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Abstract 

 

The aim of this study is to compare the available in-core measured thermal-hydraulic and 

neutron-physical local (point) core data of the OECD/NEA Kalinin-3 Benchmark with the 

ATHLET-BIPR-VVER (A-BV) simulation results. In order to decrease the uncertainties 

coming from modelling of the primary and secondary NPP sides a boundary condition 

problem is defined on the base of the measure data. 
 

Introduction 
 

For two years OECD/NEA has started a multi-phase, multi-exercise benchmark [1]. A part 

of it is connected with the VVER-1000 technology. For this purpose a separate Benchmark [2] 

based on detailed measured data at the Russian NPP Kalinin-3 is being selected as a pre-step 

for the planed in the near future uncertainty analysis by coupled simulation of NPP with 

VVER reactors. A full set of integral and local NPP data is being selected during the 

commissioning phase of the Kalinin-3 NPP by performing an experiment of switching off of 

one main circulation pump (MCP) (number 1) by nominal reactor power. 

The results and the discussions presented in this paper are related to the simulation 

accuracy of the coupled code system ATHLET-BIPR-VVER [3] within the activities of the 

Kalinin-3 transient benchmark described in the specification [2] and it is also a step forward 

in revealing some sources of model uncertainties and the need of some new interpretation of 

the available measured data. Additionally, the need of complimentary studies is determined. 

Some preliminary results, model developments and peculiarities by simulation the transient 

are been reported in details in [4, 5, 6]. The aim of this work is to compare mainly the 

available in-core measured thermal-hydraulic and neutron-physical core local (point) data 

with the coupled code simulated one in a case of a thermal-hydraulic asymmetry. These 

comparisons are of very big importance by the validation of the coupled system code 

ATHLET-BIPR-VVER as they show the correctness of the adopted methodology by 

simulation of a pseudo 3D core thermal-hydraulics in a parallel thermal-hydraulic channel 

(PTHC) approximation and prove the influence and the importance of the interaction of local 

neutron-physical and thermal-hydraulic feedback parameters, which is in fact the main 

advantage of the „best estimate‟ 3D coupled code prediction capabilities compared to the point 

kinetics models. 



 
Model Description 
 

To eliminate the sources of uncertainties in modelling of the secondary side of the NPP, 

the ATHLET modeling was reduced to a boundary condition model. It does not implement the 

idea in the Exercise #2 (boundary condition problem) of the Kalinin-3 Benchmark [2] which 

aims to check the 3D neutron-kinetics model of the core by performing calculations at cold 

zero power and full nominal reactor power considering the core inlet and outlet thermal-

hydraulic parameters but to solve the boundary condition problem at a level – cold legs – hot 

legs. In that way the fluid mixing in the reactor pressure vessel (RPV) along the tract: cold 

leg, inlet nozzles, downcomer, bottom plenum, active core, upper plenum, outlet nozzles, 

should be simulated by the coupled code ATHLET-BIPR-VVER.   

Nevertheless, by the modelling of the primary loop its compactness is preserved and as 

fixed time dependent boundary conditions are used the measured coolant temperature at 

reactor inlet. For the loops #2, 3 and 4 are applied the measured temperatures of thermocouple 

(TC) #13 at cut “Г” (see Fig. 1). For the affected loop #1 two measurements are taken into 

account: till the time when a reverse flow appears - TH #12 of cut “Г” at the cold leg; and 

after that TC #2 of cut “A” of the hot leg (Fig. 1). The hot leg cut „A‟ is located at 6200 mm 

away from reactor vessel and the cut “Г” of the cold leg - at 10200 mm.  

To eliminate the modelling of the pressure and level controllers by the pressurizer and so 

the eventually inserted uncertainties by that, the measured pressure evolution at reactor exit 

(measured devices are located in the inner part of the RPV nozzles) is taken also as a 

boundary condition.  

In order to keep the correct coolant volume in the primary side as a boundary condition is 

considered additionally the water level in the pressurizer. With the exception of these three 

groups of parameters (the coolant temperatures of the cold loops at RPV inlet, system 

pressure and water level) all other parameters are simulated by ATHLET-BIPR-VVER code. 

At the phase of the steady state calculations the local hydraulic resistances in the RPV are 

tuned on the bases of the available experimental data of the RPV pressure losses. In order to 

model correctly the MCPs pressure losses the exact locations of the experimental points of 

pressure measurements before and after the MCPs are being taken into account. After 

performing of additional calculations the hydraulic moment of the MCP is being also tuned  

 



 

 

 

Fig. 1 Locations of the temperature monitoring casings in the primary circulation loops 

 

 



and as a result it was decreased in order to match the ATHLET pump model to the exact 

measured time of the reverse flow begin. 

