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The best es ti mate plus un cer tainty is, at the same time, an ap proach, a pro ce dure and a frame -
work in nu clear ther mal-hy drau lics and nu clear re ac tor safety and li cens ing. The mo ti va tion
at the ba sis of the best es ti mate plus un cer tainty is the lack of knowl edge in the ar eas of sin gle
and, mainly, two-phase tran sient ther mal-hy drau lics. In other terms and in tro duc ing some
sim pli fi ca tions, the in suf fi cient knowl edge of tur bu lence im poses the de sign of roadmaps for
the ap pli ca tion of im per fect (ther mal-hy drau lic) mod els to the eval u a tion of de sign fea tures
and of safety for com plex tech no log i cal in stal la tions or sys tems like the nu clear power plants
and, more spe cif i cally, the wa ter cooled nu clear re ac tors. Fur ther more, the le gal coun ter part
of nu clear re ac tor safety, or the li cens ing, is con cerned: there fore the best es ti mate plus un cer -
tainty must ac count for rules and reg u la tions de rived from the fun da men tal radioprotection
prin ci ple which im poses the minimization of the im pact of ra di a tions upon hu mans and the
en vi ron ment un der any cir cum stance. In the pres ent pa per, the key el e ments of the ap proach
are iden ti fied and char ac ter ized. These shall be seen as the sup port for a con sis tent ap pli ca tion
of ther mal-hy drau lics to the de sign and safety of wa ter-cooled nu clear re ac tors.

Key words: best es ti mate, un cer tainty eval u a tion, best es ti mate plus un cer tainty, li cens ing pro cess,
val i da tion, scal ing

IN TRO DUC TION

De tails of phys ics, like tur bu lence, which are es -
sen tial for the sim u la tion of liq uid-steam mix ture tran -
sient per for mance are known with ap prox i ma tion; in -
deed, within a nu clear re ac tor, ther mal-hy drau lics best 
es ti mate (BE) mod els are built, nu mer i cal cal cu la tions
are per formed and er rors in cal cu la tion re sults, or Un -
cer tainty (U), are ex pected. The words best es ti mate
plus un cer tainty, i. e., BEPU, since their or i gin con sti -
tuted the at trib ute of a cal cu la tion per formed by a sys -
tem ther mal-hy drau lic code. Three items al low a ped a -
gogic def i ni tion of BEPU:
– Best es ti mate vs. con ser va tive. The word con ser va -

tive has been al ways used in en gi neer ing cal cu la -
tions to mask a lack of knowl edge, or, in some cases 
to achieve re sis tance ca pa bil i ties and strengths of a
sys tem higher than what strictly needed by the de -
sign. The words best es ti mate do not im ply the re -
moval of the con ser va tism; rather they im pose the

min i mum con ser va tism con sis tent with the ac tual
tech no log i cal knowl edge.

– Ca pa bil i ties and lim i ta tions of sys tem codes.
Ther mal-hy drau lic sys tem codes con sti tute the
ref er ence com pu ta tional tools for the ap pli ca tion
of BEPU. Not with stand ing large ef forts in de vel -
op ment and val i da tion, the cur rent fea tures and
the ca pa bil i ties of those codes are such to en vis age 
un avoid able er rors in any pre dic tion. This is spe -
cif i cally true for the ap pli ca tion of codes to the
tran sient anal y sis of ac ci dents in nu clear power
plants (NPP).

– Un cer tainty. The un avoid able er rors ex pected
from the ap pli ca tion of com pu ta tional tools in
ther mal-hy drau lics (also re ferred above) need to
be quan ti fied to de ter mine their ac cept abil ity.
Then, the word un cer tainty ap pears: un cer tainty is 
the pre dic tion of the er ror ex pected in NPP cal cu -
la tions re sults. Spe cific meth ods, or pro ce dures or
meth od ol o gies, are needed and have been de vel -
oped and qual i fied to de ter mine the un cer tainty;
ac cept abil ity or the er ror (i. e. of the un cer tainty) is 
di rectly or in di rectly linked with un cer tainty eval -
u a tion.
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There fore BEPU im plies the use of an im per fect
BE code where the 'U' (or PU in the ac ro nym) con sti -
tutes the sub sti tute for the con ser va tism. The ac cept -
abil ity of the BEPU ap proach for the anal y ses within
the li cens ing pro cess of NPP is the chal lenge for the in -
dus try (the li censee) and, pri mar ily, for the reg u la tors
(the li cen sor).

The fea tures of BEPU are such to make at trac tive
its use to ad dress any de sign and op er a tional is sue in NPP 
tech nol ogy. The BEPU is also the tip of the ice berg of
com pe tence in nu clear ther mal-hy drau lics or a
cross-way into the ther mal-hy drau lics uni verse. The de -
vel op ment of BEPU im plies in ter ac tions be tween de ter -
min is tic and proba bil is tic anal y ses also rec og nized as de -
ter min is tic safety as sess ment (DSA) and proba bil is tic
safety as sess ment (PSA).

Pro gresses in prov ing the ca pa bil i ties of the codes
con tin ued dur ing the cur rent mil len nium as well as in
fur ther dem on strat ing the qual i fi ca tion level of un cer -
tainty meth ods. In the same pe riod in sti tu tions in the area
of nu clear re ac tor safety (NRS) is sued doc u ments,
IAEA, [1] and [2] and USNRC, [3], open ing or pro mot -
ing the ap pli ca tion of BEPU. Prac ti cal ap pli ca tions of
BEPU for the new NPP, even due to the small num ber of
new units en tered in op er a tion in the pe riod 2000-2015
are re stricted to a few cases; two pi o neer ing ef forts were:
(a) fi nal safety anal y sis re port (FSAR), Chap ter 15 – ac -
ci dent anal y sis – large break loss of cool ant ac ci dent
(LBLOCA), in Angra-2 NPP in Brazil (1997-2000), [4];
b) FSAR, Chap ter 15 – ac ci dent anal y sis – all tran sients
where an a lyt i cal sup port is needed, in Atucha-2 NPP in
Ar gen tina (2008-2011), [5].

Till the pres ent time, BEPU never be came a
spread ing tech nol ogy or even an in ter na tion ally rec -
og nized ap proach for dem on strat ing the safety of nu -
clear re ac tors.

The ob jec tive of the pres ent pa per is to pro vide
an over all vi sion for BEPU, i. e., com pre hen sive as far

as pos si ble with out en ter ing im por tant de tails which
also char ac ter ize the ap proach. To this aim key el e -
ments and frame work, are dis tin guished. Out comes
from ap pli ca tions are sum ma rized to gether with en -
vis aged de vel op ments.

WHAT IS BEPU?

A sin gle or unique def i ni tion for BEPU may not
be suf fi cient or may not give the cor rect pic ture or may
even not ad dress the ques tion what is BEPU? Con fer -
ences start ing from BE-2000, [6], pro vide broad and
dis persed an swers to the ques tion; fur ther more, a glos -
sary type def i ni tion is not even part of more re cent
pub li ca tions deal ing with BEPU, e. g. [7]. Here af ter,
the fol low ing se lected top ics are used to pro vide an
over all vi sion for BEPU:
a) (Out line of a short BEPU) His tory.
b) BEPU-QA (BEPU – Qual ity As sur ance).
c) ALARA-BEPU-IA (As low As Rea son ably

Achiev able – BEPU – In de pend ent As sess ment).
d) The da ta base and the BEPU KM (Knowl edge

Man age ment), [8].
e) From ba sics in TH (ther mal-hy drau lics) and NP

(neu tron phys ics) to BEPU.
f) The spec trum of AA (ac ci dent anal y sis): break ing

the bar rier DSA/PSA. 
g) The wild trav eler and the ghost city.

