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An evaluation of experimental data obtained at the Russian Elektrogorsk-
108 (E-108) test facility is presented. The E-108 facility is a scaled model
of the Russian RBMK design reactor. An attempt to validate the state-of-
the-art thermal hydraulic code on the basis of E-108 test facility was made.
Originally this code was developed and validated for BWRs and PWRs.
Since this state-of-art thermal hydraulic code is widely used for simulation
of RBMK reactors, further implementation and validation of the code is
required.

The facility was modelled by employing the RELAPS (INEEL, USA)
thermal hydraulic system analysis best estimate code. The results show a
dependence on the number of nodes used in the heated channels, the
initial and boundary conditions, and code models. The obtained oscillatory
behaviour is determined by the density wave and critical heat flux. It is
shown that the codes are able to predict thermal hydraulic instability and
sudden heat structure temperature excursion, when the critical heat flux is
approached.

The uncertainty analysis of one of the experiments was performed by
employing System for Uncertainty and Sensitivity Analysis (SUSA) develop-
ed by the GRS. It was one of the first attempts to use this statistics-based
methodology in Lithuania.
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1. INTRODUCTION

An evaluation of experimental data obtained at the
Russian Elektrogorsk-108 (E-108) test facility is pre-
sented. The E-108 facility is a scaled model of the
Russian RBMK design reactor. The facility consists
of six full-height parallel heated tubes, each of them
simulating a single RBMK fuel channel. One of the
features studied with the E-108 was that of identi-
fying the system conditions at which flow instabili-
ties between the parallel channels developed as a
function of the variations in the thermal hydraulic
conditions.

On the other hand, an attempt to validate the
state-of-the-art thermal hydraulic codes on the basis
of E-108 test facility was made. Originally these
codes were developed and validated for BWRs and
PWRs. Since the state-of-art thermal hydraulic co-
des are widely used for simulation of RBMK reac-
tors, a further implementation and validation of
the codes is required. The phenomena associated
with channel type flow instabilities were found to
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be an important step in the frame of the overall
effort of state-of-the-art validation and application
for RBMK reactors.

Of particular importance for the validation of sta-
te-of-art thermal hydraulic codes are experimental
investigations performed at facilities, which address
the specific features of the RBMK. It is nearly im-
possible to conduct flow-instability experiments at a
full scale which incorporates all details of the of the
two-phase flow loop RBMK. Therefore the results
of instability testing at properly scaled test loops
must be analysed and used for setting the limita-
tions at a full scale.

The facility was modelled by employing the
RELAPS (INEEL, USA) thermal hydraulic system
analysis best estimate code. The results show a de-
pendence on the number of nodes used in the heated
channels, frictional and form losses employed. The
obtained oscillatory behaviour is determined by the
density wave and critical heat flux.

The uncertainty analysis of one of the experiments
was performed by employing the German System for
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Uncertainty and Sensitivity Analy-
sis (SUSA). It was one of the first
attempts to use this statistic-based
methodology in Lithuania. The ob-
tained knowledge will be used in the
licensing process of the Ignalina
Nuclear Power Plant.

2. DESCRIPTION OF THE
ELEKTROGORSK TEST
FACILITY

The Elektrogorsk E-108 facility is
a scaled model of the Russian
RBMK design reactor. It was
constructed in the town of Elektro-
gorsk, Russia, and operated by the
Elektrogorsk Research and En-
gineering Centre of NPP Safety
(EREC) to gain understanding of
the thermal hydraulic behaviour of
the full-scale RBMK reactor. The
prime aspect of the facility is six

Fig. 1. E-108 facility configuration

full-height parallel heated channels, each of them
simulating a single RBMK pressure tube. Test pro-
grams were conducted at the E-108 facility in 1982,
1984 and 1985 [1]. One of the features studied with
the E-108 model was identification of the system
conditions at which flow instabilities between the pa-
rallel channels develop. This was accomplished by
sequentially reducing the forced flow rate of the coo-

modelling of two-phase flow processes in parallel
channels are to preserve the following thermal-hyd-
raulic parameters:

* Reynolds (Re = p - v -x/u = = v - x/v) and
Froude (Fr = w?g + L) numbers

* Dimensionless heat load N; and dimensionless
initial subcooling number N,;

lant to the heated channels for a
given inlet subcooling level. Tests
were conducted for a range of sys-
tem pressures (10 to 70 bar) and
heated channel power input (0.06
to 0.77 MW/m?) and inlet subcool-
ing. Additionally, and of particular
importance with respect to the
RBMK pressure channels, the re-
lative flow resistance of the piping
sections was varied through the use
of flow orifice.

