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Com plex phe nom ena, as wa ter ham mer tran sients, oc cur ring in nu clear power plants
are still not very well in ves ti gated by the cur rent best es ti mate com pu ta tional tools.
Within this frame work, a rapid pos i tive re ac tiv ity ad di tion into the core gen er ated by a 
wa ter ham mer tran sient is con sid ered. The nu mer i cal sim u la tion of such phe nom ena
was car ried out us ing the cou pled RELAP5/PARCS code. An over all data com par i son
shows good agree ment be tween the cal cu lated and mea sured core pres sure wave
trends. How ever, the pre dicted power re sponse dur ing the ex cur sion phase did not
cor rectly match the ex per i men tal ten dency. Be cause of this, sen si tiv ity stud ies have
been car ried out in or der to iden tify the most in flu en tial pa ram e ters that gov ern the
dy nam ics of the power ex cur sion. Af ter in ves ti gat ing the pres sure wave am pli tude and
the void feed back re sponses, it was found that the dis agree ment be tween the cal cu -
lated and mea sured data oc curs mainly due to the RELAP5 low void con den sa tion
rate which seems to be ques tion able dur ing rapid tran sients.
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INTRODUCTION

In the last few years, com puter code ca pa bil i ties
have been sub stan tially im proved, reach ing a
conciderable level of ma tu rity, now ca pa ble of pre dict -
ing nu clear power plant (NPP) be hav ior un der a wide
va ri ety of tran sient and ac ci den tal con di tions. How -
ever, phe nom ena such as wa ter ham mer, occuring reg -
u larly dur ing a NPP life time, are still not very well in -
ves ti gated. In fact, rapid tran sients in volv ing pres sure
waves could spread high dy namic loads over the
plant’s com po nents and also gen er ate rapid con den sa -
tion in struc tures filled with steam or steam wa ter mix -
tures. The lat ter ef fect could in duce sig nif i cant con se -

quences on the ki netic equi lib rium of a boil ing wa ter
re ac tor (BWR) core. As out lined in sev eral ref er ences
in the lit er a ture, as [1] and [2], the mod el ing of such
phe nom e non re mains a chal leng ing topic for cur rent
com pu ta tional tools. For this pur pose, the BWR Peach 
Bot tom Tur bine Trip (PB-TT) test num ber 2 was in -
ves ti gated. The tran sient is ini ti ated by a sud den clo -
sure of the tur bine stop valve (TSV). This event leads
to sonic pres sure wave prop a ga tion through the steam
lines and in volves com plex re flec tions from dif fer ent
solid and large fluid bound aries when it reaches the re -
ac tor ves sel re gion. Due to the in her ent feed back
mech a nisms, the core power ex hib its a prompt ex cur -
sion in re sponse to the wa ter ham mer com press ing ef -
fect, and im me di ately af ter that, a self-lim it ing shut -
down course prior to the drop ping of the con trol rod. In 
or der to per form a best es ti mate (BE) sim u la tion of
such com plex mech a nisms, the cou pled ther mal-hy -
drau lic sys tem code RELAP5/Mod3 [3] and the 3-D
neutronics code PARCS/2.3 [4] were used.

Af ter wards, the cal cu lated re sults were com -
pared with the avail able ex per i men tal data. A good
over all agree ment be tween the cal cu lated and ex per i -
men tal pres sure wave am pli tude and prop a ga tion was
ob served. How ever, the cal cu lated power re sponse ex -
hib ited less con for mity to the mea sured one. There -
fore, sen si tiv ity stud ies, fol low ing the rec om men da -
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tions of [5], have been car ried out in or der to iden tify
the gov ern ing dy namic pa ram e ters of the TT  tran sient.

WATER HAMMER PHENOMENON

Rapid tran sients in volv ing pres sure wave prop a -
ga tion across NPP struc tures oc cur reg u larly dur ing
their life time. At nor mal op er a tion, wa ter ham mer oc -
curs as a con se quence of stan dard ac tions such as the
start-up or shut-down of sys tems and com po nents or
the open ing and clo sure of valves. It may also oc cur
dur ing the ac ti va tion of emergency core cooling
systems (ECCS) or aux il iary feed wa ter sys tems. On
the other hand, dur ing out of the nor mal op er a tions,
such pipe line break downs are fol lowed by rapid iso la -
tion valve clo sure and, in some in stances, se vere pres -
sure waves in volv ing com plex re flec tions at dif fer ent
bound aries of fluid paths. Fur ther more, this type of
phe nom ena could lead to BWR in sta bil ity. This could
hap pen when TSV clo sures cre ate os cil la tions cor re -
spond ing to the core’s cou pled ther mal-hy drau -
lic-neutronic res o nance fre quency with as so ci ated
am pli fi ca tions. Gen er ally, the wa ter ham mer tran sient
has two as pects:

- dy namic load “stresses” over the struc tures of the plant
which could pose a se ri ous prob lem for com po nents
pre vi ously dam aged by var i ous types of age ing, and

- void con den sa tion in struc tures filled with steam
or steam wa ter mix tures. The lat ter may have se ri -
ous con se quences on the ki netic equi lib rium of a
BWR core.

