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This pa per pres ents an over view of the “scal ing strat egy”, in par tic u lar the role played
by the coun ter part test meth od ol ogy. The re cent stud ies deal ing with a scal ing anal y sis
in light wa ter reactor with spe cial re gard to the VVER 1000 Rus sian re ac tor type are
pre sented to dem on strate the phe nom ena im por tant for scal ing. The adopted scal ing
ap proach is based on the se lec tion of a few char ac ter is tic pa ram e ters cho sen by tak ing
into ac count their rel e vance in the be hav ior of the tran sient. The adopted com puter
code used is RELAP5/Mod3.3 and its ac cu racy has been dem on strated by qual i ta tive
and quan ti ta tive eval u a tion.
Com par ing ex per i men tal data, it was found that the in ves ti gated fa cil i ties showed
sim i lar be hav ior con cern ing the time trends, and that the same ther mal hy drau lic phe -
nom ena on a qual i ta tive level could be pre dicted. The main re sults are: PSB and LOBI
main pa ram e ters have sim i lar trends. This fact is the con fir ma tion of the va lid ity of the
adopted scal ing ap proach and it shows that PWR and VVER re ac tor type be hav ior is
very sim i lar. No new phe nom ena oc curred dur ing the coun ter part test, de spite the fact 
that the two fa cil i ties had a dif fer ent lay out, and the al ready known phe nom ena were
pre dicted cor rectly by the code. The code ca pa bil ity and ac cu racy are scale-in de pend -
ent. Both char ac ter is tics are nec es sary to per mit the full scale cal cu la tion with the aim
of nu clear power plant be hav ior pre dic tion.
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INTRODUCTION

The ex e cu tion of ex per i ments in in te gral test
fa cil i ties (ITF) sim u lat ing the be hav ior of a nu clear
power plant plays an im por tant role re gard ing
safety as pects (i. e., eval u a tion of the safety mar gin)
and code ap pli ca tions (i. e,. code val i da tion and its
ac cu racy eval u a tion). For con sid er ing both the sys -
tem code as sess ment and the pos si bil ity to iden tify
and char ac ter ize the rel e vant phe nom ena dur ing

off-nor mal con di tions, the use of ITF is un avoid -
able in or der to col lect the ex per i men tal data
be cause of the im pos si bil ity to per form tests at the
full scale.

In the frame work of these ac tiv i ties, Pisa Uni -
ver sity is in volved in a tech ni cal as sis tance com mu -
nity in de pend ent state (TACIS) pro ject with the
EU [1] and in some OECD pro jects. The EU
founded pro ject con sists of two dif fer ent parts that
are linked un der the nu clear re ac tor safety um brella,
in par tic u lar within the frame work of the ac ci dent
anal y sis of nu clear power plants (NPP); the OECD
pro ject which has pro vided the ex per i men tal data is
named OECD PSB-VVER. In or der to use the
mea sured data and to ex trap o late them for the NPP
pre dic tion, the scal ing is sue (i. e., the dem on stra tion 
of a sim i lar ity be tween ex per i ments per formed in
dif fer ently scaled fa cil i ties and be tween mea sured
phe nom ena and phe nom ena ex pected in the ref er -
ence NPP) plays a role of ma jor im por tance.

The pres ent work is fo cused on the ap pli ca tion
of rel e vant steps of the scal ing anal y sis with main ref er -
ence to the coun ter part test (CT) meth od ol ogy  [2]
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from which a gen eral ap proach of solv ing scal ing
prob lems can be ex trap o lated. The CT taken as an ex -
am ple is es sen tially a small break LOCA (SBLOCA)
and it has been de signed de riv ing the bound ary and
the ini tial con di tion from the same test per formed in
the loop for off-nor mal be hav ior in ves ti ga tion
(LOBI) (that re pro duced a PWR). Such a test has
been per formed in the PSB-VVER fa cil ity, a full
height full pres sure rig with a scal ing fac tor of 1:300.
The break sim u la tor is lo cated in the cold leg of the
loop no. 4 (the loop with the pressurizer), down -
stream the main cir cu la tion pump; the in ter ven tion of
the high pres sure in jec tion sys tems is not fore seen,
while the low pres sure in jec tion sys tems are ac ti vated
on a high rod tem per a ture sig nal. The de sign of this
test has been made in col lab o ra tion with EREC
(Electrogorsk Re search En gi neer ing Cen ter), fol low -
ing the meth od ol ogy pro posed by Uni ver sity of Pisa.
This sce nario has been cho sen be cause it had al ready
been used as a CT in the past for other ex per i men tal
fa cil i ties that sim u lated PWR, namely for SPES
(Simulatore PWR per Esperienze di Sicurezza),

BETHSY (Bou cle d’Études Ther mal-Hydrauliques
Systemes), and LSTF (Large Scale Test Fa cil ity).

The com pu ta tional anal y sis of the CT us ing
RELAP5/Mod.3.3 sys tem code was pos si ble
thanks to the avail abil ity of a qual i fied nodalisation
of the PSB fa cil ity, de vel oped and qual i fied at Uni -
ver sity of Pisa. A qual i ta tive and a quan ti ta tive eval -
u a tions of the ob tained re sults have also been re -
ported, the last step fore see ing the use of the fast
Fou rier trans form (FFT) based method.

PSB-VVER FACILITY DESCRIPTION

The PSB-VVER is a full height in te gral test fa -
cil ity, ex ten sively de scribed in  [3] and shown in fig.
1; power and vol ume are scaled at 1:300. The fa cil -
ity has four loops (each one con sists of a hot leg, a
steam gen er a tor, a loop seal, a main cir cu la tion
pump and a cold leg), a pressurizer con nected via
the surge line to the hot leg of the loop 4, the emer -
gency core cool ing sys tem (ECCS) which is pro -
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Fig ure 1. PSB-VVER: gen eral view of the facility



vided by an ac tive pump sim u lat ing high and low
pres sure in jec tion sys tems, and four hy dro-ac cu mu -
la tors. All sys tem com po nents are in su lated from
the en vi ron ment with glass wool to limit the heat
losses.

The main parts of the VVER ves sel are re pro -
duced in the fa cil ity by sep a rate pipes: one for the
downcomer, one for the core model and up per ple -
num, and one for the core by-pass. A hor i zon tal
pipe con nects the downcomer to the lower ple num.
An other by-pass links the downcomer to the up per
ple num.

