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1. Introduction 

The concept of failed fuel detection (FFD) is a 
component of the concept of maintenance of radio-
logical safety inserted in the NPP design. 

The radiological safety on NPPs is provided by 
consecutive realization of a protective principle 
based on application of system of barriers on the 
way of radioactive fission products (FP) release in 
the environment [1]. Barriers limiting the distribu-
tion of the radioactive FP are: 
• Fuel matrix; 
• Fuel cladding; 
• Primary circuit; 
• Tight containment, including primary circuit. 
The condition of each of the barriers must be con-
trolled during NPP operation and must be sus-
tained at a required state.  

At designing of NPP with WWER, the presence 
of some percentage of failed fuel rods from their to-
tal amount in core (maximum permissible number of 
untight fuel) during reactor operation is supposed. 
According to this limit the design decisions on the 
radiation protection, means of localization of acci-
dent radiological consequences, etc., are accepted. 

NPP designs with WWER have a limiting failure 
level of 1% of the total number of fuel rods in the 
core. Moreover, it is supposed, that the defects in 
0.1% fuel rods appearing in fuel cladding are se-
rious ones. 

The totality of these two specified limits of fuel 
rods untightness degree is established by the nor-
mative document [2], acting now in Russia and 
called "limit of safe operation".  

During the operation of NPP with developed de-
sign decisions, proceeding from determination of 
quantitative characteristics of fuel reliability (per-
missible limits on untight fuel rods number) is 
necessary to provide FFD in order to keep the 
radiation parameters of the first circuit and the 
NPP as whole in permissible limits at occurrence 
of failed fuel rods in the core. 

The essence of such management is to ensure 
the maximal possible operation situation with failed 
fuel rods within admitted by the design limits of 
radioactivity levels of the primary coolant and the 
secondary circuit, and also, if necessary to identify 
cases (or development of a situation), when the 
operation ceases to be normal within the frame-
work of the requirements established in specifi-
cations of fuel.  

The Russian FFD concept provides realization of 
the control both in operating and shut down reactor. 

 
 

2. FFD in Operating Reactor  

1. FFD in the operating reactor is a component of 
the radiation control system of the NPP unit and 
is intended for: 

• Identification of fuel rods depressurization 
moments during operation; 

• Perform quantitative assessments of damaged 
fuel rods in the core (their number and degree 
of defects); 

• Definition of the FFD optimum way and volume 
on shut down reactor depending on the results 
of the carried out quantitative assessments of 
damaged fuel rods in the core. 

The very first of the specified tasks is decided on the 
base of the measured FP activity levels in the 
primary coolant. The procedures of these measure-
ments in various NPP are different and are estab-
lished by the operational personnel, proceeding 
from the current tasks or problems, which take place 
during NPP operation, as a part of the maintenance 
and control of tightness of fuel rods. In some NPPs, 
a continuous control with use of the so-called mea-
suring equipment is provided, such as on-line, in 
others – periodic selection of the primary coolant 
probes with subsequent gamma spectrometry.  

The decision taking about the second of the 
specified FFD tasks during reactor operation is 
realized by means of comparison (according to a 
certain algorithm) of measured values of reference 
FP activity in the primary coolant with correspon-
ding calculated values, obtained by means of 
theoretical models and methods. The latter are ba-
sed on acceptance of diverse mechanisms of FP 
release from the fuel matrix and further from the 
depressurized fuel rod into the primary circuit. 

The use of the FFD-method capabilities in the 
operating reactor (i.e. of the carried out estimations 
results) allows to optimize the FFD procedure in 
the shut down reactor during fuel reloading – to 
reduce or not to carry out at all. 

The FFD instructions for WWER admit to drop 
out the FFD procedure in the shut down reactor 
during fuel reloading, if the FFD results on 
operating reactor show absence of untightness 
fuel rods in the core.  

At absence of failed fuel rods with large holes in 
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the claddings ("the contact of fuel to the primary 
coolant") in the core, in some cases also refusal of 
realization FFD procedure on shut down reactor can 
be admitted for all or only spent fuel assemblies 
(FA). It depends on the absolute values of referen-
ces FP radioactivity levels in the primary coolant.  

At presence of failed fuel rods with large cladding 
defects in the core ("contact between fuel and the 
primary coolant"), the refusal to conduct the FFD 
procedure on shut down reactor is not permissible. 
2. The aim to raise an economic efficiency of NPP 

operation by increase of the average fuel burn-
up initiated the precondition, proceeding from 
which in some cases continuation of operation of 
FAs with untight fuel rods can be admitted.  