Once a pres sure wave is pro duced in a pipe line,
it prop a gates back and forth un til it is com pletely dis si -
pated. The ef fects as so ci ated with this phe nom e non
de pend on the ce ler ity of the pres sure wave in re la tion
to the ra pid ity of the rate of valve clo sure or open ing.
An il lus tra tion of the prop a ga tion and re flec tion of
pres sure waves in a sim ple con fig u ra tion is shown in
fig. 1. The sys tem is com posed of a pipe line con nected
to a big vol ume (RPV for ex am ple). The tran sient-state 
con di tions are pro duced by in stan ta neously clos ing a
down stream valve at time t = 0. The pres sure wave is
trans mit ted up stream at sonic ve loc ity and reaches the
sup ply res er voir in a time L/c.  How ever, upon reach -
ing the res er voir, it is re flected as a neg a tive wave. In
fact, pres sure waves are true waves gov erned by the
prin ci ples of wave me chan ics.  They can be re flected
in two ways:

- ei ther from a solid bound ary, in which case ve loc ity 
be comes zero while the pres sure might vary, or

- from a fluid bound ary, in which case the pres sure
is con stant, while the ve loc ity might change.

Thus, when the pres sure wave reaches the res er -
voir, it is re flected as an ex pan sion wave with the same
DP, but with op po site equal ve loc ity. When it reaches
the valve once more, it is re flected from the solid
bound ary, its ve loc ity re turns to zero and the pres sure
drops to –DP. It then moves up stream to the res er voir
where its neg a tive pres sure is elim i nated by the re flec -
tion of an equal and op po site pos i tive wave of for ward
ve loc ity V. From the in stant of valve clo sure, this lat ter
wave reaches the valve af ter a time of 4L/c. At this
point, the pres sure again drops to zero and its for ward
ve loc ity equals V; con se quently, the cy cle will re peat
it self and con tinue un til it is even tu ally damp ened out
by the fric tion. The mod el ing of such phe nom e non re -
mains a chal leng ing topic for ex ist ing com pu ta tional
tools, since it in volves both core-plant in ter ac tions and 
strong feed back pro cesses be tween ki net ics and ther -
mal-hy drau lics. Both phe nom ena in volve ”time con -
stants” in tran sient re sponses of pres sure vari a tions’
prop a ga tion in spec i fied flow paths and re ac tiv ity
change char ac ter is tics, in clud ing time, mag ni tude, and 
spa tial dis tri bu tion as pects.

CALCULATION MODELS AND
HYPOTHESES

The ex per i ment was car ried out by man u ally
clos ing the TSV at an op er at ing power level equal to
61.65% of its nom i nal value. Con se quently, a pres sure
wave which prop a gates at sound ve loc ity to ward the
re ac tor core is gen er ated [6]. The pres sure wave
reaches the core zone fol low ing two dif fer ent paths;
through the steam sep a ra tor filled with a mix ture of
wa ter and steam and through the ves sel downcomer
filled with subcooled wa ter. There fore, the core void
in ven tory is re duced un der the wa ter ham mer pres sur -
iza tion ef fect, and due to the in her ent feed back mech a -
nisms, in duces a rapid ex po nen tial rise in re ac tor
power. To re lax the wa ter ham mer loads, the steam
by-pass valve (BPV) opens au to mat i cally af ter 0.06 s
and core power is scramed when it ex ceeds 95% of its
nom i nal value. The pres sure wave (or wa ter ham mer
phe nom e non) con sti tutes a ther mal-hy drau lic prob -
lem, not well char ac ter ized by the ex ist ing sys tem
codes. The prop a ga tion of the pres sure wave from the
tur bine in let to the core could be better rep re sented by
3-D sim u la tion, es pe cially in the RPV zone, since
com plex re flec tions are in volved.