The BEPU his tory

A view for the BEPU his tory can be drawn from
fig. 1; a sum mary his tory of nu clear ther mal-hy drau -
lics can be found in [9] and in Chap ters 1 and 2 of the
book in [7]. Ref er ence prog ress of sci ence and tech -
nol ogy and ad vance ment in reg u la tions can be seen on
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Fig ure 1. A pic ture for the
BEPU his tory



the left and right of the cen tral col umn in fig. 1 where
de cades start ing from 1970 are re ported. The pi o neer -
ing book by P. Roache and the Amer i can Nu clear So ci -
ety (ANS) trig ger ing ac tiv i ties in the '70s are em pha -
sized on the left part; these are fol lowed by
Or ga ni za tion for Eco nomic Co-op er a tion and De vel -
op ment / Nu clear En ergy Agency / Com mit tee on the
Safety of Nu clear In stal la tions (OECD/NEA/CSNI)
ac tiv i ties and re lated re ports is sued since early 80's till
now a days: the state of art re port (SOAR) about ther -
mal-hy drau lics of emer gency core cool ing sys tems
(TECCS) and about scal ing can be men tioned to gether 
with UMS, BE MUSE, PRE MIUM and SAPIUM
co-op er a tive pro jects. The ver i fi ca tion and val i da tion
(V&V) se ries of con fer ences by Amer i can So ci ety of
Me chan i cal En gi neer ing (ASME) shall be men tioned
to gether with the BE se ries of con fer ences or ga nized
by ANS, re cently con tin ued with the BEPU con fer -
ence in Lucca (It aly, May 2018). The prog ress in li -
cens ing (right side of the di a gram) is sum ma rized by
ECCS rules is sued in 1971 by the United States
Atomic En ergy Com mis sion with sub se quent mod i fi -
ca tions of pro posed mo dal i ties to per form the (li cens -
ing) anal y sis, i. e., Reg u la tory Guides (RG) 1.157,
1.203 and more re cently (still draft) 1.224. The In ter -
na tional Atomic En ergy Agency (IAEA) vi sion is
sum ma rized by the SSG-2 re port. The re sponse of in -
dus try is ex em pli fied by the large break loss of cool ant
ac ci dent (LBLOCA) BEPU anal y sis in Angra-2
(Brazil, around 2000) and the BEPU ap pli ca tion to all
ac ci dents part of the FSAR in Atucha-2 (Ar gen tina,
around 2010): more de tails re lated to both cases are
given in sec tion SAM PLE AP PLI CA TIONS.

The BEPU-QA and ALARA-BEPU-IA

The ALARA prin ci ple is at the ba sis of
radioprotection; a straight for ward ex ten sion to nu -
clear safety im plies an op ti mi za tion pro cess: the best
should be done to min i mize the im pact of ra di a tions
upon the peo ples and the en vi ron ment. BEPU shall be
con sid ered a con sis tent out come of the ALARA prin -
ci ple in the ar eas of AA and com pu ta tion, [10].

The main te nance of the de sired level of qual ity
or the way to min i mize or pre vent mis takes and de fects 
are as so ci ated with the ac ro nym QA. The fol low ing
char ac ter is tics ap ply to QA and BEPU, [10]:
(a) ex is tence of tech no log i cal (com pu ta tional) tools

to be in serted into an ap pli ca tion pro cess, 
(b) the key role of qual i fi ca tion (i. e., of com pu ta tion

tools),
(c) ex is tence of a reg u la tory en vi ron ment (in clud ing

ac cept abil ity re quire ments), and
(d) rel e vance and fi nan cial value for the out comes of

the tech no log i cal pro cesses as so ci ated with the
use of com pu ta tional tools: no tice ably NPP de sign 
and safety eval u a tions. 

The QA and QA frame work in tro duce re quire -
ments for the BEPU pro cess and at the same time are
in her ent parts of the BEPU.

The IA con sti tutes a deep-rooted req ui site within 
NRS es tab lished since the in dus tri al iza tion of nu clear
tech nol ogy. The stakes as so ci ated with the cost of the
NPP, the com plex ity of the sys tem and the po ten tial
im pact of ra di a tion upon the hu mans and the en vi ron -
ment jus tify IA: safety must be dem on strated by ex -
perts in de pend ent from de sign ers and own ers of the
con cerned sys tem who take a ben e fit from the op er a -
tion of the same sys tem. The im ple men ta tion of the IA
re quire ment may re veal un fea si ble out side BEPU,
[11]; namely this is the only log i cal ap proach for the li -
cen sor for get ting the IA of the li censee sub mis sion:
the un cer tainty in in put pa ram e ters is de rived in de -
pend ently and sub sti tutes, and even tu ally is con sis tent
with, the con ser va tism of the li censee pos si bly based
on pro pri etary (best es ti mate) in for ma tion.

Thus, BEPU can be imag ined as a tech no log i cal
cor ner stone sup ported by QA, IA, and ALARA.

The knowl edge and knowl edge
man age ment 

A typ i cally huge da ta base [12] and the knowl -
edge man age ment con sti tute key term and ac tiv ity,
needed for a BEPU ap pli ca tion, re spec tively. The
house of knowl edge orig i nally pro duced when is su ing
the S-SOAR, (scal ing state of art re port), [8], can eas -
ily be ex tended to the BEPU.

The back ground for BEPU has been cre ated
within nu clear ther mal-hy drau lics which also con sti -
tuted a pil lar dis ci pline for NRS. Huge in vest ments in
re search af ter the (al most si mul ta neous) events of is -
su ing the ECCS In terim Ac cep tance cri te ria by
USAEC, sec tion BEPU-QA and ALARA-BEPU-IA,
and the avail abil ity of pow er ful com put ers to per form
a tran sient anal y sis of NPP, had their fo cus in nu clear
ther mal-hy drau lics, pri mar ily dur ing the years
1970-1995 as pre vi ously dis cussed. The in vest ments,
as far as pos si ble, grew as a con se quence of the Three
Mile ac ci dent in 1979. Hun dreds of re ports and
key-doc u ments were is sued and con sti tute the tan gi ble 
out comes of those in vest ments; a sys tem atic cov er age
only for the top ics of those doc u ments is well be yond
the frame work for the pres ent pa per; see e. g. [6] to [9]
for de tails. Nev er the less, ac tiv i ties and cor re spond ing
groups of doc u ments are dis tin guished in the ar eas
listed be low to pro vide an idea of the da ta base which
con sti tutes the fundaments of BEPU:
– A few thou sands in te gral ex per i ments where the

re ac tor cool ant sys tem is sim u lated have been per -
formed: up to around 1000 vari ables (or der of
mag ni tude) are mea sured in each ex per i ment with
typ i cal fre quency (per sig nal) of the or der of 1 Hz
or higher. No tice ably, 2-D/3-D large scale test fa -
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cil i ties in clud ing UPTF have been op er ated and
coun ter part tests (CT) have been per formed.

– A much higher num ber (i. e. re lated to In te gral ex -
per i ments) of rel e vant Sep a rate Ef fect or Ba sic
ex per i ments have been per formed: al though the
word rel e vant is not de fined here, an or der of mag -
ni tude of (sev eral) 104 tests have been per formed
which have been used to de velop nu clear ther -
mal-hy drau lics.

– A dozen sys tem codes, in de pend ent among each
other, have been de vel oped to cal cu late the tran -
sient per for mance of NPP fol low ing ac ci dents:
con cern ing in volved re sources, the de vel op ment
and the qual i fi ca tion ef forts per each code may be
in the or der of (a few) 10 man-years and (sev eral)
100 man-years, re spec tively. Qual i fi ca tion im -
plies the use of the ex per i men tal da ta base at the
afore men tioned items.

– Mod els and cor re la tions, e. g. TPCF, CHF, CCFL,
have been de vel oped and qual i fied and con sti tute
parts of the sys tem codes.

– The qual i fi ca tion (V&V), the scal ing and the un -
cer tainty meth ods and pro ce dures are dis cussed in 
sec tion SE LECTED KEY EL E MENTS and con sti -
tute di rect el e ments part of the BEPU.  The re lated
da ta base ex ists, and com pre hen sive re ports are
pub lished.

– The de sign and the op er a tion of NPP re quire the
ap pli ca tions of ther mal-hy drau lics: the re ac tor
cool ant sys tem (RCS), spe cific com po nents (e. g.
main cool ant pimps), core, con tain ment and bal -
ance of plant (BoP), im ply de ploy ment of ther -
mal-hy drau lics knowl edge.

