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ABSTRACT 
This work is devoted to validation of western thermal-hydraulic codes (RELAP5/MOD3.2 and ATHLET 1.1 

Cycle C) in application to Russia designed light water reactors of RBMK type. Such validation is needed due to features 
of RBMK reactor design and thermal-hydraulics in comparison with PWR and BWR reactors for which these codes 
were developed and validated. These validational studies are concluded in comparison of calculation results obtained 
with the thermal-hydraulics codes with the experimental data obtained earlier with the thermal-hydraulics test facilities. 

INTRODUCTION 
Computer codes such as RELAP5, CATHARE and 

ATHLET are now widely used in Russia. All these 
computer codes were developed for western PWR and 
BWR type reactors. RBMK type reactors do not have 
analogs in the world and have unique thermal-hydraulic 
processes. Features of design and operation of RBMK 
reactors make it necessary to validate western codes. In 
the framework of the US/Russia International Nuclear 
Safety Center joint project "Computer code validation for 
transient analysis of VVER and RBMK reactors" 
validation of RELAP5 has been systematic. Russian 
experts initiated validation of ATHLET code in parallel 
with validation of RELAP5/MOD3.2. 

CODE VALIDATION PROCESS 
Leading experts of Russian organization EREC, RRC 

KI, ENTEC and RELAP5 code developers from INEEL 
(USA) have developed a validation procedure and 
prepared general Guidelines. All the regimes and 
phenomena that can take place under RBMK operation as 
well as all the test facilities that can model those regimes 
were selected for validation calculation fulfillment. The 
experimental data was reviewed to assess its suitability 
and quality. The feasibility of using the identified test data 
in the standard problems was confirmed (RBMK 
validation prioritization, 1997). 

The RELAP5 code validation plan for application to 
RBMK reactors identifies 12 potential standard problems 
that could be defined with existing Russian experimental 
data. The complete list of selected standard problems is 
shown in Table 1. 

Now validation studies have been performed for two 
Standard Problems from the list of potential standard 
problems: 

• Flow Stop under Decay Heat Removal (Standard 
Problem INSCSP-R1); 

• Hydrodynamic instability in parallel channels 
(Standard Problem INSCSP-R5). 

TABLE 1. List of selected standard problems 

Standard 
problem 

Description Test 
facility 

INSCSP-
R1 

Stop flow under decay heat, 
36-rod bundle 

KS at 
RRC-KI  

INSCSP-
R2 

Water discharge, reflood, 
propagation of wetting front 
under nominal power 

KS at 
RRC-KI 

INSCSP-
R3 

Drum separator level 
dynamics 

Smolens
k NPP 

INSCSP-
R4 

Break up of natural 
circulation under emergency 
cool down conditions 

BM at 
RDIPE 

INSCSP-
R5 

Hydrodynamic instability in 
parallel channels 

108 at 
EREC 

INSCSP-
R6 

Drum separator void 
distribution 

NPPs 

INSCSP-
R7 

Void fraction distribution in 
RBMK fuel channel 

BM at 
RDIPE 

INSCSP-
R8 

Heat transfer under 
operation of top emergency 
cooling system 

BM at 
RDIPE 

INSCSP-
R9 

Hydraulic characteristics and 
operation of DGH CV 

CV at 
EREC 

INSCSP-
R10 

Countercurrent flow, 18-rod 
bundle 

KS at 
RRC KI 

INSCSP-
R11 

Dryout in cooling channels 
of control and protection 
system 

CPS at 
RDIPE 

INSCSP-
R12 

Fuel channel hydraulic 
resistance 

KS at 
RRC KI 



 

 

The results of analyses are presented in this paper. 
Within the Project code results are compared using 

the Excellent, Reasonable, Minimal and Insufficient 
criteria. Excellent and reasonable agreement are 
considered acceptable. 

STANDARD PROBLEM INSCSP-R1 

Test Description 
The full title of the first standard problem is: KS Facility 

Experiments on Coolant Flow Stop under Decay Heat 
Removal on RBMK Fuel Channel Model, conducted at the 
Russian Research Center – Kurchatov Institute. The 
phenomena that are covered by the data in this experiment are 
the countercurrent flow and countercurrent flow limitation 
(CCF/CCFL). The experimental data that was readily 
available was based on stop flow tests at the KS facility using 
a 36-pin fuel bundle simulator (Data on RBMK standard 
problem, 1997). 