The modelling and nodalization of the RPV is described in details in [3-5]. The main parts 

of the pseudo 3D RPV modeling consist of 16 parallel thermal-hydraulic channels (PTHC) 

with cross flows (CF) representing the downcomer; 128 PTHC with CF modeling the bottom 

plenum and the same number for the upper plenum; 2x163 PTHC without CF representing the 

163 fuel assemblies (active core) and the guide tubes for the control rod clusters (one per 

assembly). At the assemblies‟ heads, where the thermocouples are located the flow mixing 

partially is taken into account with the introduced correction coefficient based on the 

experience of the early defined mixing coefficients [5]. The meaning of this coefficient is 

separately discussed in this paper. In order to model correctly this region the information 

whether the fuel assemblies has or not inserted rods (or never can be controlled) is taken also 

into account. 

In order to compare with the measured data the inertia of the heat transfer process of the 

measuring temperature sensors is also taken into account by the ATHLET modeling. The 

experience reported in [5] is being considered. 

The heat objects are assigned to the fuel assemblies‟ models and also to the guide tubes 

and have a total number of 2x163. 

Neutron-physically the core is radially described by BIPR-VVER code with 163 nodes 

and axially with 10 nodes per fuel assembly. Introduced are reflector „assemblies‟ to simulate 

the presence of the radial reflector.  

The above described model coincides to our methodology aiming to achieve a high 

simulation accuracy for the RPV parameters (acceptance criteria) by decreasing the sources of 

uncertainties (in this case the influence of the secondary loop and all controllers connected 

with it) and taking into account the measured data as boundary conditions. In this way can be 

adapted and tuned the input thermal-hydraulic parameters and the equipment characteristics 

(f. e. pumps) of the primary loop and RPV to the real, specific properties and peculiarities of 

the studied NPP at the moment of performing the experiments. 

Results, comparisons and discussions 
 

After switching off of MCP #1 the reactor power is automatically decreases in 71 s to 67.8 

% Pnom according to the measured data histories, by insertion at the beginning of control rod 

group (CRG) #10 and later on - CRG #9. At time t= 29 s a reverse flow in the affected loop #1 

takes place. That leads to a rapid redistribution of the coolant flow through the reactor 



pressure vessel resulting into a spatially dependent coolant temperature change. This leads to 

an asymmetric power distribution that is being recorded by the local in-core temperature and 

neutron flux measuring devices. Thereby, the simulation of the transient requires evaluation of 

the core response from a multi-dimensional perspective (coupled 3D neutronics/core thermal-

hydraulics). After 300 s the reactor parameters stabilize. 

Of primary interest for our investigations are the comparisons of the measured data of 93 

thermocouples at the core exit and the data of the self power neutron detectors located at 7 

axial layers in 64 fuel assemblies. For all of them measured data is available with a time 

resolution of 1 s. 

Last years extended studies [3-6] are being performed to describe correctly the 

complicated coolant mixing at the places of the thermocouple locations at the active core exit 

(at 93 assemblies‟ heads).  This problem is of high importance while if not solved it will make 

impossible to validate the coupled code on the only one available set of local coolant 

temperature measurements in the core. Due to the peculiarities of the assembly head 

construction the measured temperature is not in fact the real assembly coolant temperature but 

mainly the temperature of the coolant coming out from the control rod guide tubes mixed very 

weakly with the assembly coolant temperature. To solve this problem it was introduced on the 

basis of many calculations and statistical analysis mixing coefficients at assembly heads. The 

following correlation was proposed [3-6] to restore the correct signals‟ values of the 

thermocouples - TTC : 

 

TTC = (TGT + CM * TASS ) / ( 1 + CM) 

where, 

TGT  -  guide tube coolant flow temperature  

TASS - fuel assembly coolant flow temperature 

CM    - mixing coefficient (0.2) 

 

In the previous studies a tendency was observed for overestimation of the predicted 

coolant temperatures for those assemblies which are not controlled. In all other cases a 

tendency is observed of underestimating the predicted local coolant temperatures which could 

be due to the fact that the assemblies can be controlled and in that way the flow through the 

guide tubes will be decreased, and as a result of that the flow mixing in the assembly head 

will be changed. On the basis of the experience gained, in this study has been introduced a 

more general description of the mixing coefficients applying the so-called correction 

coefficients (CC) concept. 