The core model con tains 168 fuel rod sim u la -
tors with a uni form power pro file and a cen tral un -
heated rod. The ac tive bun dle is of elec tri cal type and
has a hex ag o nal cross sec tion. Up to now, the core
power has been lim ited to the max i mum of 1.5 MW
(15% of the nom i nal scaled power). A new core is
fore seen with the power up to 10 MW (the right
scaled value). The by-pass sec tion is heated via the
same el e va tion range of the core, to sim u late the
heat ing that wa ter re ceives in the chan nels within the
re ac tor core, in which the cool ant flows from the
lower ple num to the up per ple num, by-pass ing the
as sem blies.

The pri mary side of the steam gen er a tor con -
sists of a hot and a cold col lec tor and of 34 tubes
coiled in 10 com plete turns with 51 mm dif fer ence
from the in let and out let height. The length of one

tube is the same as the one of the ref er ence plant.
The dis trib u tor of the feed wa ter is a ring with sev -
eral holes placed above the steam gen er a tor tubes.
Sep a ra tors are com pletely ab sent. The four steam
gen er a tors are con nected to a com mon steam
header via a “small power” steam line.

A com par i son be tween VVER 1000 NPP and 
PSB-VVER test fa cil ity main data [4] is pre sented in 
tab. 1.

THE SCALING ISSUE

Addressing the scaling issue

Re ac tor safety in te gral test fa cil i ties are nor -
mally de signed to pre serve the geo met ri cal sim i -
lar ity with the ref er ence re ac tor sys tem. Gen er ally, 
all main com po nents (e. g. rec tor pres sure ves sel,
downcomer, rod bun dle, loop pip ing, etc.) and
the en gi neered safety sys tem (high pres sure in jec -
tion sys tem – HPIS, low pres sure in jec tion sys tem 
– LPIS, ac cu mu la tors, aux il iary feed wa ter, etc.)
are pre sented. ITFs are used to in ves ti gate, by di -
rect sim u la tion, the be hav ior of a NPP in cases of
the off-nor mal or ac ci dent con di tions.

The term scal ing is in gen eral un der stood in a
broad sense cov er ing all dif fer ences ex ist ing be -
tween a real full size plant and the cor re spond ing ex -
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Table 1. Main design parameters of PSB-VVER ITF, compared with those of VVER-1000 NPP

Name VVER-1000 PSB-VVER Scale factor

Numbers of loops 4 4 –

Heat losses, [%] 0.063 1.8 –

Heat power, [MW] 3000 10* 1:300

Primary circuit volume, [m3] 370 1.23 1:300

Primary circuit pressure, [MPa] 15.7 15.7 1:1

Secondary circuit pressure, [MPa] 6.3 6.3 1:1

Coolant temperature, [K] 563/593 563/593 1:1

Core lengrh, [m] 3.53 3.53 1:1

Number of fuel rods 50856 169 1:300

Core volume, [m3] 14.8 4.9×10-2 1:302

Upper plenum volume, [m3] 61.2 20.0×10-2 1:306

Downcomer volume, [m3] 34.0 11.0×10-2 1:309

Hot legs volume, [m3] 22.8 8.0×10-2 1:285

Cold legs volume, [m3] 60.0 24.0×10-2 1:250

Number of steam generators 4 4 –

Heat exchanging surface, [m2] 6115 18.2 1:336

Water volume in steam generator primary circuit, [m3] 21.0 6.8×10-2 1:309

Pressurizer volume, [m3] 79 26.3×10-2 1:300

Number of hydro accumulators 4 4 –

Number of pumps 4 4 –

Volume of hydro accumulators, [m3] 240 80×10-2 1:300

Water volume in accumulators, [m3] 200 66.6×10-2 1:300

* for the new core



per i men tal fa cil ity. An ex per i men tal rig may be
char ac ter ized by geo met ri cal di men sion and shape,
ar range ment and avail abil ity of com po nents, or the
mode of op er a tion (e. g. nu clear vs. elec tri cal heat -
ing). All these dif fer ences have the po ten tial to dis -
tort an ex per i men tal ob ser va tion, pre clud ing its di -
rect ap pli ca tion for the de sign or op er a tion of the
ref er ence plant. Dis tor tion is de fined as a par tial or
to tal sup pres sion of phys i cal phe nom ena caused by
only chang ing the size (geo met ric di men sion) or
the shape (ar range ment of com po nents) of the test
rigs [5].

Due to the im pos si bil ity to per form rel e vant
ex per i ments at the full scale (full power, pres sure
and ge om e try), the use of ITF or sep a rate ef fect test
fa cil ity (SETF) is nec es sary. In or der to ad dress the
scal ing is sue, dif fer ent ap proaches are his tor i cally
fol lowed [2]:

(1) One tries to pre serve se lected non-di men -
sional pa ram e ters adopt ing the Buckingham
the o rem de rived from the fluid bal ance equa -
tions,

(2) One tries to pre serve se lected non-di men -
sional pa ram e ters adopt ing the Buckingham
the o rem de rived from the semi-em pir i cal
mechanicistic equa tions in stead of the fluid
bal ance equa tions,

(3) One per forms ex per i ments at dif fer ent scales,
and

(4) One de vel ops, qual i fies and ap plies codes
show ing their ca pa bil i ties at dif fer ent scales.

The scal ing ap proach is ap pli ca ble at the level
of the macro scale, com po nent scale and mi cro
scale.

The tar get of the macro scale is to eval u ate
the global sys tem per for mance con sid er ing it as a
whole (e. g. the pre dic tion of the pres sure be hav -
ior in case of a blow-down fol low ing a LOCA); in 
the com po nent scale, the be hav ior of the sin gle
com po nent is taken into ac count (e. g.
downcomer-cold leg mix ing in case of ECCS in -
jec tion). It must be noted that at this level the de -
sign of some com po nents adopts the most de sir -
able scal ing fac tor: 1:1; this oc curs for the ac tive
length, for the fuel rod di am e ter, di am e ter and
length of the steam gen er a tor (SG) tubes, etc. Fi -
nally, when the in ves ti ga tion is pushed at the mi -
cro scale the in ter est is fo cused on the lo cal evo lu -
tion of ther mal hy drau lic phe nom ena, such as
crit i cal heat flux oc cur rence in fuel rods, two
phase crit i cal flow in a break, etc.