The KS facility (Fig. 1) as used in these experiments, 
simulates the main forced circulation loop of an RBMK 
primary circuit. The primary circuit includes models of all the 
main elements of the RBMK main forced circulation loop 
including: (1) pressure header (PH), (2) group distribution 
header (DH), (3) lower water communication lines (LWC), 
(4) an isolating control valve (ICV), (5) a full-size fuel 
channel (FC) with (6) an electrically heated fuel assembly 
(FA), (7) the lifting path with (8) assembly suspension, and 
(9) steam water communication lines (SWC). The SWC 
horizontal section has a slope of 0.7°. The upper horizontal 
header (10) and three vertical separators (11) do not model 
real drum separators but provide boundary conditions in the 
circuit outlet. The electrically heated bundle simulating the 
fuel assembly contains 36 elements of 10 mm of diameter. 
This bundle represents a model of the FA with higher than 
normal uranium-water ratio. The real RBMK fuel assembly 
has 18 elements with diameter of 13.6 mm. The facility has a 
feature that is not typical of the RBMK channel, that is the 
horizontal outlet from the FC model to the lifting path. 

Table 2 lists the initial conditions of the nine different 
tests included in the standard problem. The tests started with 
the fast shut down of the ICV, representing a flow stop while 
maintaining the heat release. The runs were performed under 
constant pressure. The level in the drum separators was 
maintained within an acceptable range. 

Countercurrent two-phase flow occurs after closure of 
the ICV when water comes down from the separators. 
This phenomenon can be maintained as long as there is 
enough water in the separators. Increase of the thermal 
load leads to water carry-over by steam in the horizontal 
sections of the SWC whereas water remaining in the 
lifting path section still goes down to the core. The lifting 
path section slowly fills up with steam. However the FA is 
submerged in water under bubbly regime as long as there 
is water volume above the core. As the water level 
decreases in the channel, heat removal in the upper 
section of the FA deteriorates. 

 
FIGURE 1. KS Facility as used in the stop flow tests for 

an RBMK fuel channel 

TABLE 2. Initial conditions for stop flow tests 

FA 
power 
kW 

Inlet 
pressure 
MPa 

Inlet 
temperature 
K 

Inlet flow 
kg/sec 

96.2 4.72 515 0.583 
108.1 6.78 539 0.525 
128.6 6.78 537 0.516 
155.0 6.59 537 0.539 
161.0 4.41 514 0.583 
201.0 7.52 532 0.525 
201.5 5.12 507 0.566 
251.0 7.86 538 0.533 
257.0 5.19 515 0.564 

At high powers, with the countercurrent flow limitation 
in SWC, water is carried over by steam in the upper section of 
the core. In this case the mass flow rate of steam in the core 
exceeds the mass flow rate of the water coming down from 
the upper section. Further increases in thermal power lead to 
the countercurrent flow limitation (CCFL) with local 
evaporation inside the core. 



 

 

The deterioration of heat removal is identified by an 
increase in the fuel element (FE) temperature. To 
determine drainage of the FC, measurement of pressure 
drops was performed. Hydrostatic head determines the 
values of the pressure drops during counter current flow 
process. Thus, decrease of a pressure drop indicates 
drainage of the section. 

In all tests, which were chosen for the standard 
problems, the counter current flow limitation occurred in 
the SWC. 

RELAP5/MOD3.2 Validation analysis results 
On the basis of validational analysis performed the 

following results were obtained. 
Interfacial drag is poorly estimated in horizontal 

stratified flow. It appeared not possible to reach sufficient 
counter current flow restriction in the SWC with 0.7°. It 
was necessary to set SWC inclination to 0° to provide 
water carry over by steam. 

When the thermal power is low, initiation of 
deteriorated heat exchange, after coolant flow stop, is 
controlled by the lifting path section drainage. Consider test 
SF-108 (Q=108 kW, Fig. 2). After flow stop, decrease of 
the pressure drop in lifting path section ∆P3-2 indicates 
drainage of this section. At this time, balanced counter 
current flow still exists in the up-flow leg (∆P3-4) and in the 
core (∆P16-4). The pressure drops remain constant. Drainage 
of the leg is indicated by the beginning of a sharp decrease 
in ∆P3-4. The sharp decrease of ∆P16-4 indicates drainage of 
the core model. The graphs of calculated pressure drops 
satisfactorily agree with the test data. 

∆P16-4

∆P3-2∆P3-4

 
FIGURE 2.  Test SF-108 Experimental and RELAP5 

Calculated Pressure Drop 

The FA drainage and deteriorated heat exchange with 
higher powers occur before lifting path drainage in both 
test and calculation. However the time period from the 
initiation of flow stop till deteriorated heat exchange onset 
is significantly shorter in the calculations. 