The test loop has six full-height
parallel-heated channels represent-
ing the pressure channels of the
RBMK. They are connected to
pumps, headers, heat exchangers
and separators (see Fig. 1). The
main components are listed in Tab-
le 1.

2.1. RBMK-1500 and
Elektrogorsk 108 facility scaling
According to Proshutinsky [2], the
necessary conditions for the proper
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Table 1. Main components of the Elektrogorsk E-108 facility

Component

| Parameter

Inlet header

Lower water communications piping

Heated channels

Steam water communications piping

Steam-water gravity separators

Condensers/coolers
Two centrifugal pumps

Electric heaters

Inner diameter 50 mm
Thickness 3.5 mm

Length 0.6 m

Inner diameter 10 to 14 mm
Length 21.571 m

Inner diameter 10 or 10.8 mm
Thickness 1 or 0.6 mm
Length 7.3 m

Inner diameter 20 mm
Thickness 2.5 mm

Length 30.387 m

Inner diameter 144 mm
Thickness 12 mm

Height 3.5 m

Inner diameter 12 mm
Thickness 2 mm

V. .= 30 m¥h

n

AP = 7.35 bar

nom

500 kW output
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* Slip factor, § = Vg/ Vi Table 2. Scaling comparisons of the RBMK versus the Elektrogorsk E-108

An important condition for the | gacility
model is to reproduce axial ener-
gy distribution. It is very difficult Parameters RBMK-1500 [3] | Elektrogorsk E-108 [1]
to satisfy all of the above condi- Lo m 33.97 21.581
tions in an experimental facility. L, m 7.00 7.00
Additionally, it is almost impossib- Ly m 33.93 30.387
le to obtain geometrical simulation Lgo/Lic 5.360 2.430
for all elements of the system, e.g., Hg, /Ly 1.940 1310
identical friction factors in sepa- Eve ~ Ko 3.380 10.760
rate parts of the system, and to Ky Lid)gye 186.0 128.0
reproduce axial energy distribu- (Vige + Vie + Vo) © 105, m? 257.529 9.542
tion. dyyer mm 8.57 10; 10.8

The experiments in the Elek- A - 104 m? 22730 0.785; 0.916
trogorsk E-108 facility have been Pressure, bar 70 10 - 70
Coqducted in three variations of Flow rate (per channel), kg/s 1.24-1.28 0.15"-1.37
resistances [1]: Heat flux, MW/m? 03-1.25 0.06-0.77

Ewe =25 and &= 3.5,

which closely corresponds to the e — natural circulation simulation

RBMK-1000 conditions

Ewe =25 and &, = 14,
which closely corresponds to the RBMK-1500 con-
ditions with closed check-valve

* & we="75and &, = 14, which closely corres-
ponds to the RBMK-1500 conditions under nominal
operation.

The Elektrogorsk E-108 facility corresponds rea-
sonably well to the RBMK-1500 (see Table 2). This
facility is aimed to model the parallel channel ins-
tability and the critical heat flux phenomena in the
fuel channels, which are important phenomena in
RBMK plants. The geometry (height of the heated
section and the total height), thermal-hydraulic of
the channels for some boundary conditions, as well
as local resistances of the Elektrogorsk E-108 faci-
lity correspond exactly to the same parameters of
the RBMK-1500. However, the length
of the pipes and the parameter L/L,
which corresponds to the friction loss
coefficient in steam water communi-
cations is slightly different from tho-
se in the RBMK-1500.