The scal ing anal y sis has mainly three ob jec -
tives:
– to prove the ca pa bil ity of sim u lat ing an as signed

phe nom e non,
– to de sign a test fa cil ity, and
– to prove the ca pa bil ity of a ther mal hy drau lic

model or of a ther mal hy drau lic sys tem code.

For the test fa cil ity de sign three types of scal -
ing prin ci ples have been iden ti fied in lit er a ture:

(1) Time re duc ing scal ing: rig or ous re duc tion of
any lin ear di men sion of the test rig would re -
sult in a di rect pro por tional re duc tion in time
scal ing. This is con sid ered to be of ad van tage
only for cases where body forces due to grav ity
ac cel er a tion are neg li gi ble com pared to the lo -
cal pres sure dif fer en tials.

(2) Time pre serv ing scale: based on a scale re duc -
tion of the vol ume of the loop sys tem com -
bined with a di rect pro por tional scal ing of en -
ergy sources and sinks (core power to sys tem
vol ume ra tio = const.).

(3) Ide al ized time pre serv ing mod el ing pro ce -
dures: based on the equiv a lency of the math e -
mat i cal rep re sen ta tion of the full size plant and
of the test rig, it is de ducted from a sep a rated
treat ment of the con ser va tion equa tions for all
in volved vol ume modes and flow paths as sum -
ing ho mo ge neous fluid.

The geo met ri cal sim i lar ity of the hard ware of
the loop sys tems has been aban doned in fa vor of the
pres er va tion of geo met ric el e va tions, which are de -
ci sive pa ram e ters in the case of grav ity dom i nated
and nat u ral cir cu la tion pro cesses. Thus the re duc -
tion of the pri mary sys tem vol ume is largely
achieved by an equiv a lent re duc tion in ver ti cal flow
cross sec tions.

The proof of the ca pa bil ity of a ther mal hy -
drau lic sys tem code to pre dict all the phe nom ena
oc cur ring in any ex per i ment per formed at an ITF is
equiv a lent to dem on strat ing the “scal ing-in de pend -
ence” of the code. Once this con di tion is reached,
the tested code is ca pa ble to re pro duce the NPP be -
hav ior as well.

The sci en tific com mu nity has pro duced hun -
dreds of pages of lit er a ture in the at tempt to reach a
so lu tion to the scal ing anal y sis.

The der i va tion of non-di men sional pa ram e -
ters by the di rect use of bal ance equa tions gives as
re sult more than 200 scal ing fac tors that, as the au -
thors say, “can not com pletely sat isfy all the scal ing
re quire ments” [6].

The der i va tion of non-di men sional pa ram e -
ters by the com bi na tion of bal ance equa tions and
en gi neer ing judg ment for em pha siz ing the rel e vant
phe nom ena re sults in about 30 scal ing fac tors, that
ap plied to dif fer ent fa cil i ties give spread val ues.

Sum ma riz ing, the ac tual state of the art in ap -
proach ing the scal ing is sue is:
– iden ti fi ca tion and char ac ter iza tion of main ther -

mal hy drau lic phe nom ena,
– writ ing equa tions (fluid bal ance & mech a nis tic)

at the macro-scale, com po nent-scale, and mi -
cro-scale lev els and de riv ing suit able non-di men -
sional pa ram e ters, and

– achiev ing “qual i fied” func tional re la tion ships be -
tween the phe nom ena and scale.
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Les son learned: the at tempt to scale up all
ther mal hy drau lic phe nom ena that oc cur dur ing an
as signed tran sient leads to a myr iad of fac tors which
have coun ter feit ing va lid ity [6]. There fore, as rec og -
nized by Zuber [7], an over all strat egy is needed and 
a hi er ar chy in scal ing fac tors is nec es sary.

The pre ferred scal ing strat egy of the Uni ver -
sity of Pisa adopts the com bi na tion of the der i va tion 
of non-di men sional pa ram e ters from bal ance equa -
tions and the use of sys tem codes. In more de tail it
im plies:

– se lec tion of a scal ing ap proach at the sys tem level
(macro scale): the full pres sure / full height / time 
pre serv ing scal ing (this re quires “full” bun dle ac -
tive length and pre serv ing lin ear power. Not all
ITF & SETF are suit able for scal ing stud ies),

– con sid er ing the rod sur face tem per a ture at the
hot spot as the ref er ence ther mal hy drau lic pa -
ram e ter at the mi cro scale level: this as sump tion
is guided by the fi nal iza tion of the scal ing anal y -
sis to the NPP safety,

– iden ti fi ca tion and cre ation of a hi er ar chy of ther -
mal hy drau lic phe nom ena: the ad her ence to the
Com mit tee on the safety nu clear in stal la tions
(CSNI) lists for SETF and ITF and the eval u a -
tion of in di vid ual phe nom ena is strictly rec om -
mended,

– (check ing of the) de sign of ITF,
– (check ing of the) de sign of “coun ter part ex per i -

ments”,

– anal y sis of CT ex per i men tal data: iden ti fi ca tion
and ex pla na tion of de tected dis crep an cies among 
cor re spond ing val ues,

– ap pli ca tion of the best es ti mate codes: (a) to
dem on strate that dis crep an cies be tween mea -
sured and cal cu lated trends only de pend on
bound ary and ini tial con di tion (BIC) val ues
(within the as signed vari a tion ranges), and cal cu -
la tion ac cu racy is not af fected by the scale of con -
cerned ITF, (b) to per form vol ume scaled fac tor
(Kv) cal cu la tion and ex pla na tion of dis crep an cies
(if any) be tween NPP cal cu lated and ITF mea -
sured trends con sid er ing BIC val ues and hard -
ware dif fer ences, and

– con nec tion of the un cer tainty eval u a tion to the
scal ing is sue: ex trap o la tion of the er ror of the
code in NPP pre dic tion based on er ror in ITF
pre dic tion [8–10].

It could hap pen that some lo cal events are not
pre dicted be cause they are driven by pa ram e ters
that do not ap pear in the bal ance equa tions, but,
thanks to the cor rect se lec tion of the pa ram e ters, it
is pos si ble to dem on strate that these phe nom ena are 
ef fec tively lo cal, that they have short du ra tion if
com pared to the en tire tran sient, and that they can -
not af fect the over all be hav ior of the main ther mal
hy drau lic se lected pa ram e ters cho sen to de scribe
the tran sient.