Dependency of (time to dryout)-1 vs. FA power is 
shown in the Fig. 3. For calculation of inter-phase drag in 
the heated segment, correlations were used for the FE 
bundle (EPRI correlation (RELAP5/MOD3 Code Manual, 
1995)). In the lifting path and in the SWC, friction was 
modeled with a smooth channel correlation. The graphs 
show that under low power (when initiation of dryout is 
controlled by the lifting path section drainage) agreement 
between test and calculations is considered acceptable. For 
higher power (when counter current flow restriction occurs 
in the core) the calculated time of initiation of deteriorated 
heat transfer is significantly shorter than in the test. 
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FIGURE 3.  Comparison of RELAP5 calculated  

and experimental deteriorated heat transfer  
(1/t versus thermal load Q) 

In general based on the adequacy standards 
(Guideline for performing code validation, 1997) 
agreement between calculation and tests results is 
considered “minimal”. 

Continued investigations are needed for the bundle 
interfacial drag correlation, horizontal flow regime 
interfacial drag and CCFL. 

ATHLET 1.1 Cycle C Validation analysis 
results 

The calculations for selection of an optimum 
nodalization scheme revealed that the time between 
coolant flow stop and initiation of deteriorated heat 
exchange is significantly affected by the nodalization of 
the SWC. With a larger number of control volumes in the 
SWC there is partial carry over of water from the HSWC 
by steam, hence the amount of steam generated exceeds 
the amount of liquid passing downward to the core, which 
leads to gradual drainage of the lifting path and then of the 
FA model. The time between coolant flow stop and 
initiation of deteriorated heat exchange is larger in 
calculations than in tests. That is why the SWC slope 
angle of 0° was accepted for the base calculation series. In 
this case the SWC noding does not significantly affect the 
results. 



 

 

When the thermal power is low, initiation of 
deteriorated heat exchange, after coolant flow stop, is 
controlled by the lifting path section drainage. Consider 
test SF-108 (Q=108 kW) as shown in Fig. 4. Pressure 
drop ∆P2-3 decrease indicates drainage of the lifting path 
section. Initiation of heated section drainage is indicated 
with pressure drop ∆P16-4 decrease. The graphs of 
calculated pressure drops satisfactorily agree with the test 
data. 
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DP 
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FIGURE 4.  Test SF-108 Experimental and Calculated 

Pressure Drops 

The plot of the time period between coolant flow stop 
in the FC inlet and the initiation of deteriorated heat 
transfer (1/t versus thermal load Q) is shown in 
Fig. 5. Similar to RELAP5, ATHLET gives satisfactory 
agreement between test and calculations under low 
thermal power and conservative results for high thermal 
power.  
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FIGURE 5.  Comparison of ATHLET calculated and 

experimental deteriorated heat transfer (1/t versus thermal 
load Q) 

For higher power cases drainage of the core starts 
before complete drainage of the lifting path. In the 
calculations, local dryout in the FA occurs much earlier 
than in the test. 

In general, the agreement between tests and 
calculations can be considered as a “minimal” per the 

approved adequacy standards (Guideline for performing 
code validation, 1997). 

Conclusions of R1 Analysis 
It may be concluded from the validation analysis that 

RELAP5/MOD3.2 and ATHLET 1.1 cycle C simulate all 
regimes and phenomena of the test and correctly track all 
trends that are affected by the thermal load change. But 
agreement between the calculation and test results is 
considered to be “minimal”. Models and correlations used 
in these codes need to be improved. 

It is not possible to make final conclusion on 
RELAP5 and ATHLET modeling adequacy of the 
CCF/CCFL phenomenon due to the following reasons: 
• the bundle is a model of an advanced FA that is 

significantly different from the normal FA; 
• the geometry of the Fuel Channel model is different 

from the geometry of RBMK Fuel Channel; 
• no heat release of graphite blocks was modeled; 
• there is no experimental data on void fraction 

distribution in different cross-sections of FA model, 
which makes it difficult to analyze rods’ dryout. 

STANDARD PROBLEM INSCSP-R5 

Test Description 
INSCSP-R5 (Study of Thermal Hydraulic Stability in 

Parallel Channels in the Primary Circuit) is based on the 
Facility 108 at EREC (Standard Problem INSCSP-R5 
Definition). The phenomenon covered by the data in this 
experiment is the oscillations between parallel channels 
under forced and natural circulation. 