– Ap pli ca tion of ther mal-hy drau lics are needed for
safety dem on stra tions of NPP: no tice ably, the ESF
(ECCS are part of these) and the EoP, are needed to
pre vent or to limit the ra dio ac tiv ity im pact upon the
en vi ron ment should an ac ci dent oc cur.

– Ac ro nyms (eas ily trace able on the web) for in ter na -
tional pro jects and doc u ments is sued by
OECD/NEA/CSNI, like UMS, BE MUSE, SOAR,
ISP, and IAEA, like SRS (deal ing with AA), SSG
(deal ing with pro posed safety eval u a tion frame -
works), TECDOC (deal ing with spe cific as pects of
nu clear safety and/or ap pli ca tions of ther mal-hy -
drau lics) should be con sid ered.

– Im por tant ef forts per formed by USNRC are sum ma -
rized by var i ous re ports: key words are com pen dium
of ther mal-hy drau lic re searches, NUREG se ries
(sev eral doc u ments), stan dard re view plan for the
re view of safety anal y sis re ports for Nu clear Power
Plants, reg u la tory guides (sev eral doc u ments).

– Se lected BEPU ap pli ca tions are dis cussed in sec -
tion SAM PLE AP PLI CA TIONS 

Ap pli ca tion of BEPU im plies knowl edge and
con sid er ation of top ics listed above (a com pre hen sive
list of doc u ments can be found in [7]). Among other
things (these can be seen as im por tant rea sons which
have lim ited so far the ex ploi ta tion of BEPU):

– the over all num ber of pages cor re spond ing to doc -
u ments sup port ing the listed ac tiv i ties can be es ti -
mated in the or der of sev eral 10-thou sands pages),

– about 200 man-years are needed for the full ap pli -
ca tion of BEPU to the anal y sis of ac ci dents in
Chap ter 15 of the FSAR.

From the ba sis in sci ence
and tech nol ogy to BEPU

The BEPU can be seen as an evo lu tion from fun -
da men tals in ther mal-hy drau lics up to com plex phe -
nom ena in re ac tor con di tions, [13]; in dif fer ent terms,
as sem bling and de vel op ing the knowl edge from ba -
sics in TH and NP to de rive com pound NPP sce nar ios
is a mat ter for BEPU, [14]. Just as an ex am ple in this
con nec tion, ap prox i mate or ref er ence (min i mum or
max i mum) val ues for time-scales and length-scales in
the area of ther mal-hy drau lics (much smaller val ues
char ac ter ize the lower bound aries of the given ranges
in the case of NP) are:
(a) length scale: a BEPU ap pli ca tion shall con sider

phe nom ena oc cur ring lo cally as the step-change
in heat trans fer co ef fi cient typ i cal of quench from
ad vance ment in a few mm or the global mul ti di -
men sional flows in the con tain ment at the scale of
100 m. 

(b) time scale: time scales as small as 0.001 s in case
of pres sure wave prop a ga tion or 0.01 s typ i cal of
neu tron flux ex cur sions shall be dealt with, as well 
as time-scale val ues for 1000 s (or even 100000 s)
which char ac ter ize com plex long-term tran sients
like SGTR (steam gen er a tor tube rup ture).

The BEPU anal y sis of a sin gle com plex tran sient 
(e. g. an LBLOCA) may in clude the con sid er ation of
the over all ranges of time and length scales, i. e. not
only for ther mal-hy drau lics.

The spec trum of AA: break ing
the bar ri ers among tech nol ogy sec tors

The BEPU is ex pected to cover the over all spec -
trum of ac ci dents and ac ci dent evo lu tions in NPP. Sev -
eral sub jects and dis ci plines, i. e., in clud ing ther -
mal-hy drau lics (TH), radioprotection, struc tural
me chan ics (SM), neu tron phys ics and chem is try, part
of ei ther DSA or PSA ar eas, are needed to per form ac -
ci dent anal y ses (AA). Cur rently, vir tual bar ri ers ex ist
be tween any cou ple of sub jects or dis ci pline: anal y ses
per formed in the con text of one sub ject or dis ci pline
have no feed back from an other sub ject or dis ci pline.
Within a BEPU frame work full con nec tion (or no bar -
rier) is fore see able among sub jects and ar eas. This is
also true if one con sid ers sys tem ther mal-hy drau lics
and CFD codes: cou pling may be needed, al though the 
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re lated pro cess may re veal in her ently in cor rect or
phys i cally in con sis tent. 

The wild trav eller and the ghost city

A global im age for the role and the im por tance of 
BEPU can be de rived by a met a phor of the wild trav el -
ler who en ters a ghost city, [13]. The trav el ler is an ex -
pert (e. g. in ther mal-hy drau lics) who has full knowl -
edge of the fundaments of the con cerned sub ject or
dis ci pline. Sud denly he en ters a ghost city (no in hab it -
ants) never en coun tered in his life jour ney. He knows
the el e ments part of the city, e. g. build ing, cars, trains,
etc.; how ever, he has no idea of how to make alive the
city. What is miss ing is the civ i li za tion. In the same
way, a TH ex pert may have no idea of what to do with
equa tions, mod els, phe nom ena, ex per i ments and nu -
mer i cal meth ods once an NPP ap pears: BEPU, which
looks like the civ i li za tion, is needed to match the ex -
per tise and the needs.

SE LECTED KEY EL E MENTS

In her ent, char ac ter iz ing and frame work type of
el e ments can be dis tin guished and all-to gether con sti -
tute the BEPU tech nol ogy. Any de scrip tion of the el e -
ments which are listed in this sec tion and any re lated
sys tem atic in sights are well be yond the pur pose and
the pos si ble size for the pres ent pa per: so, the given
ref er ences shall be used as guide lines for de riv ing the
needed de tails.

The in her ent el e ments are part of the ac ro nym
BEPU:
– The nu mer i cal BE code(s).
– The nodalizations or the in put decks needed to op -

er ate the codes.
– The un cer tainty method(s). 

De scrip tion of suit able codes, of nodalization fea -
tures and as so ci ated is sues, can be found in [15] and
[16], whereas in the lat ter doc u ment one may find con -
nec tion with top ics of cur rent in ter est and de vel op ment. 
The role of nodalization can be stressed at this point.
The nodalization is the in ter face be tween the code and
the re al ity to be mod eled; this is also the re sult of a
brain storm ing pro cess where the code user takes into
ac count of code ca pa bil i ties and lim i ta tions and sup -
plies the code with pos si ble lack ing in for ma tion. One
no tice able ex am ple of lack ing in for ma tion to be sup -
plied by code user is con sti tuted by the pres sure drop
co ef fi cients at geo met ric dis con ti nu ities: the val ues of
those co ef fi cients may hugely im pact the re sults of pre -
dic tions. At the end of the pro cess of set ting-up of code
and a con sis tent nodalization, BEPU cal cu la tion re sults
must com pare with re al ity. In other terms,

< Þ - Þ >reality ideal reality BEPU NO[ ] (1)

< Û >reality BEPU YES][ (2)

There fore, the re sults of BEPU cal cu la tions are
di rectly com pa ra ble with data from ex per i ments or re -
al ity. When per form ing the anal y sis un der the con di -
tions at the sec ond par a digm above one re al izes that
dif fer ences be tween pre dic tions and re al ity are un -
avoid able. This is why un cer tainty (third bul let item)
meth ods and eval u a tions are needed: qual i ties of
codes and con nected un cer tainty meth ods shall be so
high to cover those dif fer ences, end ing-up at the same
time with val ues for the dif fer ences that are small
enough to avoid use less pre dic tions. De scrip tion of
suit able un cer tainty meth ods can be found in [17].
– The char ac ter iz ing el e ments for BEPU are:
– The phe nom ena.
– The V&V.
– The scal ing. 
– The code cou pling.
– The frame work and the re quire ments for the AA

part of the fi nal safety anal y sis re port (FSAR). 
– The qual i fi ca tion of the code user or the an a lyst

(or better, of a group of an a lysts). 
The dis cus sion of  char ac ter iz ing el e ments shall

start with a key no ta tion which also ap plies to frame -
work el e ments: cur rent codes and un cer tainty meth ods 
are not per fect and, per haps, far from be ing per fect;
they are sim ply the best tools con sis tent with the cur -
rent knowl edge. There fore a con tin u ous check of this
con di tion (i. e., to be the best con sis tent tools) is
needed. This im plies a deep un der stand ing of char ac -
ter iz ing and frame work el e ments. Fur ther more, com -
mon un der stand ing and es tab lished find ings are con -
sid ered in this sec tion and in no va tions pro posed in the
last 1-2 years are dis cussed in sec tion IN NO VA TION
AND PER SPEC TIVES.