To per form a nu mer i cal sim u la tion of the TT tran -
sient, the cou pled code RELAP5 Mod3.3/PARCSV2.4
code was used. In fact, the RELAP5 mod ules sim u late,
mainly, the pres sure wave prop a ga tion, as well as the evo -
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Fig ure 1. Sim pli fied wa ter ham mer schema



lu tion of the core ther mal-hy drau lic pa ram e ters, hav ing as
an in put the 3-D power re sponse de rived by the PARCS
code rou tines. The codes are run sep a rately through a par -
al lel vir tual ma chine pro cess. Dur ing the TT tran sient,
com plex ki netic and ther mal-hy drau lic feed back mech a -
nisms are in volved. Con se quently, it is es sen tial to sim u -
late ad e quately the prop a ga tion and the am pli tude of the
pres sure wave through the steam line and dif fer ent struc -
tures of the re ac tor ves sel. The RELAP5 code is a widely
used and qual i fied BE ther mal-hy drau lic sys tem code.
Nev er the less, the code was rarely used for in ves ti ga tion of
the wa ter ham mer phe nom e non in sin gle and two-phase
flow through com plex struc tures [7, 8]. Fur ther more, ac -
cord ing to [2], us ing the code for wa ter and steam ham mer
anal y ses is a con tro ver sial topic. Ba si cally, the do nor-cell
dif fer en tial schemes used by RELAP5 to re solve the mo -
men tum con ser va tion equa tion have shown that for
nodalization schemes used by most ther mal-hy drau lic an -
a lysts in RELAP5-type prob lems, an acous tic wave is rap -
idly at ten u ated. Thus, very close at ten tion must be paid to
plant nodalization, i. e. cell size and time step. In par tic u lar, 
when the pres sure wave is ex pected to have a very rapid
rate of in crease, cell nodalization should have small length
di men sions. To ful fill these re quire ments, a peach bottom
plant nodalization, as shown in fig. 2, was per formed and
val i dated against a se ries of steady-state and tran sient sen -

si tiv ity anal y ses [9]. The nod ding scheme in cludes var i ous 
ves sel com po nents, such as a steam sep a ra tor, steam
dome, downcomer, and cool ant recirculation loops, in -
clud ing two jet pumps. The at ten tion is fo cused on steam
line nodalization, since the lead ing phe nom e non is the
pres sure wave prop a ga tion. As shown in fig. 2, which ex -
hib its the sketch of the adopted PB plant nodalization flow
di a gram, the four real steam lines are lumped into two
com po nents and a con stant node size of 1.0 m was cho sen
over a to tal length of 140 m for each steam line. The cor re -
spon dence be tween the plant com po nent and their rel a tive
node num ber is shown in tab. 1. 

CALCULATION RESULTS

The BWR PB-TT is a pres sure-driven sce nario,
there fore it is im por tant to catch the right pres sure
wave am pli tude and peak tim ing. Not with stand ing the
re li abil ity of the 3-D ki net ics code, the re sults will be
off if the pres sure wave is not ac cu rately pre dicted.
The pre dicted pres sure wave prop a ga tion up stream
and down stream the steam lines in com par i son with
ex per i men tal data is shown in figs. 3 and 4, re spec -
tively. The cal cu lated pres sure wave prop a ga tion
agrees qual i ta tively well with the mea sure ments; the
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Fig ure 2. Nodalization scheme of the Peach Bottom



over all trend is well pre dicted, es pe cially for the pres -
sure data in SL-A. The dif fer ences be tween the
mea sured and cal cu lated am pli tudes could be due to
mea sure ment and bound ary and/or ini tial con di tions
(BIC) un cer tain ties and, more par tic u larly, to the as -
sumed lin ear TSV clo sure mode. This mode is adopted 
since the real dy namic be hav ior of valves is gen er ally
un known. The ef fects of such mod el ing are con sid ered 
in more de tail in the sen si tiv ity stud ies’ sec tion.

When the pres sure wave reaches the re ac tor ves -
sel, it ex pe ri ences sev eral re flec tions, mainly with the
ves sel walls. The re sul tant wave prop a gates through
two dif fer ent paths to reach the core zone; the steam
sep a ra tor filled with the mix ture of wa ter and steam
and the lower ple num filled with subcooled wa ter. The 
cal cu lated pres sure wave in the RPV dome is shown in
com par i son to the one mea sured in fig. 5. The cal cu -
lated trends exibit a good agree ment with both the am -
pli tude and the rate of in crease of the mea sured pres -
sure wave.