Solv ing the scal ing is sue

As pre vi ously said, the SBLOCA per formed
in the PSB fa cil ity is a CT of the same test car ried
out in LOBI [6]. In or der to de fine the ini tial and
bound ary con di tions of the test some driv ing pa -
ram e ters have been in ves ti gated. This in ves ti ga tion
has brought to con sid er ation of the pri mary side
vol ume (with out pressurizer) ra tio be tween LOBI
and PSB as the main pa ram e ter.

The def i ni tion of a set of pa ram e ters con cern -
ing the test de sign was pro posed by Uni ver sity of
Pisa. Some of these pa ram e ters are: break area over
pri mary side vol ume (AR/VPS), mass de liv ered from
the safety in jec tion tank (SIT) over pri mary side
vol ume (MSIT/VPS), and LPIS flow rate over pri -
mary side vol ume (GLPIS/VPS). The ap proach is to
as sume the val ues adopted in the ex per i ment per -
formed in the LOBI fa cil ity as a ref er ence, de riv ing
the PSB cor re spond ing val ues in the same way. Af -
ter sev eral ex changes with EREC [12, 13], this ap -
proach has been ac cepted and fol lowed. The se -
lected pa ram e ters are shown in  tab. 2 [12, 14],
to gether with the cor re spond ing val ues in other
ITF.

THE CT RE SULTS

PSB SBLOCA test de scrip tion

The same coun ter part test ex per i ment has
been car ried out in LOBI, SPES, BETHSY, and
LSTF fa cil i ties, the de sign ob jec tive be ing the sim u -
la tion of PWR sys tem hy drau lic re sponse fol low ing
a pos tu lated SBLOCA ac ci dent. The break sim u -
lated was a 0.152 m (side ori ented) cold leg break in
the cor re spond ing ref er ence PWR. The HPIS in ter -
ven tion was not fore seen.

Start ing from those past ex per i ments, the
SBLOCA test has been de signed in col lab o ra tion
with EREC, fol low ing the scal ing law for de riv ing
bound ary and ini tial con di tions as well as pos si ble
in or der to carry out a cor rect coun ter part test [12].

The rel a tive scal ing fac tors were based on the
fol low ing char ac ter is tics of the fa cil i ties:
– nom i nal core power,
– the fa cil ity’s vol u met ric (power) scal ing fac tor,
– pri mary mass in ven tory (to tal pri mary mass and

pri mary mass with out the pressurizer and surge
line mass),

– pri mary sys tem vol ume (to tal pri mary vol ume
and pri mary vol ume with out the pressurizer and
surge line), and

– break lo ca tion.
Due to the avail abil ity of de tailed LOBI ex per i -

men tal data and con fig u ra tion, EREC chose those
con di tions as guide lines. Adopt ing the fac tor de fined
as the ra tio be tween the pri mary side vol ume of the fa -
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Ta ble 2. Comparison be tween ex per i men tal con di tions CT test cri te ria (low power only)

Unit LOBI PSB-VVER SPES BETHSY LSTF

AR/VPS m-1 7.69×10-5 7.8×10-5 7.70×10-5 7.66×10-5 7.65×10-5

PPRZ MPa 15.5 15.5 15.1 15.4 15.4

Initial core power/VPS kW/m3 1123 1139* 1453 1158 1165

Break position –
CL,

down stream
MCP

CL,
down stream

MCP

CL,
down stream

MCP

CL,
down stream

MCP

CL,
down stream

MCP

PSIT or Paccumulator MPa 3.97 4 4.18 4.2 4.2

MSIT/VPS

Injection point
kg/m3 394.5**

CL

124**
124**

DC

117.6
119.4
CL

113.1
113.6
CL

606.7

CL

MSIT/VPS

(actually injected) kg/m3 232
CL

118
118
DC

192.05# 202.17# 197#

ASG total/Core power m2/kW 0.0496 0.066* 0.046 0.048 0.056

PSS MPa IL 6.94
BL 6.91 6.9 6.94

6.80
6.84
6.84

7.0

MSS/MPS initial – 1.42 1.33*** – 1.18 1.03

Trod for LPIS actuation K or MPa 769 773 2.5 MPa Not actuated Not actuated

GLPIS/VPS kg/m3s 0.741
0.247
0.247
0.247

0.340
0

0.340
– –

Integral of core power
(20000 s)/VPS

MJ/m3 544 544* 575 569 559

* Core power in cludes power on by-pass
** To tal mass of wa ter in the ac cu mu la tor
*** MSS – sec ond ary side mass with the SG wa ter level of 2.47 m; MPS – cal cu lated pri mary side mass (in clud ing wa ter in the  
jjjjjjpressurizer) with the pressurizer wa ter level of 5.29 m; # – To tal value; VPS – primary side vol ume with out the pressurizer

Ta ble 3. De rived bound ary and ini tial con di tion in the CT SBLOCA test

Parameter LOBI PSB-VVER

Primary side

Core power, [kW] 630 1130

Core by-pass power, [kW] – 15

Primary system pressure, [MPa] 15.47 15.5

Reactor dT, [°C] 28 28

Loop outlet temperature, [°C] 288 282

Loop inlet temperature, [°C] 316 310

Pressurizer collapsed water level, [m] 5 4.867

Secondary side

Pressure, [MPa] intact loop 6.94
broken loop 6.91 6.9

Collapsed level, [m] intact loop 8.14
broken loop 8.48 2.47

ECCS accumulators

Pressure, [MPa] 3.97 4

Water volume, [m3] 0.222 2 ´ 0.202*

Water level, [m] 5.29

Gas volume, [m3] 0.058 0.105

Low pressure injection system

Mass flow rate, [kg/s] 0.41** 0.248**

Break equipment

Diameter, [mm] 7.36 10

Break size, [%] 6 4.5

* SIT con nected to the DC
** per each loop



cil i ties (with out the pressurizer), all the con di tions
were de rived: pressurizer level, ac cu mu la tors level,
LPIS flow rate, etc. In tab. 3, the bound ary and ini tial
con di tions of PSB com pared with the LOBI ones are
re ported, while tab. 4  [15] shows the bound ary and
ini tial con di tions mea sured dur ing the test.