The ther mal-hy drau lic phe nom ena ex pected in
NPP dur ing ac ci dent are de rived from (scaled) ex per i -
ments and from the ex per tise of those who pro posed
the re lated lists: the WCNR (Wa ter Cooled Nu clear
Re ac tors), the spec trum of DBA (De sign Ba sis Ac ci -
dent) and the ITF/SETF (In te gral Test Fa cil ity / Sep a -
rate Ef fect Test Fa cil ity) ex per i ments con sti tute ref er -
ence ac ro nyms for the lists of phe nom ena  [18, 19].

The com plex ity as so ci ated with sce nar ios part of 
AA and the in suf fi cient fun da men tal knowl edge im -
poses V&V for com pu ta tional tools. A wide va ri ety of
doc u ments deals with V&V, e. g., from [20], [21] for
pi o neer ing ef forts, till [22] (un pub lished) for the cur -
rent sum mary vi sion.  

Scal ing can be as so ci ated with nu mer i cal codes
and with phe nom ena and/or can be con sid ered part of
V&V. The or i gin of what is called the scal ing is sue is
the lack of ex per i men tal data at nu clear re ac tor con di -
tions, ba si cally full pres sure, full geo met ri cal sizes and 
full power, [23].

Nu mer i cal codes de vel oped in dif fer ent ar eas
rel e vant to AA, e. g., ther mal-hy drau lics, me chan ics,
chem is try radioprotection and neu tron phys ics, need
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to be cou pled. Is sues like time step con trol and feed -
backs upon cou pled cal cu la tion re sults from dif fer ent
phys i cal mech a nisms must be solved, e. g., [15] and
[24]. The frame work and the re quire ments for the AA
part of the FSAR are dis cussed in the USNRC Stan -
dard Re view Plan (SRP), [25]: a huge num ber of con -
nec tions with BEPU anal y ses shall be es tab lished.

The avail abil ity of rules and con di tions for
BEPU anal y ses does not avoid the need for qual i fied
an a lysts. User-ef fect and spe cial ized-train ing con sti -
tute es tab lished out comes from the R&D at the ba sis of 
BEPU; mo ti va tions and key re quire ments for qual i fi -
ca tion of an a lysts can be found in [26]. 

The frame work el e ments of BEPU are con sti tuted
by re ports, pro ce dures, find ings, etc., that sup port or are
com ple men tary to the in her ent and the char ac ter iz ing el e -
ments al ready iden ti fied. A non-sys tem atic and non-com -
pre hen sive list of key words for frame work el e ments in al -
pha betic or der is pro vided here af ter (ac ro nyms are given
in the No men cla ture; ref er ences are omit ted for sim plic ity
and can be found in [7], in a few cases these are cited in
other parts of this pa per): a) Ap pen dix K to 10CFR50.46;
b) ASAMPSA EC pro ject; c) BE MUSE; d) BEPU re port
for Atucha-2; e) CCVM for ITF; f) CCVM for SETF; g)
CFD and NRS; h) Com pen dium of ex per i men tal re -
searches in ther mal-hy drau lics; i) Con fer ences se lected
pa pers (e. g. NURETH, NUTHOS, ICONE, ICAPP); j)
CRISSUE-S EC Pro ject; k) CSAU re port; l) CT on
SBLOCA; m) Da ta bases (NPP, ex per i ments, etc.); n)
FFTBM for ac cu racy quan ti fi ca tion; o) H2TS; p) IAEA
SRS 23; q) IAEA SRS 52; r) IAEA SSG-2; s) In ter nal As -
sess ment of Un cer tainty; t) IRIDM by IAEA; u) ISP in
ther mal-hy drau lics by CSNI; v) I & C mod el ing; w) J
NED Spe cial Is sue 1998; x) Jour nals se lected pa pers (e. g.
NED, NET, NSE, NT, STNI); y) NC flow map; z) PIE
lists; aa) Pro ceed ings of ASME V&V (2006-2017); bb)
Pro ceed ings of BE-2000; cc) Pro ceed ings of BE-2004;
dd) Pro ceed ings of BEPU-2018; ee) Pro ceed ings of a se -
ries of IAEA Work shops (2005-2015) deal ing with
DSA/PSA in te gra tion; ff) Relap5 code man u als; gg) Re -
ports from ex per i men tal pro jects (BETHSY, LSTF,
LOBI, LOFT, PKL, PSB, Semiscale, SPES, etc.); hh)
Roache book on V&V; ii) Safety mar gins lists; jj) SOAR
on TECC; kk) SRP by USNRC; ll) S-SOAR; mm) Text -
books (in ther mal-hy drau lics / heat trans fer, me chan ics,
neu tron phys ics, radioprotection, PSA, etc.); nn)
THICKET pro ceed ings; oo) UMS; pp) User ef fect; qq)
USNRC RG 1.157; rr) USNRC RG 1.203; ss) V & V re -
quire ments for codes, nodalization, etc.; tt) Wilks' for -
mula; uu) 2-D/3-D Pro gram.

Con sid er ing of the BEPU com plex ity, a spe cific
multi-com puter, multi-screen, con trol-room type of
sys tem has been de signed and con structed, [27]; the
driv ing idea at the ba sis of the sys tem de sign is as fol -
lows: all iden ti fied el e ments are im ple mented to iden -
tify in ter faces and to al low re lated in ter ac tions. 

SAM PLE AP PLI CA TIONS

Sev eral BEPU ap pli ca tions have been com -
pleted dur ing a nearly 20-year his tory. Most ap pli ca -
tions deal with large break loss of cool ant ac ci dent and
a few ones with the part of the re main ing sce nario of
the DBA list.  In ter ac tions be tween li cen sor and li -
censee are part of ap pli ca tions and mo ti va tions and
tar gets for BEPU ap pli ca tion may be dif fer ent. The
com pre hen sive de scrip tion of any in di vid ual ap pli ca -
tion is well be yond the scope of the pa per; how ever,
se lected les sons learned may pro vide an idea of the
BEPU strengths and are out lined here af ter. 

Angra-2 PWR LBLOCA

Angra-2 is an about 1400 MWe PWR in Brazil.
The large break LOCA, dou ble ended guil lo tine break
is con cerned in this ap pli ca tion, here af ter named
A2-LBLOCA. The in dus try (or the li censee) re al ized
that a con ser va tive anal y sis would have pre vented the
com pli ance with safety re quire ments un der the con di -
tion of high lin ear power for core rods. There fore, a pi -
o neer ing ap pli ca tion of BEPU was pro posed to the
reg u la tory au thor ity (or the li cen sor) in the coun try in
re la tion to LBLOCA. The li cen sor re quested the co op -
er a tion of in ter na tional in sti tu tions in clud ing in de -
pend ent as sess ment, e. g. [4]. This is a BEPU ap pli ca -
tion di rectly con nected with the li cens ing pro cess.

A large im pact upon the cal cu la tion re sults of
safety- rel e vant pa ram e ters, e. g. peak clad ding tem -
per a ture (PCT) was orig i nated by the mod els
(nodalization) of the up per ple num re gion of the ves sel 
and the as sump tion about mix ing in the core, namely
be tween the hot chan nel and the sur round ing chan -
nels.

A2-LBLOCA BEPU out comes and mes sages

· High core power den sity is al lowed based on in de -
pend ent BEPU anal y sis.

· The iIndustry makes avail able re cent pro pri etary
find ings rel e vant to safety.  