 



       CC = Ggch(Texp –Tgch) / Gass( Tass - Texp) 

where, 

Ggch  -  guide tube coolant mass flow  

Tgch  -   guide tube coolant temperature  

Texp  -   experimental  coolant temperature at the head of assembly   

Gass -   fuel assembly coolant mass flow temperature 

Tass -    fuel assembly coolant temperature 

CC  -     correction coefficient 

 

  The CC includes not only the mixing coefficient change but also the eventual deviations 

and errors by describing with the PTHC model in ATHLET the coolant mixing at the 

downcomer and the bottom plenum. This coefficient in fact is a quantitative characteristics of 

the maximum possible heat flow that can receive the TC from the main assembly coolant flow 

plus the influence of the direct control rod heating (in case that the rod is inserted) and the 

deviations by coolant mixing at core inlet. Fig. 2 shows the assembly numbering and the 

radial core locations of the different CRGs. Figures 3-6 display the CC changes during the 

transient for some assemblies with CRGs and without any CRGs.  Fig. 3 and 4 exhibit the CC 

for assemblies with CRG #9 and #10 that are moved during the transient and Fig. 5 – for 

assemblies with CRG #8 which are not moved during the transient and are positioned at the 

reactor top reflector. Figure 6 indicates the CC for assemblies which can never be controlled 

(i.e. the guide tubes above the core are free for the flow).  

 

                              
Fig. 2 Radial control rod positions and the locations of fuel assemblies (yellow colour) 

mounted with the both sensors (a thermocouple and SPNDs)  



The assemblies presented in Fig. 6 have numbers 29, 60, 71, 80, 87, 98, 114, 124 and they are 

the only ones that have the two types of local sensors mounted – a TC at assembly outlets and 

SPNDs at 7 axial layers. Analyzing the information in these figures the following 

observations and conclusions can be done:  

 The CCs values in case of never controlled assemblies (Fig. 6) are the highest at steady 

state (from 1% to 2.1%) and remain during the transient in the range of 0.3% to 1.2% 

rather compact for all assemblies with an exception of assembly #80.  By later the steady 

state value is 2.5% and reaches the value of 6.5% during the phase of the reverse flow. 

The location of assembly #80 (see Fig. 2) is exactly at the edge of the zone of the core 

which is attached to the affected cold leg #1 on the border with zone attached to cold leg 

#4. The assembly #29 is located at the center of the affected zone and has a CC like the 

other assemblies. These observations lead to the conclusion that the interface parts of the 

core zones belonging to different cold legs generate the greatest modeling errors mainly 

due to the errors by fluid mixing description at core inlet (corresponding downcomer and 

bottom plenum).  

 The minimum CC by steady state is observed in case of CRG #8 assemblies (see Fig. 5) 

(from 0.1% to 0.55%). Nevertheless, it is observed for 2 assemblies (#67 and #90) located 

around the interface zone the same behaviour of the CCs during the transient like by 

assembly #80 which confirms the above conclusions.  Additional confirmation is to be 

seen in Fig. 4 for CRG #10 assembly #106 (a very big peaking value of the CC in the 

phase of the reverse flow). 

 Comparing all assemblies with CRGs (Fig. 3-5) and removing for the analysis the curves 

of CC for assemblies with the peaking values (located at the interface zone) it can be 

concluded that there is a correlation of the CC according the control rod insertion and 

movement. The smallest CCs (about 0.4%) are for the CRG #8 assemblies (never moved 

during the transient) and the biggest by CRG #10 assemblies (about 1.5 %). In between 

are the values of the CC for CRG #9 assemblies (0.4% by steady state but increasing to 

0.8% during the transient).  

 At the time moment of 180s in Fig. 3 it can be observed also very clearly that a ramp of 

the CC takes place connected with the rod movement at that moment. This effect proves 

the necessity of detailed modeling of the local thermal-hydraulic processes to interpret 

correctly the measured TC data. Till now such a model is not available in ATHLET. 



 The above facts prove that each assembly needs to have its own CC depending on the 

status of the assembly (controlled or uncontrolled) and it must be also correlated to the 

CRG movement.  

 The small values of CC in all cases confirm the assumption that the TCs detect mainly the 

coolant flow temperature coming out from the guide tubes.  

 To determine the correct CC it is necessary to be performed simulations with CFX codes 

and the ATHLET model to be further developed and particularized. To meet these 

requirements a new model for the RPV [7] is being developed in ATHLET which is under  

      validation. 

 

 

 

 

 

Fig. 3 CC history during the transient for all assemblies controlled by CRG #9 

 



 

 

Fig. 4 CC history during the transient for all assemblies controlled by CRG #10 

 
Fig. 5 CC history during the transient for all assemblies controlled by CRG #8 



 

 

 
Fig. 6 CC history of 8 assemblies mounted with both sensors (a thermocouple and 7 SPNDs) 

 

SPND data analysis 
 

The main results of the performed comparisons with the measured SPND data are 

presented in Table 1. The relative deviations (RD=(Xmeasure-Xcalculated) / Xmeasured) and standard 

deviations (SD) are being calculated for the whole set of available measured points (64 

assemblies with 7 layers for 300 s). Similar estimation has been performed in [6] but with full 

(primary and secondary loop) models of ATHLET-BIPR-VVER coupled code. The total SD 

has a value of 4.79% and the maximum RD is in the range of -2.51% to +8.8%. 