A more detail description of the
Elektrogorsk E-108 test facility is pre-
sented in [1] and in some other refe- i
rences. T

2

6.90

2.2. RELAPS model of E-108 facility

Model for the Elektrogorsk E-108 fa-
cility employs all available geometri-
cal information between the lower and
upper distribution headers. The main
geometrical and thermal data are
described in section 2.1 and [1]. The

available data enabled to model, using the RELAPS
state-of-the-art code [4], the part of the Elektro-
gorsk E-108 facility loop between the inlet header
and the steam-water gravity separator. The model-
led components are the inlet header, lower water
communications, heated channels and steam water
communications. In Fig. 2 the nodalisation of the
model is shown. The lower water communication
section was subdivided into six parts. Each of them
has a different number of control volumes. The first
part, 9.056 m long, has four control volumes, the
second has three control volumes, and the rest have
two control volumes each. The lower water commu-
nication section is not heated and should not affect
calculation accuracy very much. In calculations one
heated channel was divided into 12 control volumes

steam

water

SwcC

LwWC

~z W

Fig. 2. E-108 test facility model
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to match the measured heated tube temperature ex-
cursion. Steam water communications were divided
into three parts with four, five and one control vo-
lumes, respectively.

3. INTRODUCTION TO THE GRS METHOD OF
UNCERTAINTY EVALUATION

Up to now, conservative approaches were used for
the nuclear power plant safety analysis. Now this
approach is gradually replaced by the best estima-
tion approach. In the case the best estimated me-
thodology is used, the code and model uncertainty
should be evaluated. Separate values of unknown
accuracy should be presented for comparison with
acceptance limits. Code predictions are uncertain due
to a number of uncertainty sources such as code
models, initial and boundary conditions, plant state,
scaling and numerical solution algorithm.

The aim of the GRS uncertainty analysis [5, 6]
is to identify and quantify all potentially important
uncertainty parameters. The state of knowledge

about all uncertain parameters should be described
by ranges and subjective probability distribution.

In order to get information about the uncertain-
ty of computer code results, a certain number of
code runs must be performed. In each calculation,
all uncertain parameters should be varied simulta-
neously.

The different steps of the uncertainty analysis
are supported by the GRS software system SUSA
(Uncertainty and Sensitivity Analyses) [5, 6].

3.1. Selection of input parameters that may cause
calculation uncertainty

For the analysis, the forced circulation test was cho-
sen, which represents the RBMK-1500 operation un-
der closed check valve conditions. During this test the
inlet coolant flow rate was decreased gradually at a
nearly constant heater power. The simulated coolant
flow rate decrease through all heated channels is shown
in Fig. 3. The gradual step-shape coolant flow rate
decrease leads to flow rate instabilities approximately

0.25 -
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L 0.15 4
()]
x
s 0.10 - Channel 1
@ — — Channel 2
% 0057 | __ - Channel 3
L 0.00 Channel 4
— - —Channel 5
-0.05 |
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Time, s

Fig. 3. Flow rate at the inlet of the channels
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Fig. 4. Behaviour of heated tube wall surface peak temperature
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Fig. 5. Influence of the number of axial nodes on the tube wall surface peak temperature

1100 s after beginning of the transient. Approximate-
ly 1150 s after the beginning of the transient (coolant
flow rate is about 0.06 kg/s), the heat flux generated
by the electrical heater exceeds the critical heat flux.
It leads to the heated tube wall surface temperature
excursion (Fig. 4). Fig. 4 shows that the simulated he-

ated tube wall temperature throughout the simulation
(0-1150s) is higher than the measured one, perhaps
because of some measurement problems, as in the ti-
me span 600 to 1150 s the measured heated tube wall
temperature corresponds well to the simulated steam
temperature at the outlet of the heated channel.

Table 3. Selection of input parameters that may affect the calculation results

No Parameter Ranges Reference Distribution Explanation
Min. Max.

