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In nu clear power plants the de sign ex ten sion con di tions are more com plex and se vere than
those pos tu lated as de sign ba sis ac ci dents, there fore, they must be taken into ac count in the
safety anal y ses. In this study, many hy po thet i cal in ves ti gated tran sients are ap plied on
KONVOI pres sur ized wa ter re ac tor dur ing a 6 inches (182 cm2) cold leg small break
loss-of-cool ant-ac ci dent to re vise the ef fects of all safety sys tems ways through their avail abil -
ity/non-avail abil ity on the ther mal hy drau lic be hav iour of the re ac tor. The in ves ti gated tran -
sients are rep re sented through three cases of small break loss-of-cool ant-ac ci dent as, Case-1,
with out scram and all of the safety sys tems are a fail ure, Case-2, the nor mal scram ac tu a tion
with a fail ure of all safety sys tems (non-avail abil ity), and fi nally Case-3, with nor mal ac tu a -
tion scram se quence and nor mal se quen tial ac tu a tion of all safety sys tems (avail abil ity). These
three in ves ti gated tran sient cases are sim u lated by cre at ing a model us ing anal y sis of ther -
mal-hy drau lics of leaks and tran sient code. In all tran sient cases, all types of re ac tiv ity feed -
backs, bo ron, mod er a tor den sity, mod er a tor tem per a ture, and fuel tem per a ture are con sid -
ered. The steady-state re sults are nearly in agree ment with the plant pa ram e ters avail able in
pre vi ous lit er a ture. The re sults show the im por tance of the re ac tiv ity feed back ef fects in
loss-of-cool ant-ac ci dent on the fall outs power as they are con sid ered the key pa ram e ters for
con trol ling the clad and fuel tem per a tures to main tain them be low their melt ing point. More -
over, the cal cu lated re sults in all cases show that the ther mal-hy drau lic pa ram e ters are in ac -
cept able ranges and en coun ter the safety cri te rion dur ing loss-of-cool ant-ac ci dent de sign ex -
ten sion con di tions ac ci dents pro cesses. Fur ther more, the re sults show that the core un cover
and fuel heat up do not oc cur in KONVOI pres sur ized wa ter re ac tor the de sign ex ten sion
con di tions sim u la tions, as all safety sys tems pro vide ad e quate core cool ing by suf fi cient wa ter
in ven tory into the core to cover it.

Key words: loss-of-cool ant ac ci dent, re ac tor scram, de sign ex ten sion con di tion, core un cover,
ther mal-hy drau lic phe nom ena, safety in jec tion four-loop of KONVOI PWR

IN TRO DUC TION

De sign ex ten sion con di tions (DEC) are pos tu -
lated ac ci dent con di tions that are not con sid ered for
de sign ba sis ac ci dents (DBA), but are con sid ered in
the de sign pro cess for the fa cil ity by best es ti mat ing
meth od ol ogy. The DEC com prise con di tions in events
with out sig nif i cant fuel deg ra da tion and con di tions in
events with core melt ing, ac cord ing to SSR-2/1. The
safety of nu clear power plants (NPP) dur ing DEC is
one of the most im por tant top ics which must be dem -
on strated be fore the is su ance of the op er at ing li censes
[1]. One of the DEC events is an tic i pated tran sient
with out scram (ATWS). An es sen tial emer gency core
cool ing sys tem (ECCS) is in stalled to cope with those
types of ac ci dents and pre vent their prop a ga tion to a
be yond de sign ba sis ac ci dent (BDBA). De spite the
best es ti mate codes that are used to day in the safety as -
sess ment of NPP, the ECCS per for mance is still as -

sessed against the same cri te ria, such as the peak clad
tem per a ture less than 2200 °F (1200 °C), max i mum
lo cal clad ox i da tion less than 17 % and core wide both
the ox i da tion less than 1 % [2-5].