Wave prop a ga tion through the downcomer and
core in let is per formed with prac ti cally no at ten u a tions 
since the path is filled with wa ter. How ever, when the
wave crosses the steam sep a ra tor, it ex pe ri ences a
strong de cel er a tion (see fig. 6) with out sig nif i cant at -
ten u a tion, as can be seen in fig. 7. How ever, the real
be hav ior of pres sure wave prop a ga tion through the
sep a ra tor will not be well sim u lated since a ba sic com -
po nent is used in the cur rent RELAP5 nodalization.
Nev er the less, a qual i ta tively good pres sure wave in
the up per zone of the core is pre dicted. Fur ther more,
the cal cu lated and mea sured pres sure waves ex hibit
the same fun da men tal os cil la tory mode. This pa ram e -
ter could be eval u ated by a sim ple for mula given in the
case of straight pipe line pres sure wave prop a ga tion to -
ward a big res er voir [10]:
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Fig ure 3. Cal cu lated and
ex per i men tal data of the
pres sure wave up stream
the tur bine zone

Table 1. Main nodalization items for the RELAP5 input
deck

Plant component Node type Node number

Lower plenum
Pipe

Branch
100, 105

115

Core inlet Branch 120, 122

Core Pipe 201-233

Core by-pass Pipe
123, 124, 200,

270, 271

Upper plenum Branch 300, 301

Stand-pipes Pipe 302

Separators Branch 310

Steam dome
Pipe

branch
312, 314

316

Upper downcomer Annulus 324

Middle downcomer
Branch
annulus

326
332

Lower downcomer
Branch
annulus

334, 338, 360
336, 340, 368

Steam line A (SL-A)

Steam line D (SL-D)

Pipe
branch
Pipe

branch

380, 384, 388
382, 386

680, 684, 688
682, 686

Steam by-pass chest Pipe 394

Steam by-pass line Pipe 396

Steam by-pass orifice Branch 398

Recirculation suction Pipe 400-450

Recirculation discharge Pipe 420-470

Pump Pump 410-460

Jet pump
- throat
- discharge

Jetmixer
Pipe

425-475
430-480

Turbine stop valve (TSV) Valve 10

By-pass valve (BPV) Valve 11

Safety relief valve Valve 12

Relief valves Valve 13, 14, 15

Feedwater Tmdpvol 500

Turbine Tmdpvol 675

Condenser Tmdpvol 700



where: t, L, and c are the wave pe riod, the steam line
length, and the mean sound ve loc ity in the steam line,
re spec tively.

The so-called “steam line pe riod” (eq. 1) cor re -
sponds, more or less, to the cal cu lated and mea sured
wave fre quency. The os cil lat ing trend ob served in the
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Fig ure  6. Sound ve loc ity in 
dif fer ent re ac tor
re gions

Fig ure 4. Cal cu lated and
ex per i men tal data of the
pres sure wave evo lu tion in 
the steam line

Fig ure 5. Cal cu lated and
ex per i men tal data of the
pres sure wave evo lu tion in 
steam dome



mea sured pres sure is a con se quence of the dy namic ef -
fect of the con trol rod in ser tion dur ing the shut down
phase [11]. The cur rent model is not able to pre dict this 
ef fect. The cal cu lated pres sure re sponse oc curs ap -
prox i mately a 0.1 s ear lier than the ex per i men tal one.
The rea sons for this an tic i pated re sponse are likely due 
to the dif fer ences be tween the real and cal cu lated
sonic ve loc i ties (the de gree of dif fer ent cool ant mix -
tures in var i ous lo ca tions of the pres sure wave paths).
For the core pres sure wave, the cal cu lated trend agrees 
well with the mea sured data, even though some small
dif fer ences, mostly aris ing from un cer tain ties con -
nected  with code pre dic tions [5], such as the adopted
valves dy namic char ac ter is tics or the nodalization
model for the steam line, can be ob served.

Ow ing to the in her ent feed back mech a nisms, the
void col lapse, in duced by the pres sure wave ac tion, re -
sults in a pos i tive re ac tiv ity in ser tion. The amount of in -
serted re ac tiv ity makes the to tal sys tem re ac tiv ity
evolve near to the prompt crit i cal zone. Thereby, the
power re sponse ex hib its a prompt ex po nen tial rise with

a de creas ing pe riod and prompt self-lim it ing be hav ior
prior to shut down. The cal cu lated power course, in
com par i son to the mea sured one, is sketched in fig. 7.
The dis crep an cies ob served for the power re sponse are
more pro nounced, even though qual i ta tively sim i lar er -
ror trends to those of the pres sure wave are ex pected.
The main dif fer ence be tween the two power pro files ap -
pears dur ing the ex cur sion phase. The cou pled code cal -
cu la tions pre dict slower power ex po nen tial rise at the
be gin ning of the ex cur sion phase and, con se quently, a
lower power peak is pre dicted. 