Re gard ing the break size, it must be noted that
the per cent age of the break area in PSB was dif fer ent
than in LOBI due to the dif fer ent di am e ter of the cold
leg in PWR and VVER 1000 pro to type re ac tors.

The test started by open ing the break valve,
with the open ing time of 0.4 s. With the open ing of
the break, the pressurizer heat ers were switched off.

When the pri mary pres sure achieved 13 Mpa,
the fol low ing ac tions were im posed:
– clo sure of the tur bine shut valve at the end of the

steam header. The steam gen er a tors re mained
aligned to the steam header,

– closure of steam gen er a tor feed wa ter,
– trip of all MCPs; com pletely stopped in 4 s, and
– scram, the core power started to fol low the given

power/time curve.
At the pri mary side pres sure of 4 MPa the ac -

cu mu la tors started to in ject wa ter in the pres sure
ves sel in let cham ber. Ac cu mu la tors re mained con -
nected un til the wa ter level was 1.31 m (from the
bot tom) in or der to avoid ni tro gen pen e tra tion into 
the pri mary sys tem. Only the pair of SIT con nected
to the downcomer was used be cause LOBI had only 
two hydroaccumulators.

The low pres sure emergency core cool ing sys -
tem (ECCS) was ac ti vated at the heater rod tem per -
a ture of 500 °C. The wa ter was sup plied in cold legs
of loops no. 1, 3, and 4 with the mass flow rate of
0.248 kg/s in each line.

The steam gen er a tor BRU-A valves were
opened at the sec ond ary pres sure of 7.4 MPa and
closed at 7.2 MPa; those set points were de rived
from the plots show ing the sec ond ary pres sure be -
hav ior in LOBI fa cil ity. Dur ing the whole tran sient,
the steam gen er a tors re mained aligned to a com -
mon steam header; there fore, the sec ond ary pres -
sures of the steam gen er a tors were ex pected to be
equal. An in sig nif i cant un cer tainty in mea sur ing the 
pres sures could lead to a BRU-A valve be ing open
in any one steam gen er a tor while oth ers re mained
closed, due to de crease of the sec ond ary pres sure.
To avoid dif fer ent be hav ior in the SGs, all the
BRU-A valves were as sumed to be de pend ent on
SG-1 pres sure. The ex per i ment was ter mi nated
when a steady core cool ing con di tions af ter the fi nal
core rewet had been achieved.

Ex per i men tal data com par i son

Af ter the ex per i men tal data col lected at the
PSB fa cil ity be came avail able at Uni ver sity of Pisa, a
com par i son be tween LOBI and PSB ex per i men tal
data has been done. From this first anal y sis the high
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Ta ble 4. Com par i son be tween mea sured and cal cu lated bound ary and ini tial conditions

Parameter Measurement Measured value Calculation R5/M3.3

Pressure in upper plenum, [MPa] YC01P17 15.6 15.53

Coolant temperature at UP outlet, [°C]

YA01T03
YA02T03
YA03T03
YA04T03

310
308
311
308

310
310
310
310

Coolant temperature at DC inlet, [°C]

YA01T02
YA02T02
YA03T02
YA04T02

283
283
282
282

284
284
284
284

Core power, [kW] YC01N01 1129 1130

Core by-pass power, [kW] YC01N02 14.9 15

Coolant level in PRZ, [m] YP01L02 4.93 4.87

Pressure, [MPa]
– SG 1
– SG 2
– SG 3
– SG 4

YB01P01
YB02P01
YB03P01
YB04P01

6.88
6.91
6.93
6.88

6.92
6.92
6.91
6.92

Level, [m]
– SG 1
– SG 2
– SG 3
– SG 4

YB01L01
YB02L01
YB03L01
YB04L01

2.48
2.49
2.52
2.48

2.45
2.44
2.44
2.44

Pressure, [MPa]
– HA 2
– HA 4

TH02P01
TH04P01

4.08
4.14

4.0
4.0

Level, [m]
– HA 2
– HA 4

TH02L01
TH04L01

4.58*
4.60*

5.29
5.29

* Lev els from the trans ducer read ings do not cover the lower part of ac cu mu la tor ves sels



sim i lar ity be tween the con sid ered rigs can be seen
(figs. 2 to 4). Fur ther more, the main pri mary side
pa ram e ters (such as pres sure, clad tem per a ture,
mass) show the same trend. This fact con firms the
va lid ity of the ap proach fol lowed in solv ing the scal -
ing prob lem. More over, the same thermalhydraulic
phe nom ena have oc curred dur ing the test (e. g.
three dry-outs, the first quenched by loop seal clear -
ing, the sec ond by ac cu mu la tor in ter ven tion and the 
last by LPIS in ter ven tion) – this dem on strates the
sim i lar ity in be hav ior of PWR and VVER 1000 in
the case of a SBLOCA.

From the phenomenological point of view, the 
ac ci dent can be sub di vided into four main pe ri ods:
(a) subcooled blow down and first core

dry-out/rewet (time from 0 to 97 s),
(b) sat u rated blow down and pri mary to sec ond -

ary side pres sure de coup ling (from 97 s up to
ac cu mu la tors emp ty ing),

(c) mass de ple tion in the pri mary loop (from ac -
cu mu la tors emp ty ing to the fi nal core dry
out), and

(d) in ter ven tion of the low pres sure in jec tion sys -
tem that quenches the core.

Phase (a). Fol low ing the break, the pri mary
sys tem pres sure is sub ject to an ini tial fast de crease up 
to the achieve ment of sat u ra tion con di tions up -
stream the break. The abrupt ini tial pres sure de crease 
leads to scram, main cool ant pump trip and iso la tion
of steam gen er a tors in the first 20 s of the tran sient.
Pressurizer emp ty ing oc curs in about 10 s. Dur ing
this phase, the stop of nat u ral cir cu la tion oc curs, es -
sen tially due to void ing and mass de ple tion in the up -
per zones of the loop. This causes a ma nom e ter type
sit u a tion in the pri mary loop pip ing: the steam pro -
duced in the core partly flows di rectly to the break
through the by-pass and partly pushes down the level 
in the core, to bal ance the liq uid level pres ent in loop
seals. In this sit u a tion core dry out oc curs at about
100 s. The rod tem per a ture ex cur sion ends when the
loop seal clear ing starts (at about 105 s in the loop
num ber 4).