Kozloduy-3 VVER-440 LOCA

Kozoludy-3 is an about 440 MWe VVER in Bul -
garia. Two BEPU ap pli ca tions con cerned with LOCA
are dis cussed here af ter named KZ3-LOCA and
KZ3-LBLOCA, re spec tively. Both ap pli ca tions are
per formed un der the re spon si bil ity of the in dus try
(util ity owner of the NPP) to sup port the li cens ing pro -
cess; both ap pli ca tions al lowed the con tin u a tion of op -
er a tion of Unit 3 (and of Unit 4) for a few years.

The for mer ap pli ca tion was trig gered by the in -
for ma tion that Cathare code pre dicted PCT higher

F. S. D'Auria, et al.: Best Es ti mate Plus Un cer tainty Ap proach in Nu clear Re ac tor ...
304 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2019, Vol. 34, No. 3, pp. 299-312



than the val ues pre dicted by Relap5 code. A de tailed
anal y sis per formed with both codes dem on strated, as
ex pected for qual i fied cal cu la tions, that one best es ti -
mate code pre dic tion is bounded by the un cer tainty
bands of other code pre dic tion, [28].

KZ3-LOCA BEPU out comes and mes sages

· One BE code pre dic tion is bounded by BEPU pre -
dic tion of an other code.

· The er ror as so ci ated with nodalization de tails is
part of the un cer tainty.

· Split ting “time” and “quan tity” er ror is ef fec tive
(CIAU meth od ol ogy). 

The lat ter ap pli ca tion was trig gered by the fol -
low ing ques tion: Can you dem on strate that a cal cu la -
tion with con ser va tive in put val ues is con ser va tive in
terms of pre dic tion of safety pa ram e ters?. The an swer
shall be based upon a BEPU cal cu la tion, i. e. dem on -
strat ing that qual i fied and suit able safety mar gins are
pre dicted by the con ser va tive cal cu la tion. The anal y -
sis, [29], brought to the dis tinc tion be tween driven and
rig or ous con ser va tism: the first case con ser va tism in
in put pa ram e ters is driven to pre vent cal cu la tion re -
sults above the li cens ing limit; in the sec ond case, con -
ser va tism in in put pa ram e ters is fixed on the ba sis of
avail able in for ma tion and con se quent cal cu la tion re -
sults over pass the li cens ing thresh olds, i. e. the NPP
unit is not op er a ble at the con cerned power level. 

KZ3-LBLOCA BEPU out comes and mes sages

· Driven and rig or ous con ser va tism shall be dis tin -
guished.

· Driven con ser va tism is ar bi trary and rig or ous
con ser va tism does not al low the li cens ing of the
NPP Unit.

· Weak or no con nec tion ex ists be tween con ser va -
tism in in put pa ram e ters and er rors as so ci ated
with un cer tainty or i gins

Smolensk-3 RBMK var i ous
ac ci dent sce nar ios

Smolensk-3 is an about 920 MWe RBMK, chan -
nel type re ac tor, boil ing wa ter-cooled, graph ite-mod er -
ated in Rus sia. Var i ous ac ci dent sce nar ios are con -
cerned in this ap pli ca tion, here af ter named SM3-DBA;
no sys tem atic un cer tainty eval u a tion is per formed for
each BE code cal cu la tion. This is a BEPU ap pli ca tion
sup port ing the li cense re newal pro cess. Fol low ing the
en gage ment of about 50 sci en tists dur ing four years,
var i ous re search find ings have been achieved which
have been of use to the in dus try. The key re sult is that
avail able safety mar gins in RBMK are not dif fer ent
from safety mar gins which char ac ter ize other wa -
ter-cooled re ac tors, at least con cern ing AA, [30].

SM3-DBA BEPU out comes and mes sages

· Safety of RBMK for AA is equiv a lent to the safety
of other wate- cooled re ac tors.

· The rup ture of one chan nel does not prop a gate to
other chan nels (MPTR is sue).

· Im ple men ta tion of In di vid ual Chan nel Mon i tor -
ing may fur ther im prove safety.

Balakovo-3 VVER-1000 AM
(Ac ci dent Man age ment)

Balakovo-3 is an about 1000 MWe VVER-1000
in Rus sia. Var i ous long-last ing ac ci dent sce nar ios are
con cerned in this ap pli ca tion, here af ter named
BA3-AM.  This is a BEPU ap pli ca tion sup port ing the
safety up grad ing of the Unit. The ac ci dent man age ment
for VVER-1000 is con cerned part of a pro ject sup -
ported by EC-EURATOM. The pro ject in cluded a chain 
of BEPU ac tiv i ties in clud ing de sign of ex per i ments,
dem on stra tion of scal ing ca pa bil i ties for the PSB ITF
and a sys tem code, V&V for codes and nodalizations of
in re la tion to VVER-1000, ex e cu tion of ex per i ments,
anal y sis of ex per i men tal data and eval u a tion of
Balakovo-3 NPP per for mance in case of sta tion black -
out with loss of on-site and off-site power. Ac ci dent
man age ment pro ce dures were in ves ti gated uti liz ing all
ma jor wa ter re serves avail able dur ing nom i nal op er a -
tion of the unit. The ap pli ca bil ity of codes to VVER
con di tions was dem on strated first. The main achieve -
ment is the dem on stra tion of core in teg rity for more
than 11 hours fol low ing the full loss of elec tri cal power
and based on the wa ter on the side, [31].

BA3-AM BEPU out comes and mes sages

· Core in teg rity en sured for 11 hours fol low ing the
adop tion of prop erly de signed AMP.

· Scal ing ca pa bil i ties dem on strated by the de sign of 
CT in PSB ITF and mea sured data anal y sis.

· Codes qual i fied for PWR are qual i fied for VVER, too.

· SG depressurization and in jec tion of FW tank wa -
ter at the ba sis of the de signed AMP.

Peach Bot tom-2 BWR TT
(Tur bine Trip)

Peach Bot tom-2 is an about 1000 MWe BWR in
the US. The tur bine trip sce nario is con cerned in this
ap pli ca tion, here af ter named PB2-TT. This is a BEPU
ap pli ca tion to es tab lish avail able safety mar gin for the
Unit. A TT ex per i ment was per formed in Peach Bot -
tom-2 Unit start ing at about 60 % power. Fis sion
power pulse was mea sured a con se quence of the pres -
sure wave en ter ing the ves sel through the steam line.
The BEPU ap pli ca tion im plied the use of a cou pled
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sys tem ther mal-hy drau lics – three-di men sional neu -
tron phys ics code. The cou pled code dem on strated its
ca pa bil ity in pre dict ing the NPP sce nario, [32].

PB2-TT BEPU out comes and mes sages

· Cou pled code is ca pa ble to pre dict pres sure and
fis sion power rise.

· Safety mar gins are quan ti fied in re la tion to nu -
clear fuel in teg rity.

· Im pact of con denser by pass upon sys tem re sponse 
is cal cu lated.

Atucha-2 PHWR DBA en ve lope 

Atucha-2 is an about 800 MWe PHWR in Ar gen -
tina. All tran sients parts of Chap ter 15 of the FSAR are
con cerned in this ap pli ca tion, here af ter named
AT2-DBA. This is a BEPU ap pli ca tion part of the li cens -
ing pro cess of the Unit. About 50 sci en tists work ing dur -
ing more than six years in co op er a tion with the owner
util ity (the li censee) con trib uted to the is sue of Chap ter
15 of the FSAR. The BEPU was adopted for the en tire
spec trum of ac ci dents, [5] and [33]: a BEPU re port in -
clud ing the plan for the use of a dozen cou pled codes was
sub mit ted and ap proved by the Reg u la tory Au thor ity
(the li cen sor) be fore its ap pli ca tion. As key re sults, the
ex is tence of suit able safety mar gins was dem on strated in
re la tion to all ac ci dent sce nar ios and the li cens ing for full
power op er a tion was granted to a re ac tor with pos i tive
void co ef fi cient, [34], see also [35].

AT2-DBA BEPU out comes and mes sages

· BOT (break open ing time) con trols FPE (fis sion
power ex cur sion (no FPE if BOT ³ 0.2 s).