SENSITIVITY CALCULATIONS

In or der to iden tify and as sess the dis crep an cies
be tween the mea sure ments and code cal cu la tions for
both the pres sure wave and power re sponse, a se ries of
sen si tiv ity cases are con sid ered, as out lined in tab. 2.
Ac cord ing to [5], discrepancies be tween code pre dic -
tions and the mea sure ments could be at trib uted to
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Fig ure 7. Core out let
pres sure evo lu tion

Table 2. List of the considered sensitive cases

Parameter Case
number Description

Steam line nodalization
Case-1
Case-2
Case-3

Steam line with mesh node size = 0.5 m
Steam line with mesh node size = 2.0 m
Steam line with mesh node size = 8.0 m

BIC related to turbine stop
valve closure

Case-4
Case-5

TSV closure time changed by +20%
TSV closure time changed by -20%

BIC related to by-pass
valve opening

Case-6
Case-7

BPV opening time changed by +20%
BPV opening time changed by -20%

Control systems delays Case-8
Case-9

BPV opens as 0.07 s (instead of 0.06 s)
BPV opens as 0.05 s (instead of 0.06 s)

Uncertain NPP data

Case-10
Case-11
Case-12
Case-13

Steam dome volume -20%
Steam dome volume +20%

BPV flow area -10%
BPV flow area +10%

Void model
Case-14
Case-15
Case-16

CATHARE subcooled model
Umbrella of

Void condensation correlation



model de fi cien cies (in ad e quacy of cor re la tions em -
bed ded in the code), ap prox i ma tion in the nu meric so -
lu tions, nodalization in ad e qua cies or im per fect
knowl edge of de tailed NPP de sign data, con trol sys -
tem de lays, as well as bound ary and ini tial con di tions. 

Pressure response

The de pend ence of pres sure wave damp ing on
steam line nodalization and on un cer tain ties as so ci -
ated with the BIC are con sid ered in cases 1 to 10. The
ef fect of steam line nodalization is con sid ered in cases
1 to 4, while cases 5 to 10 deal with un cer tain ties re -
lated to clo sure and open ing times of the TSV and
BPV.

Nodalization ef fect

The intial cases in ves ti gated here deal with the
ef fect of node size on pres sure wave damp ing. As can
be seen in figs. 9 and 10, as well as in tab. 3, it seems

that pres sure wave and power trends are in sen si tive to
node sizes smaller than 2.0 m. On the other hand, a
coarse node of a size of 8.0 m causes sig nif i cant damp -
ing of the pres sure wave am pli tude and a some what
ear lier oc cur rence of the core’s pres sure ini tial re -
sponse. Con se quently, as shown in fig. 10, the power
re sponse is pre dicted to oc cur slightly ear lier and a
lower power peak, due to a smaller amount of in serted
pos i tive re ac tiv ity, is ob tained. There fore, it seems that 
the steam line nodalization ef fect is not sig nif i cant
enough (if rea son able node sizes are cho sen) to sig nif -
i cantly dampen the re sult ing pres sure wave am pli tude
and, con se quently, power re sponse.

Bound ary and ini tial con di tions

Most of the BIC re lated to any ex per i men tal tests 
in volve a de gree of mea sure ment un cer tain ties. This is 
par tic u larly true of valve com po nents of un known
char ac ter is tics, es pe cially the dy namic ones, their true
ef fects of ten hav ing to be eval u ated from sen si tiv ity
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Fig ure 8. Re ac tor power
re sponse dur ing the
tran sient

Fig ure 9. Core pres sure
wave evo lu tion for var i ous
steam line node num bers



anal y ses. As out lined in [12], there is a di rect de pend -
ence be tween the valve clo sure/open ing dy nam ics and 
the max i mum am pli tude of the de vel oped pres sure.
For this pur pose, two ex treme lin ear modes of TSV
clo sure time were con sid ered. The base case time clo -
sure was first re duced and then in creased by 20%. The
ef fects of such changes are pre sented in fig. 11 for the
pres sure wave and in fig. 12 for the power re sponse.
As can be seen in tab. 3, the time of the ini tial pres sure
re sponse does not ex hibit any sig nif i cant changes. The 
same goes for the am pli tudes of the pres sure wave and
the power peak changes; their vari a tion does not ex -
ceed 2%.

The ef fect of the BPV open ing time in ter val is
as sessed in cases 7 and 8, while cases 9 and 10 deal
with the ini tial time of the BPV open ing.  As can be
seen in figs.13 and 14, the ef fect of the BPV open ing
time on the tran sient course is sig nif i cant. The am pli -
tude of the pres sure wave, as well as of the power peak, 
vary be tween 6% and 10%. How ever, the time of the
power peak oc cur rence does not change sig nif i cantly
in all the afore men tioned BIC cases.