Af ter the loop seal clear ing oc curs, the suf fi -
cient liq uid mass is pres ent in the core to cool the
rods. Fol low ing the above events a large amount of
steam is pres ent up stream the break and an im por -
tant break flow rate de crease takes place.

Phase (b). Con tin u ous core boil off and pri -
mary to sec ond ary side pres sure de coup ling char ac -
ter ize the first part of phase (b). The core boil off
(pro duced steam flows al most en tirely to the break)
causes a sec ond dry out at about 400 s at a pres sure
near, but higher than, the ac cu mu la tor pres sure (4.2 
MPa). In this pe riod the heat trans fer from the sec -
ond ary side to pri mary side is quite small com pared
with core power, be cause of the high void frac tion
in the SG tubes. The ac cu mu la tor in ter ven tion at
406 s and 414 s causes the re cov ery of liq uid level in
the core and a sec ond rewet that is com pleted at
about 480 s. The iso la tion of ac cu mu la tors oc curs at 
about 1365 s and 1452 s re spec tively. Dur ing the
pe riod of ac cu mu la tor in jec tion, the pri mary sys tem 
mass in creases, be cause the liq uid flow rate de liv -
ered by ac cu mu la tors is larger than the break flow
rate.

Phase (c). The stop of ac cu mu la tor in jec tion
causes an other mass de ple tion pe riod, lead ing to the 
third dry out at about 2080 s into the tran sient,
when the pri mary pres sure is about 1 MPa. No
other sig nif i cant event oc curs in this pe riod, ex clud -
ing the core level de pres sion. When the rod sur face
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Fig ure 2. Com par i son be tween LOBI (full line) and
PSB (dots) pri mary side pressure

Fig ure 3. Com par i son be tween LOBI (full line) and
PSB (dots) clad tem per a ture – top level

Fig ure 4. Com par i son be tween LOBI (full line) and
PSB (dots) pri mary side mass



tem per a ture reaches 773 K, the low pres sure in jec -
tion sys tem is ac tu ated (2432 s) in the cold leg of the 
loop no. 1,  3, and 4.

Phase (d). The LPIS flow rate (0.248 kg/s) is
quite ef fec tive in caus ing the third core quench and
in re cov er ing the fa cil ity that oc curs at about 2560 s. 
Core reflood oc curs in this pe riod.

The test was ter mi nated at 2593 s, with pri -
mary pres sure around 0.7 MPa.

PSB coun ter part test cal cu la tion re sults

Adopt ing the same nodalisation qual i fied at
the steady state and at on-tran sient level by the
11% UP break test [17], the post test cal cu la tion
of the SBLOCA has been per formed. Lit tle mod i -
fi ca tions have been done re gard ing the break area, 
its po si tion, and the ac cu mu la tor model. In fact,
in this test the heat ex changed be tween the fluid
and the ac cu mu la tor struc ture has been taken into
ac count due to the con tin u ous dis charge trend of
the SITs.

In or der to reach the steady state con di tion,
the tran sient cal cu la tion has been pre ceded by
run ning the code with the “TRANSNT” (tran -
sient) op tion for 200 s dur ing which the plant has
been main tained in the nor mal con di tion. The
dem on stra tion of the achieve ment of the right
and sta ble steady state con di tion has been done
and shown in tab. 4; the er rors are ac cept ably
small as re quested from the nodalisation qual i fi -
ca tion pro ce dure [16].

The post test cal cu la tion has been per formed 
by adopt ing RELAP5/Mod3.3 code with the de -
fault model (Henry Fauske) for the break dis -
charge. A com pre hen sive com par i son be tween
mea sured and cal cu lated time trends or val ues
shows that the code pre dic tion is rea son ably good 

[17, 18]. Nev er the less, some re marks should be
made be cause of some dis crep an cies. For ex am -
ple, an a lyz ing the rod tem per a ture at the top level, 
it can be seen that the code does not pre dict the
sec ond dry out and that the break flow rate is not
so pre cise. It is also true that not all the ther mo -
cou ple in stalled at the core top mea sured three dry 
outs and that the en tity of this phe nom e non is
quite low, about 50 K. It should be never for got -
ten that RELAP5 is a sys tem code that gives a
gen eral trend and it is not able to pre dict or re pro -
duce lo cal ef fects. The flow rate through the break 
is mea sured with an er ror of about 20%.

To sup port the judge ment of the cal cu la tion
re sults, a qual i ta tive and quan ti ta tive eval u a tions
have been done. The first step has been com pleted 
fol low ing a sys tem atic pro ce dure, con sist ing of
the iden ti fi ca tion of phe nom ena (CSNI list) and
of rel e vant thermalhydraulic as pect (RTA). In
both cases five lev els of judge ment have been in -
tro duced (E, R, M, U, and –), whose mean ing is
de tailed in the Ap pen dix 1 of [16]. The re lated re -
sults are re ported in tab. 5.

A pos i tive over all qual i ta tive judge ment is
achieved if “U” is not pres ent; in ad di tion, the pa -
ram e ters char ac ter iz ing the RTA (i. e. SVP – sin gle
val ued pa ram e ter, TSE – pa ram e ter be long ing to
the time se quence of events, IPA – in te gral pa ram e -
ter and NDP – non di men sional pa ram e ter) give an
idea of the amount of the dis crep ancy.

In the pres ent case, the fol low ing con clu sion
could be reached:

(a) no “U” mark is pres ent, and

(b) all RTA of the ex per i ment are pres ent in the
cal cu lated data.