· BOT con nected with BIT (Bo ron In jec tion Time).
· The need came out to built-up and to op er ate a

scale 1:1 SETF to con firm ac cept able BIT val ues.
· Prop a ga tion of depressurization wave from break

causes steam in core chan nels, then FPE with tim -
ing in the or der of 10 ms, dif fer ent in var i ous parts
of the core.

· Me chan i cal loads upon in ter nals were eval u ated
and did not im ply safety con cerns.

· Pres sur ized Ther mal Shock (PTS) is not a safety
is sue with BEPU (PTS poses NPP life time lim i ta -
tions in case a con ser va tive anal y sis is adopted).

· CCFL (Coun ter-Cur rent Flow Lim i ta tion) due to
HL in jec tion does not cause harm to core cool ing.

· Con tain ment leak ages and me te o ro log i cal con di -
tions con sid ered for ra dio log i cal im pact.

IN NO VA TION AND PER SPEC TIVES

BEPU is an es tab lished ap proach in nu clear
tech nol ogy and led to an im pres sive im prove ment in
safety un der stand ing as dis cussed in sec tion SAM PLE
AP PLI CA TIONS. Still, de vel op ments and in no va tions 
are part of the BEPU na ture. Here af ter, in no va tion for
key BEPU el e ments and per spec tives for the ap pli ca -
tion are dis tin guished. 

In no va tion in BEPU el e ments

In no va tions and re lated in ter re la tions are dis -
cussed which are the out come of re cent ac tiv i ties: 
(1) List of ther mal-hy drau lic phe nom ena.
(2) Stand points from scal ing ac tiv ity. 
(3) Mov ing V&V to wards V&V&C where 'C' stands

for Con sis tency.

Phe nom ena list and de scrip tion

A list of 116 phe nom ena has been de rived, [36],
with the de scrip tion pro vided in ref. [37]. Namely, the
new list em beds phe nom ena from [18] and [19] and
takes into ac count of phe nom ena dis cussed in re ports
by OECD/NEA and IAEA is sued till 2017. A pic ture
for the ac tiv ity which brought to the new list and im pli -
ca tion for BEPU can be de rived from fig. 2.  

Phe nom ena are de rived based on the fea tures of
WCNR, the en ve lope of DBA and the per formed ex -
per i ments (left in the sketch of fig. 2). A dozen re ports
is sued by IAEA and OECD/NEA (all those re ports are
listed in ref. [36]) are con sid ered in ad di tion to 13
WCNR types and 47 ac ci dent se quences (top cen tral
in the sketch of fig. 2). No tice ably, phe nom ena ex -
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pected in re ac tors equipped with pas sive sys tems (in -
clud ing Small Mod u lar Re ac tors SMR) are in cluded in 
the list. The gath er ing pro cess ended with a list of 116
phe nom ena (cen tral part in the sketch of fig. 2). The
new list, pos si bly to be furtherly en dorsed by the in ter -
na tional com mu nity, might have a huge im pact in
terms of needed re sources for BEPU: scal ing and
V&V are chal lenged; the de vel op ment of new mod els
and the plan of new ex per i ments may be come nec es -
sary; ap pli ca bil ity of un cer tainty meth ods may need a
re vi sion (right side in the sketch of fig. 2).

Stand points from scal ing ac tiv ity

Fol low ing a long in cu ba tion and ac tiv ity time
(this might be con sid ered as long as 10 years) the re -
sults of an at tempt to achieve a com mon un der stand ing 
in re la tion to scal ing by reg u la tors, in dus try, re search
lead ers and sci en tific com mu nity was pub lished in
2017, [8] (S-SOAR, al ready cited above), with two
dozen spe cial ists di rectly in volved. The en deavor is
for mal ized in a 400 pages text book-type of doc u ment:
any syn the sis may re veal in ad e quate be cause of the
com plex ity of the topic and the need in each state ment
part of the doc u ment to re flect the views from all the
in volved sides. Here af ter, a few BEPU-rel e vant mes -
sages are re ported from the S-SOAR, as my in ter pre ta -
tion:

· Scal ing ac tiv ity within li cens ing does not nec es -
sar ily co in cide with scal ing aimed at the de sign of
test fa cil i ties or ex per i ments: sep a rate scal ing
roadmaps have been de rived.

· No re duced scale (model) ex per i men tal data can

be mean ing fully ex trap o lated to pre dict full scale

(pro to type) per for mance.

· A sys tem ther mal-hy drau lic code shall be con sid -
ered as the most ef fec tive an a lyt i cal tool to trans -
pose ex per i men tal data and ev i dence nec es sar ily
ob tained at a dis torted (or small) scale to NPP con -
di tions: the code qual ity level should be checked
at any avail able scale in clud ing the dem on stra tion
of ac cept abil ity of code per for mance; the same
code should be used with proper con fi dence (i. e.
tak ing into ac count of er rors and un cer tainty) at
the NPP con di tions. Tech niques for the code ap -
pli ca tions to scal ing are dis cussed. 

· Hi er ar chy of im por tance or va lid ity for ex per i ments
is es tab lished: all ex per i ments are worth; how ever,
pri or ity should be given to large scale, full pres sure,
full height, full lin ear power and (as far as pos si ble)
re sult ing unity timescale, ex per i ments.

Mov ing to wards V&V&C

The V&V con sti tutes a pow er ful el e ment of
BEPU and the nu clear ther mal-hy drau lics frame work
pro vided a chal leng ing en vi ron ment for the de vel op -

ment and the ap pli ca tion of V&V tech niques. Re -
cently, when re as sess ing the pre dic tive ca pa bil ity of
cur rent codes con cern ing two-phase crit i cal flow
(TPCF), FONESYS net work, [16], the idea came to
booster cur rent V&V, [38]. The Con sis tency, C, was
in tro duced.

The bases for the C pro posal are: (a) an ex panded 
role for V&V is fore seen, i. e. not only prov ing model
ca pa bil i ties, but chal leng ing model de vel op ment and
ca pa bil i ties; (b) by pass ing the lim i ta tion of a de fi cient
ex per i men tal da ta base, both due to un avoid able er rors
and nar row pa ram e ter ranges; (c) achiev ing (better)
the  con ver gence of re sults for the same phe nom e non
by dif fer ent mod els.

There fore, ru di men tary def i ni tions for C are
pro posed:

· Con sis tency is an ac tiv ity con nected with the de -
vel op ment and the qual i fi ca tion of nu mer i cal
codes which cov ers top ics not con sid ered by cur -
rent V&V.

· Con sis tency aims at fill ing gaps in the area of
V&V in nu clear ther mal-hy drau lics, with fo cus

– to con nect the mod el ing fea tures and tech no log -
i cal needs,

– to con sider the lim i ta tions of the ex per i men tal
da ta base, and

– to stream line the con di tions for de vel op ing more
pow er ful mod els'.
 The im ple men ta tion of  C needs a com plex pro -

ce dure, out lined in [38], which may need ad di tional re -
sources with a BEPU ap proach, con nect ing with the
116 phe nom ena and with the scal ing roadmaps dis -
cussed above.

Per spec tives for BEPU ap pli ca tion

Pos si ble di rec tions for ad vanc ing in BEPU ap -
pli ca tions or per spec tives for BEPU ap proach are: 
I Ex pand ing BEPU tech niques to cover the en tire

FSAR.
II De cid ing to es tab lish an in no va tive safety bar rier

for ex ist ing and new NPP and show ing the role of
BEPU in such a con nec tion.

In tro duc ing BEPU-FSAR

The idea of BEPU-FSAR was spread for a few
years, [39], see also [10]. The re lated pro posal can be
out lined sim ply: BEPU-FSAR means adopt ing BEPU
el e ments and tech niques for any Chap ter of FSAR
where nu mer i cal anal y ses are in volved. The im ple -
men ta tion is not so sim ple: if we go back to the wild
trav eler in sec tion 2.6 we re al ize that he has to climb
high and harsh moun tains be fore en coun ter ing a sit u a -
tion where BEPU-FSAR be comes work able. Re cent
ad vance ments and in sights into BEPU-FSAR can be
found in [40, 41].