 
Table 1 Layerwise RD and SD for all SPND readings at all time points 

 

 

 

 

A negative RD is observed for the first core layer of SPND sensors (bottom part of the core) 

and a positive RD is denoted in the last (upper) core layer (#7) of SPNDs. That shows that the 

layer   1 2 3 4 5 6 7 tot 

RD, % -2.5 -1.6 -5.2 -5.1 5.5 2.7 8.1 0.85 

SD,%  4.4 3.3 2.9 3.3 3.7 4.7 8.8 4.79 



calculated power distributions are over predicted at the bottom part of the core and under 

predicted it in the upper part.  

 

 
Fig. 7   Comparison of axial power distributions for assembly #60 at t=0 s and t= 300 s 
 

 
 
Fig. 8 Layerwise relative deviation histories of all SPNDs for all time moments 



 

 
 
 
Fig. 9 Time dependent relative deviations of layer #1 of 7 selected assemblies with both 

sensors (a thermocouple and SPNDs) 
 

 
 
Fig. 10 Time dependent relative deviations of layer #7 of 7 selected assemblies with both 

sensors (a thermocouple and SPNDs) 



 

 
 
Fig. 11 Standard deviation change as a function of SPND locations‟ axial shift 
 

Examples which confirm that can be seen in Fig. 7 and Fig. 8. In Fig. 7 are compared the 

measured axial power distributions before and after the transient for assembly #60. Figure 8 

denotes the RD evolution for each separate layer with SPND sensors during the whole 

transient. All layerwise RD histories of SPND readings increase during the phase of the 

reverse flow. In Fig. 9 and 10 are shown the time histories of RD of layer #1 and layer #7 for 

the assemblies mounted with TC and SPND sensors. Their time histories qualitative do not 

differ from the layerwise RD histories. Of great interest is the analysis of assembly #80 RD 

time evolution; it can be seen that it has the maximum deviations compared to the other 

assemblies for level #1 (Fig. 9) and for level #7 (Fig. 10) (green curves). Similar behaviour 

(maximum values) of the CC was observed in Fig. 6 by the analysis of TC data. Both facts 

show undoubtedly the effect of the coolant mixing inaccuracy modeling in the intermediate 

zones of the active core. For all other assemblies with SPNDs the reason for the systematic 

change of the RD along the axial direction cannot be interpreted at this moment. The same 

effect was observed by performing the analysis with the full NPP ATHLET-BIPR-VVER 

model in [6]. There is a lot of modeling and experimental parameters that can be the reasons 

for the deviations which are going in the future to be analysed within the activities of 



OECD/NEA Benchmark [1]. Nevertheless the accuracy of ATHLET-BIPR-VVER prediction 

of the local SPND readings is rather good and has a mean value of sigma 4.79%. 

Concerning the observed systematic overestimation problem of SPND readings at the 

bottom part of the core and underestimation at the upper part, the idea of a shift of all SPND 

axial positions is being tested. It can be seen in Fig. 11 (black curve) that the implementation 

of a 40 mm shift of SPND locations in the direction towards the bottom of the core increases 

the accuracy of the SPND code predictions (SD decreases approximately with 1.2 %).  It is 

not possible to conclude still whether it is a modeling problem or a measurement effect. 

 
Summary 

 

Performed is analysis of the OECD/NEA benchmark transient switching off one MCP by 

nominal power as a boundary condition problem in order to decrease the sources of 

uncertainties eliminating the influence of the NPP secondary side modeling. Compared and 

analyzed are mainly the local in-core parameters – assembly outlet coolant temperatures at 93 

measured points and SPND powers at 7 layers of 64 fuel assemblies. Revealed are some 

sources of inaccuracy and methods to be decreased and in that way an important step is done 

for future  performing of uncertainty and sensitivity analysis in the frame of the OECD/NEA 

activities. 

The analysis of the simulations performed has proved that the coupled system code 

ATHLET/BIPR-VVER allow predicting of global and local parameters with a rather good 

accuracy. The applied methodology by performing coupled analysis proved its efficiency and 

accuracy and is an important step towards the overall validation of the coupled system code 

ATHLET-BIPR-VVER on real plant measured data. Defined are also some important future 

developments in the coupled code modeling methodology which is expected to increase the 

accuracy of prediction. 
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