Con trol sys tem re sponse

The con trol sys tem ef fect on ther mal-hy drau lic
and ki netic sys tem re sponses is sig nif i cant since it
gov erns the ac ti va tion of sev eral safety sys tems which
have a di rect in flu ence on the be hav iour of the  sys tem
as a whole. In the fol low ing study, the in flu ence of de -
layed and ear lier BPV open ing on the TT course is in -
ves ti gated. Re sults of cou pled code calculatins are
out lined in tab. 3 and sketched in figs. 15 and 16. As
can be seen, the ef fects of the BPV open ing con trol
sys tem did not af fect sig nif i cantly the cal cu lated TT
tran sient course ei ther in the case of the pres sure wave
or that of power trends.

Un cer tain NPP data

Prob a bly the most un cer tain NPP data which
could in flu ence the TT course are the BPV-flow area
(BPV-FA) and steam dome vol ume (SDV). For this
pur pose, sen si tiv ity cal cu la tions were per formed by
vary ing the SDV by ±20% and the BPV flow area by
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Fig ure 10. Core power evo -
lu tion for dif fer ent steam
line nodalizations
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±10%. The ef fects of such vari a tions on pres sure and
power re sponses are sketched in figs.17 to 20. The im -
pact of a SDV change is more em pha sized than the
BPV-FA ef fect, since a higher pres sure wave am pli -
tude was ob tained from a re duced SDV (–20%). In this 
case, the pres sure wave is less dif fused in the ves sel
dome and, con se quently, lower ex po nen tial ex cur sion
pe ri ods are ob tained. How ever, the ob tained power re -

sponse does not cor re spond to the ex per i men tal one
and re mains far from the ex per i men tal trend.

Feedback response

The feed back re sponse is closely de pend ent
upon the ther mal-hy drau lic clo sure re la tion ships im -
ple mented into the code. In RELAP5/3.3 there are few
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Table 3. Considered cases for the sensitivity analyses

Case
Amplitude of pressure

wave [MPa]
Initial pressure

response [s]
Relative peak

power [%]
Peak power time

occurrence [s]

Experiment
or reference

0.303 Error [%] 0.426 Error [%] 279.1 Error [%] 0.726 Error [%]

Base case 0.284 6.3 0.387 9.2 224.7 19.5 0.810 11.6

Case-1 0.284 6.3 0.387 9.2 224.0 19.7 0.810 11.6

Case-2 0.284 6.3 0.387 9.2 221.0 20.8 0.809 11.4

Case-3 0.261 13.9 0.360 15.5 204.5 26.7 0.775 6.80

Case-4 0.280 7.6 0.396 7.0 220.0 21.2 0.820 12.9

Case-5 0.289 4.6 0.380 10.8 229.9 17.6 0.800 10.2

Case-6 0.310 2.3 0.387 9.2 239.7 14.1 0.810 11.6

Case-7 0.250 17.5 0.390 8.5 201.5 27.8 0.815 12.3

Case-8 0.290 4.3 0.388 8.9 226.0 19.0 0.810 11.6

Case-9 0.279 7.9 0.390 8.5 226.0 19.0 0.810 11.6

Case-10 0.286 5.6 0.368 13.6 240.6 13.8 0.800 10.2

Case-11 0.266 12.2 0.375 12.0 223.4 20.0 0.850 17.1

Case-12 0.300 1.0 0.387 9.1 232.0 16.9 0.810 11.6

Case-13 0.269 11.2 0.388 8.9 212.6 23.8 0.810 11.6

Case-14 0.290 4.3 0.388 9.2 273.0 2.40 0.720 0.8

Case-15 0.284 6.3 0.390 9.2 232.1 16.9 0.800 10.2

Case-16 0.266 12.2 0.418 1.9 274.7 1.60 0.730 0.5

Fig ure 12. Core power
evo lu tion for dif fer ent
TSV time clo sure



pos si bil i ties to in ves ti gate dif fer ent mod els for a given
phe nom e non. How ever, for the subcooled model there 
is a pos si bil ity to use the CATHARE [13] model for

this boil ing re gime, by re mov ing the Um brella re stric -
tion or by im ple ment ing a new clo sure re la tion ship for
the con den sa tion rate. 
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Fig ure 13. Core pres sure wave
evo lu tion for dif fer ent BPV
open ing con di tions