Initial conditions

1 T, (rated temperature) 0.95 1.05 1.0 Normal Measurement error
2 G, (rated flow rate) 0.936 1.064 1.0 Normal Measurement error
3 Q, (rated power) 0.932 1.068 1.0 Normal Measurement error
4 P, (rated pressure) 0.981 1.019 1.0 Normal Measurement error
RELAPS models

5  Water packing 0 1 0 Non-parametric Model assumption
6  Stratification 0 1 0 Non-parametric Model assumption
7  Non-equilibrium 0 1 0 Non-parametric Model assumption
8§ PV term 0 1 0 Non-parametric Model assumption
9 CCFL 0 1 0 Non-parametric Model assumption
10 Non homogeneous 0 1 0 Non-parametric Model assumption

Table 4. Parameter values of the

design runs calculated by SUSA

Index parameter

No. 1 2 3 4 5 6 7 8 9 10
1 1.04 0.986 1.02 1.00 1 0 1 1 1 1

2 0.956 1.00 0.999 0.988 0 0 0 0 0 0

3 1.00 1.03 0.987 1.01 0 0 1 1 0 1

59 0.986 0.992 1.02 1.01 1 1 1 1

60 0.952 0.980 0.981 1.02 1 1 1 1 1
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The parameters that may cause the calculation
uncertainty can be divided into two main groups:

* Initial conditions (coolant pressure, temperatu-
re and flow rate or heater power. These values may
be affected by measurement errors during the expe-
riment)

* RELAPS5 model assumptions (in the model dif-
ferent correlations for the calculation of friction loss,
CHF and heat transfer may be used) [4].

The nodalisation matter was excluded from un-
certainty analysis. The results of sensitivity analy-
sis of model nodalisation are shown in Fig. 5.
One can see that the axial nodalisation influences
the time of CHF occurrence. From a number of
possible heated section divisions, the nodalisation
of 12 control volumes in a heated section was
selected as a basic case to match the experimen-
tal data.

A list of important parameters has been prepa-
red (see Table 3). The state of knowledge about all
uncertain parameters is described by ranges and se-
lected probability distributions. Using this input in-
formation, the computer code SUSA generates the
table of selected parameter values for the design
runs (see Table 4). Because the one-sided evalua-
tions for probability 0.95 and confidence 0.95 were
selected, the number of RELAPS runs should be at
least 59 [5, 6]. In the analysed case 60 RELAPS
runs were performed.

3.2. Uncertainty and Sensitivity Analysis

With the SUSA 3.2 package three types of analysis
can be done [5]:

* Index-dependent uncertainty analysis,

* Index-dependent sensitivity analysis,

* Scalar sensitivity analysis.

1200

From a number of RELAPS output result para-
meters, only one important parameter, tube wall sur-
face peak temperature, was selected. This result desc-
ribes the best of our selected phenomena — the cri-
tical heat flux. All SUSA analyses were performed
with respect to this tube wall surface peak tempera-
ture results. Time-dependent peak temperatures for
60 runs are shown in Fig. 6 which shows that the
CHF occurrence time as well as the peak heated
tube wall temperature varies within a considerable
range.

In the uncertainty analysis there were set tole-
rance limits (probability 0.95 and confidence 0.95).
Maximum, minimum and mean values were compa-
red with the experiment data (Fig. 7). Experimental
data after CHF occurrence are within the simulated
maximum and minimum values. In the time span 0—
1150 s, experimental data represent the steam tem-
perature (see Figs. 4 and 7). In Fig. 8, a compari-
son of one-sided tolerance limit, basic case and me-
asured data is presented.

In the sensitivity analysis, the parameters that
most strongly influence the results (peak tempera-
ture) were identified. In the case of the E-108
model (Table 3) there are several parameters such
as parameter No.1- coolant inlet temperature,
parameter No.2- coolant flow rate, parameter
No. 3 - heater power, and parameter No.7 — se-
lection of non-equilibrium option. Figures 9 and
10 show that the results vary with time. It might
have both a positive (i.e. supports the temperatu-
re increase) and a negative (i.e. damps the tem-
perature increase) effect on the results.