To regulate the quantity of the untight fuel rods 
during operation, operation in the frames of the so-
called “operational limit”, which is 5 times more 
severe than the limit of safe operation, has been 
introduced [2]. 

Thus, according to the requirements [2] during 
NPP operation with WWER, the presence in the 
core of 0.2% of fuel rods with microdefects and 
0.02% with serious defects is permissible.  

The introduction of these operational limits 
satisfies the necessity to regulate the normal fuel 
operation based on the actually achieved level of 
its reliability (quality of manufacturing).  

At normal operation of NPPs with WWER, the 
amount of untight fuel rods is much lower than the 
operational limit. Therefore, achievement of an 
operational limit on untight fuel rods number was 
conceptually referred to the category of abnormal 
events and requires special consideration in each 
particular case. 

The presence of an operational limit allows to pre-
vent development of initial abnormal events into an 
accident and to provide a mitigation of the consequen-
ces arising from exceeding the operational limits. 

Such approach to preserve fuel reliability in 
appropriate limits during NPP operation is consi-
dered as the most consecutive for maintenance of 
reactor operation maximum efficiency within the fra-
mes of the available requirements on radiological 
safety.  

The FFD instructions establish the limit of FP 
radioactivity permissible level in the primary coolant, 
in correspondence with the operational limit on the 
number of untight fuel rods. Thus, the isotopes  
131-135Iodine are used as references radionuclides.  

 
 

3. FFD on a Shutdown Reactor 

1. FFD during reactor operation allows obtaining 
integrated (or average) characteristics of the fuel 
untightness degree in a current fuel loading. By 
means of this FFD approach, revealing of particu-
lar FAs with untight fuel rods is not possible.  

For revealing of particular FAs with untight fuel rods 

the FFD methods on shutdown reactor are used.  
The investigations of the fuel claddings condition 
on a shutdown reactor are carried out by means of 
various techniques, as directly in the core and with 
serial extraction of FAs from the core and placing 
in special devices. 

The set of the applied techniques depends on 
the concept of the revealed FAs with untight fuel 
rods use for the further operation. 

All FFD-methods used in shut down reactors of 
WWER type can be divided into two groups – 
radioactive and non-radioactive.  

The radioactive methods have a basic 
advantage over the non-radioactive, since they 
allow to connect results of FFD on shut down 
reactor to FP radioactivity in the primary coolant 
and further to use them for regulation of the 
radiological situation at the NPP during the next 
cycle.  

These methods are widely used at NPPs and are 
based on detection of gaseous (Kr and Xe radioacti-
ve isotopes) or volatile (I and Cs radioactive isotopes) 
FP, leaking from the fuel rods through the untight 
claddings. The FP release from depressurized fuel 
rods is initiated by various ways, first of all by means of 
hydraulic and thermal impact on the fuel rods. 
2. From the very beginning of NPP operation with 

WWER-type reactors, the wet canister method 
was applied as state and most information 
capable. This method is based on creation of 
pressure difference during FA checking in a 
special FFD stand, located in the coolant pool. 
By means of the pressure difference, the 
release of radioactive FPs from the untight fuel 
rods into the water of the FFD stand is initiated. 

Compared to other radioactive methods, the state 
FFD-method, used on NPPs with WWER type 
reactors, has two main advantages: 
• Independence of the measured characteristics 

(levels of FP radioactivity in canister water) 
during FA check on its residual heat, i.e. on the 
factor, which has been not connected directly to 
fuel clad untightness; 

• Proportionality of measured activity level of 
reference radionuclide 131I in the FFD stand water 
to the degree of fuel rods untightness. 

3. The aim at reducing time expenses to conduct 
the FFD procedure in shut down reactor, 
connected with FAs transport to the place of their 
checking, resulted in development of the various 
equipment, allowing to carry out FFD of FAs by 
means of "wet", "dry" or "vacuum" methods direct 
in the core ("sipping in-core” methods), and also 
in a mast of the refuelling machine (RM). 

It is necessary to point out, that "sipping in-core" – 
methods of FFD are most effective for FAs, having a 
shroud, in particular, for FAs of WWER-440. During 
FA check the shroud partially carries out the func-
tions of a canister and separates the investigated 
fuel rods in a FA from the others in the core. 
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Therefore, for shrouded FAs it is possible to reduce 
the influence of coolant inter-assembly mixing to the 
value of a signal measured during the checking – 
the level of the reference FP radioactivity in the vo-
lume under FA shroud. 