Al though re sources for im ple ment ing BEPU-FSAR
are not avail able, sci ence and tech nol ogy com pe ten cies ap -
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pear suit able: avoid ing the im ple men ta tion of
BEPU-FSAR im plies keep ing het er o ge neous qual i ties in
dif fer ent NRS ar eas.

An in no va tive safety bar rier

Re think ing of NRS may re veal an im per a tive ac -
tion to re store pub lic trust to ward nu clear tech nol ogy.
Ac ci dents like three mile is land, Chernobyl and
Fukushima are not ad mis si ble. De fense in depth (DiD) 
and safety bar ri ers (SB) con sti tute rec og nized con -
cepts and cor re spond to phys i cal ob sta cles de signed to 
pre vent ra di a tion from im pact ing the en vi ron ment and 
hu man be ings. Un for tu nately, one, or more, or all
those ob sta cles failed dur ing the course of the men -
tioned ac ci dents. Fur ther more, in re cent years, the
weak ness of the bar rier con sti tuted by nu clear fuel
clad be came ev i dent. 

An ac tiv ity line started with the pub li ca tion of
[39] and has been furtherly pur sued, [42, 43]. Bar ri ers
to the re lease of ra dio ac tive fis sion prod ucts can be
seen as con cen tric cir cles (in di cated be low as Bi with
'i' from 0 to 5):

- B0 is the in trin sic bar rier con sti tuted by the
sintered UO2 pow der – some tech nol o gists never
rec og nized this as an ac tual bar rier (this is why the
'0' in dex is adopted). 

- B1 is the Zircaloy clad of fuel pins – this is a de -
sign-driven me chan i cal bar rier: re lated weak -
nesses have been re cently char ac ter ized (see e. g.
[43]). It may not be con sid ered any more a bar rier
to the re lease of fis sion prod ucts fol low ing se -
lected DBA.

- B2 is the pres sure bound ary for the re ac tor cool ant 
- this is a de sign-driven (re sis tant-ma te rial-thick -
ness based) strong me chan i cal bar rier: the break
of B2 is as sumed as the or i gin of some DBA.
Namely, the de sign of ESF (and ECCS) is based
upon the rup ture of this bar rier (e.g. LBLOCA and 
Ac cu mu la tor de sign).

- B3 is the bar rier con sti tuted by the en sem ble of
ESF (in clud ing ECCS) sys tems and com po nents – 
this (not usu ally iden ti fied as a bar rier and) is a
safety-driven dy namic bar rier.

- B4 is the con tain ment - this is a (re sis tant-ma te -
rial-thick ness based) safety-driven strong bar rier
overpassed only in the cases of Chernobyl, 1986,
and Fukushima, 2011, ac ci dents.

- B5 is the added risk-in formed bar rier, de rived
from safety anal y sis rel e vant el e ments - it is ex -
pected that B5 re places B1 and de creases for 1-2
or der of mag ni tude the prob a bil ity of core melt.  

Five el e ments con sti tute B5: ALARA, BEPU,
and IA al ready con nected in sec tion 2.2 above, plus the 
ex tended safety mar gins (E-SM) and the emer gency
res cue team (ERT). Then, the der i va tion of the set of
E-SM sig nals, ex pected in the or der of ten thou sand,
shall be sup ported by the ex e cu tion of BEPU-FSAR

and ERT is an ob vi ous out come from the les son
learned from the Fukushima event, [44].

The role and the im por tance of BEPU-FSAR for
the im ple men ta tion of B5 ap pear from the above sum -
mary out line.

CON CLU SIONS

Nu clear ther mal-hy drau lics and the li cens ing pro -
cess for NPP are the roots of the BEPU ap proach. The
multi-face fea tures of the ap proach (e. g. multi-scale,
multi-phys ics/sci ence/dis ci pline, multi-ma te rial, etc.) 
make dif fi cult a straight for ward def i ni tion for BEPU;
nev er the less, this has been pro posed by in tro duc ing three 
cat e go ries of el e ments: in her ent el e ments (3 se lected),
char ac ter iz ing el e ments (6 se lected) and frame work el e -
ments (a few dozen pro posed). In par tic u lar, the ALARA
can be taken as a prin ci ple in spir ing BEPU, the in de -
pend ent as sess ment (IA) re quire ment is not pos si ble
with out BEPU and qual ity as sur ance (QA) can be taken
as a syn on y mous of BEPU.

The com plex ity of BEPU cor re sponds to (large)
re sources for its im ple men ta tion: a suit able ap pli ca -
tion to the anal y sis of tran sients in Chap ter 15 of FSAR 
for any in di vid ual re ac tors may need an ef fort as large
as 200 man-years. 

A sam ple list of ap pli ca tions of BEPU per -
formed at the Uni ver sity of Pisa has been pre sented in -
clud ing Ger man, US, and Rus sian de signed re ac tors;
BWR, PWR, PHWR and both VVER-440 and
VVER-1000 are dis tin guished. The out comes from
those ap pli ca tions, a few state ments pro vided in each
case, al though not sub stan ti ated in the pres ent pa per,
show the rel e vance of BEPU in nu clear tech nol ogy:
de lay ing a gen er al ized BEPU use in nu clear tech nol -
ogy and re ac tor safety is not jus ti fi able.

Fron tiers and di rec tions for pro gress ing in the
area of BEPU in re la tion to both its bases and the ap pli -
ca tion have been iden ti fied and in clude (sup ported by
pro vided ref er ences): 
(a) The newly de vel oped list of 116 ther mal-hy drau -

lic phe nom ena cov er ing the en tire spec trum of
DBA for ex ist ing and un der de sign WCNR: the
phe nom ena are needed to prove the ca pa bil i ties of
com puter code.  

(b) The roadmaps for per form ing scal ing anal y ses
suit able to dem on strate the ap pli ca bil ity of con -
cerned nu mer i cal code to the anal y sis of ac ci dents
in WCNR.

(c) The pro posal for V&V&C. The Con sis tency ('C'
step) has been added to the orig i nal V&V pro cess
in or der to ex ploit any source of in for ma tion and
ex per tise suit able for im prov ing the ca pa bil i ties of 
com pu ta tional tools (i.e. not only to dem on strate
the val i da tion of avail able mod els).

(d) The ex ten sion of BEPU pro ce dures and tech -
niques from nu clear ther mal-hy drau lics and AA to 
all tech no log i cal ar eas part of the for mal li cens ing
pro cess for NPP, i.e. the top ics cur rently part of the 
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LIST OF AC RO NYMS

AA Ac ci dent Anal y sis FSA Frac tional Scal ing Anal y sis PKL ITF, PWR sim u la tor

ALARA As Low As Rea son ably
Achiev able FSAR Fi nal Safety Anal y sis Re port PSA Proba bil is tic Safety As sess ment

AM Ac ci dent Man age ment FT Fault Tree PSB ITF, VVER sim u la tor

AMP Ac ci dent Man age ment
Pro ce dure FW Feed-Wa ter PTS Pres sur ized Ther mal Shock

ANS Amer i can Nu clear So ci ety HL Hot Leg PWR Pres sur ized Wa ter Re ac tor

AOO An tic i pated Op er a tional
Oc cur rence H2TS Hi er ar chic 2 Tier Scal ing QA Qual ity As sur ance

ASAMPSA EC pro ject HRA Hu man Re li abil ity Anal y sis RBMK Rus sian BWR, graph ite-mod er ated

ASME Amer i can So ci ety of Mech. 
Eng. IA In de pend ent As sess ment RCS Re ac tor Cool ant Sys tem

ATWS An tic i pated Tran sient w/o
Scram IAEA Int. Atomic En ergy Agency RG Reg u la tory Guide

BDBA Be yond DBA ICAPP Se ries of Con fer ences R&D Re search & De vel op ment

BE Best Es ti mate ICONE Se ries of Con fer ences SB Safety Bar rier

BE MUSE OECD/NEA pro ject SBO Sta tion Black out

BEPU Best Es ti mate Plus Un cer tainty IET See ITF Semiscale ITF, PWR sim u la tor

BETHSY ITF, PWR Sim u la tor IRIDM In te grated Risk in formed
De ci sion Mak ing SETF Sep a rate Ef fect Test Fa cil ity