When one looks at the coolant flow rate (para-
meter 2) variation, one can indicate the trend of
dependence (Fig. 11): the lower the coolant flow
rate, the higher the heated tube wall temperature.

1100 4
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800 +

700 +

Temperature, K

600 1

500 -

400 w w w

Fig. 6. Simulated and SUSA generated tube temperatures
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The obtained results were checked by the R? test.
The results were accepted with a very high confi-
dence (0.95) at the beginning of simulation (Fig. 12).
However, R? dropped down to 0.2 for a short time
and later recovered to the 0.6-0.8.

The uncertainty and sensitivity method applied
by SUSA does not limit the number of uncertain
parameters and that is not computationally costly.

The method provides sensitivity measurements of
the influence of the identified input parameter un-
certainties on the results. The measures permit an
uncertainty importance ranking. This provides infor-
mation where to improve the state of knowledge in
order to reduce the output uncertainties.

4. CONCLUSIONS

An analysis of the Elektrogorsk E-108 test facility
data is presented. Simulations with RELAPS code
showed that the code allows a good representation
of the experimental data.

The sensitivity and uncertainty analysis is de-
monstrated. The analysis allowed to identify the pa-
rameters, that most strongly influence the results.

The obtained knowledge will be applied while
performing best estimate calculation for the Ignali-
na NPP. That will be an important issue in the li-
censing process, in safety analysis for modification
of diverse shutdown system and other analyses im-
portant to the safety. The uncertainty evaluation met-
hodology developed by the GRS can be used not
only for the RELAPS calculations, but also for ot-
her thermal-hydraulic analyses as well as for the ana-
lyses beyond the thermal hydraulic field.
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22 December 2001

Abbreviations

BWR  Boiling Water Reactor

PWR  Pressurised Water Reactor

RBMK Russian abbreviation “Large Power Boiling
Reactor”

CHF Critical Heat Flux

CCFL Counter Current Flow Limitation

HC Heated Channel

LWC  Lower Water Comunications

SWC  Steam Water Comunications

& hydraulic resistance coefficient, (-)

K, resistance coefficient, (-)

f friction coefficient, (-)

o angle, °

\A velocity of gas, m/s

\4 velocity of fluid, m/s

P rated pressure, (—)

h latent heat, J/kg

=g

i enthalpy

N, dimensionless heat load number, N,=Q/G - hfg

N, dimensionless initial subcooling N, =Ai/h,,
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ELEKTROGORSKO E-108 EKSPERIMENTINIO
STENDO DUOMENU NEAPIBREZTUMO IR
JAUTRUMO ANALIZE

Santrauka

Straipsnyje pateiktas Elektrogorsko eksperimentiniame
stende E-108 atlikty bandymy jvertinimas. E-108 yra su-
mazintas RBMK tipo reaktoriaus modelis.

Eksperimenty, atlikty Siame stende, pagrindu buvo pa-
bandyta validuoti geriausio jverCio programini paketg
RELAPS5. Sis programinis paketas buvo sukurtas ir vali-
duotas BWR ir PWR tipo reaktoriams. Pastaruoju metu
Sis termohidraulinis programinis paketas yra placiai nau-
dojamas RBMK tipo reaktoriy skaiciavimams, todél rei-
kalinga tolimesne jo plétra ir validacija.

Bandymai, atlikti E-108 eksperimentiniame stende, bu-
vo sumodeliuoti, naudojantis RELAPS programiniu pake-
tu. Eksperimenty metu iSmatuoty ir apskaiciuoty rezulta-
ty palyginimas parodé, kad kaitinamojo kanalo sudalini-
mas, pradinés ir krastinés salygos bei kai kuriy programi-
nio paketo modeliy panaudojimas turi didel¢ jtaka. Gauti
tekéjimo nestabilumai buvo salygoti tankio bangos bei vi-
rimo krizés. Yra parodyta, kad programinis paketas gali
gerai apraSyti termohidraulinius tekéjimo nestabilumus bei
staigy Siluminiy struktiiry temperattiros padidéjima.