Thermalhydraulic instabilities in parallel heated 
channels may occur during normal or transient operation 
in RBMK reactors under certain combination of operating 
parameters. The instability leads to oscillations of flow 
rates in parallel channels while total pressure drop and 
flow rate at the bundle inlet remain constant. Such 
oscillations may lead to critical heat flux conditions. To 
ensure safe operation of RBMK reactors it is necessary to 
know the range of parameters within which no thermal 
hydraulic instability occurs as well as methods to widen 
these ranges. 

The test facility EREC-108 is shown in Fig 6. The 
facility models 6 RBMK parallel heated channels. The 
main components are: (1) pressure header, (2) lower water 
communication lines (LWC), (3) electrically heated test 
section (no FA model, direct heating of the walls is used), 
(4) steam water communication lines (SWC), (6) 
centrifugal pumps, (8) suction header, and (5) bypass line. 
Throttle valves are used in the SWC to model hydraulic 
resistance. Smooth and corrugated (to properly model 
hydraulic resistance in the reactor) channels are used in 
the test sections. Uniform power generation is used in 
uniform tubes, and cosine-shape power is used in the 
corrugated channels. The inlet temperature is regulated 
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and maintained constant. The separators (7) are used to 
maintain the outlet pressure constant. 

 
FIGURE 6.  Schematic view of the test Facility 108  

at EREC 

Elevation scale of the fuel channel system 1:1; 
Volume and power scale  1:7200. 
A summary of the cases run and included in the 

standard problem is listed in Table 3. 

TABLE 3.  Sets of tests at Facility 108 included in 
standard problem INSCSP-R5, with parameter ranges:  

Psep – separator pressure; mi – mass flow at inlet;  
Tcol – coolant temperature at header inlet;  

qw – channel heat flux; ξswc – hydraulic resistance for 
steam water communication lines 

Case Description Psep 
MPa 

qw 
Mw/m2 

Tcol 
°C 

ξξξξswc 

2a 
2b 

Uniform 
heating; 
smooth 
channel 

7 0.6 130–280 3.5 
14 

2c 
2d 

Uniform 
heating; 
smooth 
channel 

7 0.4 94 – 280 3.5 
14 

2e 
2f 

Cosine 
symmetrical 
heating; 
corrugated 
channel 

7 0.6 154 – 278 14 
 
14 

The tests were conducted by decreasing the inlet flow 
in a stepwise manner (1-3% of initial value) until 
oscillations appeared. Prior to the flow reductions, 
pressure, heat load, coolant temperature and flow rate 
were set up to initial values until steady state was reached. 

When oscillations appeared, the system conditions were 
maintained until the parameters (period and magnitude) 
were stable. The stability boundary was defined as a set of 
parameters corresponding to the onset of flow rate auto-
oscillations with minimal magnitude in any of the parallel 
channels. The tests were conducted for different coolant 
inlet temperatures. 

For some cases the boundary of stability is difficult to 
determine by means of flow rate decrease. For such cases 
different scenario was used. Slow decrease of coolant 
temperature in the inlet with rate of ≈1°C/min with 
constant flow rate in the Pressure Header inlet was used. 
Temperature in the Pressure Header inlet was decreased 
till steady oscillations initiation. Return to stability area 
was achieved increasing the temperature. Then test was 
repeated for different value of mass flow rate in the inlet. 
Points of the stability boundary obtained with this 
approach have close values of coolant temperature in the 
Pressure Header inlet and different values of mass flow 
rate. 

For each series of tests the boundaries of thermal 
hydraulic stability were drawn using the following 
dimensionless parameters as coordinates (1, 2). 
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where: 
il,sat enthalpy of saturated liquid under pressure in the 

heated channel inlet, J/kg; 
icol enthalpy of subcooled liquid in the header, J/kg; 
l latent heat, J/kg; 
m∑ total mass flow rate through all the channels, kg/s; 
Q∑ total heat load of all the channels, W. 

Measurement errors of main parameters are as 
follows: 

σP = ±1.9%; σm = ±6.4%; σt= ±1.5%; σ∆Ρ = 
±6.9%; σqw = ±6.8%; σtw = ± 10%; σξ = ±10%. Where: 
P–pressure, N/m2; m–mass flow rate, kg/s; 
t–temperature,°C; qw–density of heat flux, W/m2; 
ξ–friction loss factor. 

RELAP5/MOD3.2 Validation analysis results 
Validation analyses of the problem were performed. 