Fig ure 14. Core power evo lu tion
for dif fer ent BPV open ing
con di tions

Fig ure 15. Core pres sure wave 
evo lu tion for dif fer ent BPV
open ing times



CATHARE subcooled model

The re sults of such cal cu la tions are sketched in
figs. 21 and 22 for the core pres sure and power, re spec -

tively.  As can be seen, the pres sure wave pro file is
sim i lar to the base case, but the rate of the am pli tude
rise is slightly more pro nounced (see tab. 3). The
power re sponse is much more im proved in com par i -
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Fig ure 16. Core power
evo lu tion for dif fer ent BPV
open ing times

Fig ure 17. Core pres sure
wave evo lu tion for
dif fer ent val ues of the steam 
dome vol ume

Fig ure 18. Core power for
dif fer ent val ues of the steam
dome vol ume
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Fig ure 19. Core pres sure
wave evo lu tion for
dif fer ent BPV flow area

Fig ure 20. Core power
evo lu tion for dif fer ent
BPV flow area

Fig ure 21. Core pres sure
wave evo lu tion us ing the
CATHARE subcooled
boil ing model



son with the base case. Power ex cur sion is much faster
and closer to the ex per i men tal trend. 

The  Umbrella restriction

The void con den sa tion model may be in ves ti -
gated by re mov ing the Um brella re stric tion (see eq. 4)
or by in ves ti gat ing the con den sa tion rate. The re sults
of the switch ing off of the Um brella re stric tion of the
power course are sketched in fig. 23. Slightly faster
power ex cur sion is ob tained, in di cat ing that a higher
void con den sa tion is pre dicted. How ever, the over all
power trend re mains far from the mea sured one. 

Void condensation correlation

The con den sa tion rate is a func tion of the lo cal
subcooling as well as of the in ter fa cial area con cen tra -
tion and the in ter fa cial heat trans fer co ef fi cient. In
RELAP5/3, it is eval u ated through the Unal-Lahey
mech a nis tic cor re la tion [14] given by the fol low ing
for mula:
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Fac tor F3 is equal to 1 in the case of liq uid
subcooling less than 1.0 K. Fac tor F5 has been in tro -
duced as a smooth ing fac tor be tween the Lahey and
Unal mod els. The con den sa tion model im ple mented
in the RELAP5 code is gov erned by the so called Um -
brella re stric tion so as to force the vol u met ric in ter fa -
cial heat trans fer co ef fi cient Hif to small val ues as the
void frac tion (a) ap proaches ei ther 0 or one [14]

{H Hif if= - ×

×

min , . max[ . , . ( )]

max ,min

17539 4 724 4724 1

0 1

a a

,
. .

. . .

a- -

- -

æ

è

ç
ç

ö

ø

÷
÷

é

ë

ê
ê

ù

û

ú
ú

ü

ý
ï

þï

1010 10

01 1010 10  (4)

30 Nu clear Tech nol ogy & Ra di a tion Pro tec tion –1/2007

Fig ure 22. Core power
evo lu tion us ing the
CATHARE changes
to the subcooled boil ing
model

Fig ure 23. Core power evo -
lu tion with out con sid er ing
the Um brella re stric tion



On the other hand, ac cord ing to [15], the
RELAP5 model cal cu lates too low con den sa tion rates, 
at least at low-pres sure con di tions. This also seems to
be the case for the cur rent study in volv ing rapid dy -
namic ef fects, even though the op er at ing pres sures are
high.

In or der to check the lat ter pos si bil ity, the
RELAP5 code was com piled us ing the al ter na tive
void con den sa tion clo sure equa tion pro posed by [15].
The ef fect of such a mod i fi ca tion is shown in figs. 24
and 25 which pres ent the evo lu tions of  the pres sure
wave and core power, re spec tively. In this case, the
time of the ini tial pres sure re sponse is closer to the ex -
per i men tal one. Other key pa ram e ters are also well
pre dicted, since only mi nor er rors have been de tected
in this case, as out lined in tab. 3. The power ex cur sion
phase co in cides well with the ex per i men tal trend. Sig -
nif i cant im prove ments over the base case cal cu la tions
are ob tained as well. 

Ac cord ing to the ob tained re sults, it is clear that,
even though a cor rect trend of the core pres sure is pre -

dicted by code cal cu la tions, the prompt feed back
mech a nisms re main weak and in sen si tive to the pres -
sure wave am pli tude vari a tions; the cal cu lated over all
trend of the core power, es pe cially the prompt re -
sponse, re mains rel a tively re moved from the mea -
sured one. There fore, the pre dom i nant ef fect gov ern -
ing the power course seems to be re lated to the void
dy nam ics in the subcooled boil ing zone. 