Papildomai vienam i§ eksperimenty buvo atlikta ne-
apibréZztumo analizé, panaudojant GRS kompanijos su-
kurta sistema neapibréztumo ir jautrumo analizei (SUSA).
Tai buvo vienas pirmyjy bandymy Lietuvoje taikyti Sig
statistine analize pagrista metodologija.

Raktazodziai: E-108 eksperimentinis stendas, termo-
hidrodinamika, neapibréztumo ir jautrumo analizé
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Ponangac Ypoonac

AHAJIN3 HEOIPEJEJIEHHOCTEN U
YYBCTBUTEJIIBHOCTU JAHHBIX
SJEKTPOI'OPCKOI'O E-108
SKCIIEPUMEHTAJIBHOI'O CTEHJIA

Peszmowme

B crarbe mpencraBieHa OLEHKA ONIBITHBIX JAaHHBIX,
MOJY4YeHHbIX Ha OnekTporopckoMm E-108 skcnepumen-
TAJIBHOM CTEHIE. DKCIEepUMEHTAIbHBINA cTeHn E-108 —
3TO yMEHbIIIEHHas Mojeilb peakropa tuna PBMK.

Ha ocHoBe 3KcIepUMEHTAJIbHBIX JAHHBIX, ITOJIYYEH-
HBIX Ha OJTOM CTeHZe, OblIa cAelaHa IMOMbITKA
MPOBECTH BAIUAALMIO CUCTEMHOI'O KOJAa HaWIydllen
onenku RELAP5 (INEEL,CIIIA). DTtoT kom ObLI
CO3laH M Ppa3BUT [ peakTopoB TunoB BWR u
PWR. B Hacrosimee BpeMsi 3TOT KOJ Bce OOJIbIIE
UCHONIb3YeTCsl UIsl aHanu3a peakTopoB Tuna PBMK,
MO3TOMY HeoOXOJMMO MPOBOAUTH HajbHEHIIee ero
yIydlleHHe U BaJUAALMIO.

40

OmnbIThl, TPOBEACHHBIE Ha JKCIEPUMEHTAIBHOM
crene E-108, ObpuiM cMoJenUpoOBaHbI C TMOMOIIBIO
TEPMOTHUIPABIIMYECKOTO CHUCTEMHOTO KOJla HaWITydIlen
onenkn RELAPS. ComocraBiaeHue H3MEpPEHHBIX H
pACCUMTAaHHBIX JaHHBIX MOKA3ajl0, YTO Pe3yIbTATHI 3a-
BUCAT OT HOAQNIM3AllMd B HArpeBaeMoM KaHayle, Ha-
YaJbHBIX W TPAaHUYHBIX YCIOBUH, a TaKXKe MOJeNei
kona. ITonyueHHOe KojebaTeabHOE IMOBEIECHUE TMMOTOKA
OBUTO BBI3BAHO BOJIHOW IUIOTHOCTU U KPU3UCOM KHIIE-
Hus. [TokazaHo, YTO KOA MOXKET XOPOIIO OIMHUCATH SIBJIE-
HUS TEPMOTUIPABINYECKUX KOJICOAHWH W BHE3AITHOTO
TIOBBIIIIEHUST TEMIIEPATyphl B TEIUIOBBIX CTPYKTypax.

JIOIIOJIHUTEILHO C IMOMOIIBIO CUCTEMBI aHA/IM3a He-
ompeneneHHocteil u wyscrButenbHOCTH (SUSA) Obun
MMPOBEJIEH aHaJiu3 HEOMPEeeJIeHHOCTe OJIHOTO W3
9KCIIEPUMEHTOB. DTO OJIHA U3 MEPBBIX MOMBITOK B JIWT-
BE HCIOJIb30BaTh BHIMICYITOMSHYTYIO METOJOJIOTHIO, OC-
HOBAaHHYIO Ha CTaTHCTHUKE.

KmloueBble cioBa: 3KCIIEpUMEHTAIBHBIA  CTEH[
E-108, TepmoruapoavHaMuKa, aHAIU3 HEOIpeIeieH-
HOCTU U YyBCTBUTEIBHOCTH