BIT Bo ron In jec tion Time ISP In ter na tional Stan dard
Prob lem SGTR Steam Gen er a tor Tube Rup ture

BoP Bal ance of Plant ITF In te gral Test Fa cil ity SM Struc tural Me chan ics

BOT Break Open ing Time I&C In stru men ta tion and Con trol SMR Small Me dium Re ac tor

BWR Boil ing Wa ter Re ac tor J NED Jour nal SOAR State of Art Re port

CCFL CounterCurrent Flow Lim i ta tion KM Knowl edge Man age ment SPES ITF, PWR sim u la tor

CCVM CSNI Code Val i da tion Ma trix LBLOCA LB LOCA SRP Stan dard Re view Plan

CD Core Dam age LOBI ITF, PWR Sim u la tor SRS Safety Re port Se ries

CDF CD Fre quency LOCA Loss of Cool ant Ac ci dent SSG Spe cific Safety Guide

CFD Computational Fluid-Dinamics LOFT ITF, PWR sim u la tor S-SOAR Scal ing -SOAR

CFR Code of Fed eral Reg u la tions LR Large Re lease ST Sim i lar Test

CHF Crit i cal Heat Flux LS Length Scale STNI Jour nal

CIAU Ca pa bil ity of In ter nal
As sess ment of U MCP Main Cool ant Pump SYS Sys tem

CRISSUE EC Pro ject MPTR Mul ti ple Pres sure Tube
Rup ture TECC TH of Emer gency Core Cool ing

CSAU Code Scal ing Ap pli ca bil ity, U MSLB Main Steam Line Break TH Ther mal-Hy drau lics

CSNI
Com mit tee

Safety of Nu clear In stal la tions
NC Nat u ral Cir cu la tion THICKET OECD/NEA Pro ject, train ing

CT Coun ter part Test NEA Nu clear En ergy Agency TPCF Two-Phase Crit i cal Flow

DBA De sign Ba sis Ac ci dent NED Jour nal TS Time Step

DiD De fense in Depth NET Jour nal TT Tur bine Trip

DSA De ter min is tic Safety Anal y sis NP Neu tron Phys ics U Un cer tainty

EC Eu ro pean Com mis sion NPP Nu clear Power Plant UMAE U Method by Ac cu racy
Ex trap o la tion

ECCS
Emer gency Core
Cool ing Sys tem

NRC
Nu clear Reg u la tory

Com mis sion UMS U Method Study

ERT Emer gency Res cue Team NRS Nu clear Re ac tor Safety USNRC United States NRC

ESF En gi neered Safety Fea tures NT Jour nal VVER Rus sian PWR 

EOP Emer gency Op er at ing
Pro ce dures NURETH Se ries of Con fer ences V&V Ver i fi ca tion and Val i da tion

ET Event Tree NUTHOS Se ries of Con fer ences V&V&C V&V and Con sis tency

E-SM Ex panded Safety Mar gins OECD
Or ga ni za tion for Ec.

Coop. & Developm.
WCNR Wa ter Cooled Nu clear Re ac tors

FFTBM
Fast Fou rier Trans form

Based Method
PCT Peak Clad ding Tem per a ture 2-D/3-D SETF pro gram

FONESYS
Net work of TH
code de vel op ers

PHWR Pres sur ized Heavy Wa ter
Re ac tor

FPE Fis sion Power Ex cur sion PIE Pos tu lated ini ti at ing Event



en tire FSAR with the main ref er ence to those
which re quire an an a lyt i cal in ves ti ga tion. It is pro -
posed to built-up what is called BEPU-FSAR. 

Tight in ter con nec tions ex ist among the iden ti -
fied di rec tions for de vel op ment. 

Fi nally, BEPU is the key com po nent for the at -
tempt/pro posal to deepen the pro tec tion of hu man be -
ings and the en vi ron ment against ra di a tions, i.e. the out -
line for an ad di tional safety bar rier. The need for the
ad di tional safety bar rier came from the re cent char ac -
ter iza tion of nu clear fuel weak nesses and from con sid -
er ing the com plex ity of sys tems and com po nents, in -
clud ing I&C, which are part of cur rent NPP; the BEPU
ap proach con sti tutes the log i cal frame work for the de -
vel op ment and the de sign of the new safety bar rier.

AC KNOWL EDG MENT

A pa per like the pres ent one pro vides a sum mary
of knowl edge spread within the sci en tific com mu nity.
A huge num ber of re search ers con trib uted to knowl -
edge. BEPU ac tiv i ties have been per formed in the last
twenty years. Here af ter I wish to ac knowl edge (in al -
pha betic or der) some of them who di rectly or in di -
rectly have been in touch and con trib uted with ideas
and writ ings to the top ics dis cussed in this pa per: N.
Aksan, D. Bestion, C. Camargo, N. Debrecin, R. B.
Duffey, M. Dusic, N. Fil, M. R. Galetti, H. Glaeser, D.
Groeneveld, Y. Hassan, K. Ivanov, P. Kirillov, L.
Leung, P. Lien, O. Mazzantini, B. Mavko, F. Menzel,
J. Misak, H. Nakamura, B. Nigmatulin, H. Ninokata,
F. Pelayo, A. Petruzzi, R. Pochard, M. Reocreux, F.
Reventos, U. S. Rohatgi, E. Sartori, R. R. Schultz and
B. R. Sehgal. Many more have taught me the ba sics of
this mat ter, e. g. S. Banerjee, M. Cumo, B. Guerrini, E.
Hicken, H. Karwat, R. T. Lahey, F. Mayinger, K.
Tasaka, F. Winkler, K. Wolfert, G. Yadigaroglu and N.
Zuber. All those listed may not nec es sar ily share the
BEPU vi sion in the text.

We apol o gize for the great num ber of ac ro nyms
in tro duced in the text: those ac ro nyms are de fined in
the ta ble. 

AU THORS' CON TRI BU TIONS

The ac tiv ity bring ing to the pa per has been per -
formed dur ing more than forty years en gage ment of
both au thors in the field of nu clear ther mal-hy drau lics
de sign and safety in clud ing ac ci dent anal y sis in wa -
ter-cooled nu clear re ac tors. Con cern ing the pres ent
manu script, the first au thor wrote a draft text that has
been amended by the sec ond au thor.
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Fran~esko DAURIJA, \or|o GALASI

METODA  NAJBOQE  PROCENE  SA  NESIGURNO[]U  ZA  PRIMENU  U 
SIGURNOSTI  I  LICENCIRAWU  NUKLEARNIH REAKTORA

Kratka istorija i elementi posle licencirawa

Metoda najboqe procene sa nesigurno{}u predstavqa istovremeno pristup, proceduru i
okvir u nuklearnoj termohidraulici, sigurnosti nuklearnih reaktora i licencirawu nuklearnih
reaktora. Pobuda u osnovi najboqe procene sa nesigurno{}u le`i u nedostatku znawa u oblastima
jednofaznih i dvofaznih prelaznih stawa u termohidraulici. Drugim re~ima, i uz uvo|ewe nekih
pojednostavqewa, nedovoqno poznavawe turbulencije name}e nacrt za primenu nesavr{enih (ter-
mohidrauli~kih) modela za procenu svojstva dizajna i sigurnosti kompleksnih tehnolo{kih
instalacija ili sistema kao {to su nuklearne elektrane i posebno nuklearni reaktori hla|eni
vodom. Dodatno, razmatrano je i licencirawe kao pravni aspekt sigurnosti nuklearnih reaktora,
tako da metoda najboqe procene sa nesigurno{}u mora uzeti u obzir i pravila koja poti~u iz
osnovnih principa za{tite od zra~ewa o minimizaciji uticaja zra~ewa na qude i ̀ ivotnu sredinu
u svim okolnostima. U ovom radu identifikovani su i okarakterisani kqu~ni elementi ove
metode. Na wih }e se gledati kao na podr{ku doslednoj primeni termohidraulike u dizajnu i
sigurnosti nuklearnih reaktora hla|enih vodom.

Kqu~ne re~i: najboqa procena, ocena nesigurnosti, najboqa procena sa nesigurno{}u, proces
.........................licencirawa, ozakowewe, razmera