Uncertainty bands due to errors in input data (separator 
pressure, SWC and LWC loss factors, coolant temperature 
in the inlet Tin) were estimated to analyze the agreement 
of experimental and calculated data. An additional 
analysis was performed varying important parameters 
within their measurement errors. The analysis has shown 
that losses of the SWC and LWC have a major impact on 
the stability of boiling coolant flow. Therefore the 
uncertainty bands were calculated varying these hydraulic 
resistances within a range of ±10%. For example 
boundaries of stability for forced circulation are shown in 



 

 

the Fig. 9, 10. Results of some calculations to determine 
points of the stability boundary are shown in Fig. 7, 8. 

From analysis of these plots it is possible to conclude 
the following. Most of the experimental points for regimes 
with throttling valve in the SWC inlet (ξswc=14) lay inside 
of the calculated uncertainty band. Agreement between 
experimental and calculated results is “reasonable” for 
those cases. There is considerable disagreement between 
experiment and data for some points of regimes with no 
throttling valve in the SWC inlet (ξswc=3.5). It is shown in 
the Fig. 10 that experimental data are in good agreement 
with calculated data only for significant subcooling. For 
regimes with no throttling valve in the exit agreement 
between experimental and calculated data is between 
“reasonable” and “minimal”. 

In summary, the code performance can be judged to 
be between minimal and acceptable in modeling the 
parallel channel oscillations. 

 
a)Flow rate in the inlet of the pressure header 

 
b)Flow rates in the inlet of the channels 

FIGURE 7. Calculations of thermal-hydraulic stability 
boundaries using RELAP5 (point 6/12 in Fig. 7) Thermal 
hydraulic instability area was reached with step by step 

flow rate m∑ decrease with steps of about 3% 

 
a) Flow temperature in the inlet of the pressure header 

 
b) Flow rate in the inlet of the channel 

FIGURE 8. Calculations of thermal-hydraulic stability 
boundaries using RELAP5 (point 16/8 in Fig. 8). 

Thermal-hydraulic instability onset due to reduction of the 
inlet flow temperature 
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FIGURE 9. RELAP5 Calculated and measured stability 
boundaries for experimental set 2a 
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FIGURE 10. RELAP5 Calculated and measured stability 

boundaries for experimental set 2d  
( calc1 and calc2 differ by hydraulic resistances) 

ATHLET 1.1 Cycle C Validation analysis 
results 

Calculations analogous to RELAP5 were performed 
using ATHLET 1.1 Cycle C. 

For example boundaries of stability for forced 
circulation are shown in the Fig. 11, 12.  
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FIGURE 11. ATHLET Calculated and measured stability 

boundaries for experimental set 2a  (1 – calculation 
results; 2 – uncertainty band; 3 – experimental points.) 
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FIGURE 12. ATHLET Calculated and measured stability 

boundaries for experimental set 2d (1 – calculation 
results; 2 – uncertainty band; 3 – experimental points) 

From analysis of these plots it is possible to conclude 
the following: 
• experimental results for highly subcooled liquid in the 

channel inlet are within the uncertainty bands; 

• experimental results are out of the uncertainty bands 
for slightly subcooled liquid; 

• there is qualitative agreement between experimental 
and calculated boundaries of thermal hydraulic 
stability. 

Conclusions of INSCSP-R5 Analysis 
It may be concluded from the validation analysis that 

RELAP5/MOD3.2 and ATHLET 1.1 cycle C simulate all 
regimes and phenomena of the test. Generally, agreement 
between experimental and calculated results is considered 
to be "reasonable" (Guideline for performing code 
validation, 1997). 

It is not possible to draw final conclusion on 
adequacy of modeling with RELAP5 and ATHLET of the 
thermal hydraulic instability due to following reasons: 
• heated tubes were used instead of channels with FA 

models; 
• not enough data on oscillations parameters in the 

instability area; 
• no data on deteriorated heat exchange onset under 

oscillations; 

CONCLUSION 
Western thermal-hydraulic codes (RELAP5/Mod3.2 

and ATHLET 1.1 Cycle C) are able to model in general 
processes and phenomena under consideration, which are 
specific to RBMK type reactors. However some models 
and correlations used in the codes need to be improved to 
match RBMK specifics. Such improvements are justified 
by considerable disagreement for some cases between 
experiments and calculations. 

Experimental data available are not sufficient for 
complete validation of thermal-hydraulic codes in 
application to RBMK. Existing test facilities have a 
number of significant shortcomings. New experimental 
data need to be obtained using new test facilities. 

Adequacy criteria and numeric methods are needed to 
compare experimental and calculated data. 
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