The ac cu racy eval u a tion by adopt ing RTA and
key phe nom ena sup ports the con clu sion that the
cal cu la tion is qual i ta tively cor rect.
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Ta ble 5. Judg ment of code cal cu la tion on the ba sis of RTA (part 1)

Unit Experiment Calculation
R5/M3.3

Judgment
R5/M3.3

RTA: Pressurizer empting

TSE
Emptying time
Scram time

        s
        s

            10
           57.6

           10
           53

E
E

IPA
Integrated flow from SL (from 0 up to
emptying)

       kg              –             – –

RTA: Steam generators secondary side behavior

TSE
Main steam line valve closure
Difference between PS and SS pressure at 100 s

        s
     MPa

          17.5
          0.33

           10
          0.43

R
R

SVP

SG level
– at the end of subcooled blowdown

– when PS pressure equals SS pressure

– when accumulations start

– when LPIS starts

       m
     2.44; 2.44;
     2.49; 2.38
     2.43; 2.44;
     2.49; 2.37
     2.40; 2.41;
     2.47; 2.33
     2.35; 2.26;
     2.34; 2.30

     2.39; 2.39;
     2.38; 2.30
     2.42; 2.43;
     2.42; 2.33
     2.41; 2.41;
     2.39; 2.31
     2.28; 2.30;
     2.30; 2.82

E
               

E
               

E
               

E
              



The pos i tive con clu sion of the qual i ta tive ac -
cu racy eval u a tion makes pos si ble ad dress ing the
quan ti ta tive ac cu racy eval u a tion. With this aim,
the meth od ol ogy de vel oped at Uni ver sity of Pisa,
based on the use of the FFT, was adopted. The re -
sults are given in tab. 6, and the con clu sion is the
fol low ing: the achieved re sults are well be low the
ac cept abil ity thresh old, both in re la tion to the

over all ac cu racy (AA = 0.35 com pared with the
ac cept abil ity limit of 0.4) and the pri mary sys tem
pres sure ac cu racy (AA = 0.06 com pared with the
ac cept abil ity limit of 0.1).

Def i nitely, the doc u mented cal cu la tion is ac -
cept able from the code as sess ment point of view;
thus, the code is able to pre dict this kind of tran -
sient.
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Ta ble 5. Judg ment of code cal cu la tion on the ba sis of RTA (part 2) 

Unit Experiment Calculation
R5/M3.3

Judgment
R5/M3.3

SVP

SG pressure
– at the end of subcooled blowdown

– when PS pressure equals SS pressure

– when accumulations start

– when LPIS starts

MPa
7.31; 7.34;
 7.36; 7.31  
7.30; 7.34;
7.37; 7.30 

 6.79; 6.81; 
6.83; 6.79 

 5.36; 5.39; 
5.41; 5.37 

7.25; 7.25;
7.25; 7.25 
7.22; 7.22;
7.22; 7.22  
 6.87; 6.87; 
 6.87; 6.87   
 5.50; 5.50;  
 5.50; 5.50   

E

E

E

E

RTA: Subcooled blowdown

TSE
Upper plenum in saturation conditions
Break two phase flow

s
s

16
113

18
140

E
R

IPA Break flow up to 30 s kg 183.7 130 M

RTA: First dryout occurrence

TSE
Time of dry out
Range of dry out occurrence at various core levels
Peak cladding temperature

s
s

K

97
97–102

589

127
127–131

619

R
R
R

SVP
Average linear power
Maximum linear power
Core power/primary mass

kW/m
kW/m
kW/kg

1.416
1.416
2.01

1.06

1.06
1.63

M
M
M

IPA Integral of dry out at 2/3 of core height °C s – – –

NDP
Primary mass/initial mass
Time of loop seal clearing

%
s

47.6
109-105 loop 1&4

45
129-127 loop 3&4

E
R/E

RTA: Rewet by loop seal clearing

TSE
Range of rewet occurrence
Time when rewet is completed

s
s

102–107
109

130–142
143

R
R

TSE PS pressure equal to SS pressure s 150 170 R

SVP
Break flow at 200 s
Break flow at 1000 s

kg/s
kg/s

–
–

1.04
0.13

–
–

IPA Integrated flow from 200 to 1000 s kg 236.52 196 M

RTA: Mass distribution in primary side

TSE Time of minimum mass occurrence s 430
2430

429
2512

E
E

SVP
Minimum primary side mass
Average linear power at minimum mass
Minimum mass/ITF volume

kg
kW/m
kg/m3

171.3
140.6
0.304

–

133
106.5
0.274

–

R
R
E
–

RTA: Second dryout occurrence

TSE
Time of dry out
Range of dry occurrence at various core levels
Peak cladding temperature

s
s
K

405
401-478

590

–
–
–

M(1)

–
–

SVP
Average linear power
Core power/primary mass

kW/m
kW/kg

0.425
1.41

–
–

–
–

IPA Integral of dry out at 2/3 of core height – – –

NDP Primary mass/initial mass % 21.6 – –

RTA: Accumulators behavior

TSE
Accumulators injection starts
Accumulators injection stops

s
s

406-414
1365-1452

403
1702

E
R

IPA Total mass delivered accumulators kg – – –

(1) Ab sence of sec ond dry out is due to a low value of the dry out it self (about 50 K) and that is a lo cal ef fect mea sured only by some 
jjjjjther mo cou ple of the up per part of the core



CONCLUSIONS

The pres ent study pres ents a con tri bu tion to
the scal ing anal y sis with spe cial re gard to the Rus -
sian pres sur ized wa ter re ac tor type (VVER 1000).
By the study of a coun ter part test, strictly de rived
from the same ex per i ment car ried out in LOBI, the
va lid ity of the ap proach fol lowed to solve the scal -
ing prob lem in the PSB fa cil ity has been dem on -
strated. The se lected test is a SBLOCA in which the
break is lo cated in the cold leg down stream the main 

cir cu la tion pump; the ac cu mu la tors are avail able
and only the in ter ven tion of low pres sure in jec tion
sys tem is fore seen, ac ti vated on a high tem per a ture
sig nal, re gard ing the ac tive ECCS.

The com pre hen sive ap proach to the scal ing is -
sue is based upon a re stricted num ber of key as pects:
(a) de tailed scal ing cri te ria have been de rived: a

few char ac ter is tic pa ram e ters are se lected fol -
low ing a hi er ar chy based on their rel e vance in
the con sid ered tran sient, ar riv ing at the def i ni -
tion of bound ary and ini tial con di tions for the
se lected test,

(b) comparison be tween ex per i men tal data of
LOBI and PSB CTs avail able at Uni ver sity of
Pisa has been con ducted with the aims: (1) to
ver ify the va lid ity of the pa ram e ters se lected,
(2) to em pha size the same over all be hav ior in
the two rigs, and (3) to in clude the CT per -
formed in PSB fa cil ity that re pro duces a
VVER 1000 (unique CT car ried out in this fa -
cil ity type) into the ac tual ex per i men tal da ta -
base, and