For unshrouded FAs (for example, WWER-
1000), it is essentially impossible to avoid the 
influence of this factor. For this kind of FAs, a FFD-
method in a mast of RM is more perspective. 

In the specified method, revealing FA with 
untight fuel rods is carried out on the base of FP 
radioactivity in the RM mast volume and is conduc-
ted during FA transport. 

The shown method represents a wet-gas ver-
sion of a sipping-test. 

FA is taken from the core during the standard 
procedure of reloading and is located in a RM mast. 
When at FA raising the pressure of water decrea-
ses, that initiates FP release from untight fuel rods. 
Moreover, during FA transport to the cooling pool, it 
is necessary to expect small fuel heating, as the 
conditions of water circulation through FA will be 
ceased. Both initiating effects increase FP radioac-
tivity in water volume of a RM mast. The presence 
of the raised gas activity during the measurement 
shows a preliminary operative signal about probable 
untightness of fuel rods. The statistical analysis of 
data, obtained during the measurement of all 
checked FAs allows defining more precisely FA with 
untight fuel rods. Such FAs subsequently are check-
ed in a canister of state FFD system.  

The use of the FFD method in RM mast allows 
combining the procedure of FA rods tightness test 
with transport operation during reloading FA from the 
core into the cooling pool. Thus, first the time of the 
FFD realization is reduced, and second, the volume 
of transport operations with FAs is essentially re-
duced, that promotes increase of safety of reactor 
operation. 

The FFD-method in RM mast has passed 
successful tests on Unit 4 of Balakovskaja NPP 
and now is being applied in others NPP units with 
WWER-1000 type reactors.  
4. The main task of FFD on shut down reactor is 

revealing those FAs, further operation of which 
is either impossible in principle (due to mecha-
nical damages etc.), or undesirable for the 
maintenance of normal radiation conditions on 
NPP during the subsequent refuelling. 

For FAs of the first group, a criterion of advance 
unloading was established. Should this criterion be 
reached, the FAs shall be removed from reactor 
unit disregarding of the achieved burnup.  

The criterion of advance unloading of a FA is 
the achievement of a level of 131Iodine specific 
activity of 3.7⋅106 Bq/kg (10-4 Ci/kg) in the water of 
the FFD stand (in recalculation at the moment of 
reactor shut down for reloading). 

The unloading from reactor of one or several FAs, 
which have not reached the criterion of advance un-

loading, is also admitted, if necessary or expediency 
to reduce the FP radioactivity levels in primary coo-
lant. This procedure (frequently called "criterion of a 
group unloading" recommends for a unloading from 
the core those FAs with untight fuel rods, which gave 
the greatest levels of specific 131I activity in the FFD 
stand water during the checking. 

The necessity of application of a "criterion of 
group unloading" can appear either in case of incre-
ased fuel depressurization and hence, occurrences 
of the raised amount of FAs with untight fuel rods in 
the core, or in the case of increased steam genera-
tors (SG) leakage (release of primary coolant into 
the second circuit). The presence of one of the 
specified situations, or their combination, can result 
in excess of the maximum permissible level of 131I 
activity in SG water, increase of radioactive FP rele-
ase from NPP in the environment and compelled 
shut down of the NPP unit. 

The decision taking about the realization of 
"criterion of a group unloading" always enters the 
competence of the NPP’s personnel and, in the 
end, depends on the radiological conditions at the 
NPP, as against the criterion “of advance unloa-
ding” by separate FAs, which requires the absolute 
performance. At such approach, the NPP person-
nel plans the following fuel reloading, proceeding 
from the really available radiation conditions at the 
NPP, the equipment state (first of all, SG), and 
also the available at the NPP fuel (fresh, spent and 
some more) suitable for further operation. 

 
 

4. Conclusion 

The nowadays FFD strategy at NPPs with WWER 
type reactors includes the following general appro-
aches: 
• Definition of necessity and extent of FFD during 

the shutdown period of the reactor by use of 
monitoring FP activity data of the operating 
reactor primary coolant; 

• Use of operative indicator FFD methods in the 
shutdown reactor ("sipping in-core" or in the 
mast of RM); 

• Checking of FAs with untight fuel rods, 
identified by means of operative indicator FFD-
methods, by state wet canister FFD method 
aiming at obtaining information for decision 
taking about their further operation.  
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