuel assembly of W E R reactor does not allow to place the thermocouple at the
fuel assembly inlet below the fuel zone, i.e. it is located in the zone, where the coolant is heated up- The
movement of coolant in the channel, where the assembly is located, is not organized- The inflow of cool-
ant in contrast to the channel with the fuel element is done due to relatively small apertures in the chan-
nel's plug and case. Hence, stagnant zones with unpredictable value of coolant local heat-up can be cre-
ated. Corrective action in this case is problematic, and it can hardly provide sufficient accuracy of meas-
urements-

The additional error is determined by the radiation heat-up, since the thermocouple in this case is located
in the zone of powerful radiation fields. Moreover, as thermoelectrodes go through the core zone, where
they are exposed to influence of neutrons which results in some change of their chemical composition, the
stability of thermocouple's nominal static characteristics during the fuel cycle it is far from obvious-
It is worth to pay attention to one more aspect of this problem. The coolant temperature in loops of reac-
tor coolant pumps is measured with high degree of accuracy by resistance thermometers. The variation of
temperatures in loops usually does not exceed (1^2) °C. it follows from the data on operation of thermo-
couples at the fuel assembly inlet in V-440 reactor of Lovisa NPP that the error determined by calibration
of thermocouples during operation can reach 1.5 °C, and the error determined by radiation effects in the
thermocouple can reach 5°C. ft is obvious that in case of locating the thermocouple in the bottom part of
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the core zone, the attempt is made to use the thermocouple for measurement of effects which value is
much less than the measurement error.

The operating principle of steam phase gauge is based on variation of heat-transfer coefficient of the out-
side surface of KNI thimble depending on the phase composition of environment, in which it is im-
mersed. The gauge incorporates heater and thermocouples (TPIU) arranged at some space from each
other along the height. The hot junctions of thermocouples have good thermal contact both with the heater
and with the sheath (thimble) of KNI detector- The temperature difference measured by thermocouples
depends on a phase status of environment, which is washing KNI sheath in area of thermocouples loca-
tion- It is possible to judge about availability of phase boundary according to the temperature difference-

The steam phase gauge is a discrete-type device. The amount of sensitive elements (monitoring points)
incorporating heater and thermocouple is limited by overall dimensions of the sheath, in which they are
placed-

It is possible to arrange no more than 3 monitoring points in the overall dimensions of the sheath of
SVRD assemblies for W E R reactors provided the presence in composition of the SVRD detector of 7
SPNDs and a thermocouple for measurement of coolant temperature. It is apparent that in case of en-
largement of the sheath inside diameter, this value can be augmented.

It is necessary to note that the availability of a big number of assemblies in the reactor allows to arrange
monitoring points in different assemblies at diverse levels, which ensures a rather representative moni-
toring either axially or in radial direction-

The characteristics of the level gauge are the following:

The resolution capability in respect to a fixed monitoring point in accordance with the technical docu-
mentation is below ± 50 mm, actually it is ± 20 mm.

The time delay is below 30 sec after passing of the coolant level of the set monitoring point including the
resolution area. We hope that in the nearest future we will be able to achieve the value of time delay of
about 1 second.

Figure 4 shows results of definition of the reactor coolant level on Novovoronezh NPP unit 4 during
drainage. During installation the levels of thermocouples in different SVRD assemblies differ by 20 mm.
It can be seen from the diagram that the sensors' resolution allows determine clearly the coolant level
with an accuracy not worse than 20 mm.
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The service life of SVRD assemblies in W E R reactors is limited by the feature of reactors' process, i.e.
by the periodic audit of reactor equipment (4-5 years). In order to perform the audit it is necessary to re-
move SVRD assemblies completely. It is obviously impossible to install the irradiated devices back in the
reactor.

The service life is much higher on reactors, where the preservation of SVRD assemblies is possible from
the process point of view and the burn-up is not so big.

The table below shows experimental data on reliability of SVRD assemblies with confidence probability
no less than 0.999.

Operation time, year

1
2
3
4

Probability of failure-free operation
SVRD
0.993
0.985
0.979
0.972

It is worth to note that virtually all faults are connected to the accomplishment of refuelling operations.
The fault of a SVRD assembly or a separate sensor was practically not observed in the period of time
between refuelling.
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