(c) cal cu la tion of the SBLOCA car ried out in PSB
by the use of RELAP5/Mod3.3 code, com par -
i son be tween mea sured and cal cu lated curves,
qual i ta tive and quan ti ta tive eval u a tion of the
re sults.
The sce nario of the CT per formed in

PSB-VVER fa cil ity has been de signed in col lab o ra -
tion with EREC, fol low ing the meth od ol ogy de -
scribed in the pres ent study: the main pa ram e ter
used to de rive ini tial and bound ary con di tions has
been the ra tio be tween PSB and LOBI pri mary side
vol ume (Kv scal ing). The dem on stra tion of the
over all sim i lar ity of the two tests, even though the
two fa cil i ties have dif fer ent lay out, has been per -
formed by a com par i son be tween ex per i men tal
data.
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Ta ble 5. Judg ment of code cal cu la tion on the ba sis of RTA (part 3)

Unit Experiment Calculation
R5/M3.3

Judgment
R5/M3.3

RTA: Accumulators behavior

NDP
Minimum mass/initial mass
Primary mass/initial mass

%
%

20.7
21.3

15.6
16.1

M
M

RTA: Final dryout occurrence

TSE
Time of dry out
Range of dry out occurrence at various core levels
Peak cladding temperature

s
s
K

2077
2077-2313

783

2111
2120-2694

798

E
R
E

SVP
Average linear power
Rate of rod temperature increase
Core power/primary mass

kW/m
K/s

kW/kg

0.304
0.8
1.06

0.28
0.81
1.21

R
E
R

IPA Integral of dry out at 2/3 of core height °C s – – –

NDP Primary mass.initial mass % 20.6 16.1 R

RTA: LPIS intervention

TSE
LPIS start
Range of rewet occurrence
Final rewetting

s
s
s

2432
2482-2518

2559

2512
2535-2626

2695

E
R
R

IPA Integrated flow from start to end of rewet kg 96.7 135.8 R

NDP Primary mass/initial mass % 16.8 12.5 R

Ta ble 6. Re sults ob tained by the ap pli ca tion of the
FFT method – SBLOCA

Parameter AA WF

PRZ pressure 0.06 0.030

Secondary side pressure – SG 3 0.08 0.052

Secondary side pressure – SG 4 0.08 0.044

Accumulator pressure 0.09 0.026

Core outlet fluid temperature 0.45 0.086

Upper head fluid temperature 0.35 0.042

Integral break flow rate 0.20 0.114

ECCS integral flow rate 0.58 0.055

Heater rod temperature (bottom level) 0.08 0.039

Heater rod temperature (middle level) 0.56 0.035

Heater rod temperature (top level) 0.83 0.067

Primary side total mass 0.25 0.064

DP core 1.23 0.140

Core power 0.37 0.078

DP loop seal ascending side (loop 4) 0.55 0.115

DP loop seal descending side (loop 4) 0.28 0.040

Total 0.35 0.057



LIST OF ABBREVIATION

AA – av er age am pli tude
AR – break area
CSNI – Com mit tee on the safety nu clear instalations
CT – coun ter part test
DC – downcomer
DP – pres sure drop
ECCS – emer gency core cool ing system
EREC –jElectrogorsk re search en gi neer ing cen ter
FFT – fast Fou rier transform
HA – hy dro-ac cu mu la tor
HPIS – high pres sure in jec tion system
IPA – in te gral parameter
ITF – in te gral test facility
Kv – vol ume scal ing factor
LOBI – loop for off-nor mal be hav ior  in ves ti ga tion
LPIS – low pres sure in jec tion system
MCP – main cool ant pump
NDP – non dimensional parameter
NPP – nu clear power plant
PRZ – pressurizer
PSB – Rus sian  large  scale  in te gral  test facility
PWR – pres sur ized wa ter reactor
RTA – rel e vant thermalhydraulic aspect
SBLOCA – small break loss of cool ant ac ci dent
SETF – sep a rate ef fect test facility
SG – steam generator
SIT – safety in jec tion tank
SVP – sin gle val ued parameter
TACIS – tech ni cal as sis tance com mu nity ind-

jjjependent state
TSE – time se quence of events
UP – up per plenum
VPS – pri mary side vol ume
VVER – Rus sian  type of pres sur ized  wa ter re ac tor
WF – weighted fre quency
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Fran~esko DAURIA, Marko KERUBINI,
\or|o Maria GALASI, Nikolaus MILNER

ANALIZA  SAGLASNIH  TEST  PODATAKA  IZRA^UNATIH  I  MERENIH
U  SIMULATORIMA  PWR  I  VVER 1000 REAKTORA

U radu je prikazan pregled ”strategije skalirawa”, posebno uloge usagla{ene test
metodologije. Da bi se ukazalo na pojave zna~ajne za skalirawe, izlo`ena su nova prou~avawa koja
se bave analizama skalirawa u lakovodnom reaktoru sa posebnim osvrtom na ruski reaktor VVER
1000. Usvojeni pristup skalirawu zasniva se na odabiru nekoliko karakteristi~nih parametara na 
osnovu wihovog zna~aja za pona{awe tranzijenta. Kori{}en je ra~unarski pro gram
RELAP5/Mod.3.3, i kvalitativnim i kvantitativnim procenama pokazana je wegova ta~nost.

Upore|ivawem eksperimentalnih podataka utvr|eno je da se ispitivana postrojewa
sli~no pona{aju u pogledu vremenskih tokova, i da se mogu kvalitativno predvideti iste
termohidrauli~ke pojave. Glavni rezultat je da osnovni parametri PSB i LOBI postrojewa
pokazuju sli~ne trendove. Ova ~iwenica potvr|uje vaqanost usvojenog pristupa skalirawa i
pokazuje da je pona{awe PWR i VVER reaktorskih tipova vrlo sli~no. Uprkos ~iwenici da su dva
postrojewa razli~ito projektovana, tokom usagla{enog testirawa nisu uo~ene nove pojave, dok su
ranije poznate ~iwenice programom ispravno predvi|ene. Mogu}nosti i ta~nost programa su
nezavisni od razmere. Obe ove osobine su nu`ne da bi se u ciqu predvi|awa pona{awa nuklearne
elektrane dopustili prora~uni u pravoj razmeri.

Kqu~ne re~i:  sigurnost nuklearnog reaktora, skejling analiza, VVER reaktor, RELAP5 