CONCLUSION 

Re cent advancements in nu mer i cal meth ods and
com puter power have en hanced the pos si bil i ties of
gath er ing a global vi sion of NPP sys tem be hav ior dur -
ing com plex tran sient sce nar ios. Within this frame -
work, an as pect re lated to the sim u la tion of the BWR
tur bine trip wa ter ham mer in duced pos i tive re ac tiv ity
has been con sid ered. The cou pled code tech nique by
means of the RELAP5-PARCS code was used, since
com plex and strong feed back in ter ac tions be tween the 
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Fig ure 24. Core pres sure
wave evo lu tion
con sid er ing dif fer ent
con den sa tion model

Fig ure 25. Core power
evo lu tion con sid er ing
dif fer ent con den sa tion
mod els



core ki net ics and ther mal-hy drau lics are in volved.
Pre lim i nary cal cu la tions pre dicted a cor rect trend of
pres sure wave prop a ga tion from the steam lines to the
core zone. How ever, slower power ex cur sion with re -
spect to the ex per i men tal re sponse was ob served.
Therefore, a se ries of sen si tiv ity anal y ses were per -
formed in or der to iden tify the or i gin of the ob served
dis crep an cies. It was es tab lished that:

· a cor rect trend of the pres sure wave prop a ga tion
through dif fer ent com po nents of the re ac tor is
predicted if a nor mal or com mon nodalization of
the steam lines is per formed,

· more efficinet BE ther mal-hy drau lic sim u la tion
will be ob tained if 3-D RPV mod el ing is per -
formed. This will, for in stance, al low ad e quate
sim u la tion of the pres sure wave re flec tions and in -
let core mass flow rates for each in di vid ual chan -
nel,

· the ef fect of valves’ dy nam ics on pres sure wave
am pli tude and ki netic be hav iour is sig nif i cant,
and

· it was found that the RELAP5 clo sure re la tion ships 
es ti mate a low void con den sa tion rate, and con se -
quently, in cor rect prompt feed back mech a nisms
were pre dicted. The use of al ter na tive void mod els
gives closer re sults to the ex per i men tal trends.

The cur rent study also em pha sizes the im por -
tance of un cer tainty eval u a tions of best es ti mate code
pre dic tions. Nev er the less, fur ther as sess ment stud ies
and in ves ti ga tions should be per formed to im prove the 
re li abil ity of code pre dic tions.

NOMENCLATURE

c – sound ve loc ity
L – pipe length
h – enthalpy
Hif – in ter fa cial heat trans fer co ef fi cient
P – pres sure
V – ve loc ity

a – void frac tion

t – os cil la tion pe riod

r – den sity

Su per scripts

f – liq uid phase 
g va por phase

Sub script

sat – sat u ra tion con di tions
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Anis BUSBIA-SALAH

PROCENA  EFEKATA  HIDRAULI^NOG  UDARA  NA  DINAMIKU  JEZGRA 
NUKLEARNOG  REAKTORA  SA  KQU^ALOM  VODOM

Slo`ena de{avawa kao {to su pojave tranzijenata hidrauli~nog udara u nuklearnim
elektranama jo{ uvek nisu dovoqno dobro istra`ene savremenim ra~unarskim sredstvima za
najboqu prognozu. U ovim okvirima, razmatrano je naglo dodavawe pozitivne reaktivnosti jezgru
nastalo tranzijentom hidrauli~nog udara. Numeri~ka simulacija te pojave izvr{ena je
kori{}ewem spregnutog RELAP5/PARCS programa. Celovito pore|ewe podataka pokazuje dobro
slagawe izme|u ra~unatih i merenih promena talasa pritiska u jezgru. Me|utim, predvi|eni
odgovor snage tokom faze ekskurzije nije pravilno odrazio eksperimentalno pona{awe. Radi
ovoga, sprovedene su studije osetqivosti s ciqem da se prepoznaju najuticajniji parametri koji
upravqaju dinamikom ekskurzije snage. Posle ispitivawa am pli tude talasa pritiska i povratnih
odgovora {upqina, utvr|ena je da se nesaglasnost ra~unatih i merenih podataka pojavquje
uglavnom usled niske brzine kondenzacije {upqina u programu RELAP5, koja se ~ini nedovoqno
poznatom tokom brzih tranzijenata.

Kqu~ne re~i:  hidrauli~ni udar, simulacija spregnutim kodom, kineti~ka termo-hidrauli~na
jjjjjjjjjjjjjjjjjjjjjjjjinterakcija