In the Ger man risk study of loss-of-cool ant-ac ci -
dent (LOCA), the re ac tor cool ing sys tem (RCS) in -
ven tory var ies through out events de pend ing on the
num ber of safety in jec tion pumps (SIP) in op er a tion
and the dis charge rate via the break, which is it self a
func tion of brake size, RCS pres sure and cool ant con -
di tion at the break lo ca tion. Many tran sient con di tions
in the RCS may tem po rarily oc cur in the RCS if the
leak age rate at high pres sure is greater than the in jec -
tion rates of the safety-in jec tion pumps as a re sult of a
cool ant re duc tion in RCS in ven tory. In par tic u lar, if
the SIP are pos tu lated to op er ate at re duced avail abil -
ity, the de cay heat from the core is then trans ported to
the steam gen er a tors (SG) [6]. 

A small break is suf fi ciently large that the pri -
mary sys tem depressurizes to the high pres sure safety
in jec tion set point and a safety in jec tion sig nal is gen -
er ated, au to mat i cally start ing the high pres sure safety
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in jec tion (HPSI) sys tem. Breaks smaller than 3/8 inch
in di am e ter do not depressurize the re ac tor cool ant
sys tem be cause the re ac tor charg ing flow can re place
the lost in ven tory [7]. The leaks with sizes from 40 cm2

to 380 cm2 were judged as not con trol la ble with the
im ple mented mea sures of the core cool ing sys tems
and lead to a core melt ing ac ci dent [8]. A sim u la tion of
LOCA has been car ried out us ing the TRACE code to
in ves ti gate the ef fect of re verse flow re stric tion de vice
(RFRD) on the flow rate as well as peak clad tem per a -
ture of BWR fuel bun dles dur ing three dif fer ent
LOCA sce nar ios: small break LOCA (25 % LOCA),
large break LOCA (100 % LOCA), and dou ble-ended
guil lo tine break (200 % LOCA). These re sults dem on -
strated that the user de vice could sub stan tially block
flow re ver sal in fuel bun dles dur ing LOCA, al low ing
for cool ant to re main in the core dur ing the cool ant
blowdown phase, and showed that it could re tain ad di -
tional cool ing wa ter af ter ac ti vat ing the emer gency
sys tems, which main tains the peak clad tem per a ture at
lower lev els. Also, the RFRD achieved their flood
phase ear lier than with out the RFRD [9].

In this study, SBLOCA is cho sen as a ba sic tran -
sient with a 182 cm2 break, in one of the cold legs. The
tran sient oc curred us ing in ves ti gated tran sients DEC
that are ap plied for the re ac tor safety anal y ses. In the
safety anal y ses, the ef fects of the re ac tor to tal re ac tiv -
ity and the safety in jec tion sys tems (ac tive and pas -
sive) avail abil ity, for the re ac tor safety dur ing DEC are 
stud ied. The DEC are sim u lated with and with out
scram (ATWS) dur ing SBLOCA. The sim u la tions are
per formed for the KONVOI PWR re ac tor by cre at ing
a new model us ing ATHLET code [10]. In ATHLET
Model, the neutronic and the thermohydraulic cal cu la -
tions of the re ac tor are in volved in the steady and the
tran sient states for the be hav ior of the re ac tor core,
over the to tal re ac tiv ity ef fects.

REF ER ENCE PLANT

The Ger man 4-Loop PWR (GKN II) type
KONVOI which be longs to the Kraftwerk Un ion (KWU)
[11] is the re ac tor se lected to study the thermohydraulic
be hav ior of its core dur ing SBLOCA safety anal y sis, by
cre at ing a sim u la tion model us ing AHLET code. In the
model, the fuel type se lected to be core con tains 193 fuel
as sem blies (FA) with ther mal power of 3850 MW and
elec tric power of 1300 MW. Each fuel as sem bly is ar -
ranged in 16 × 16 ar rays and in cludes 236 fuel rods. The
gen eral in for ma tion about the re ac tor, as sem bly; and fuel
is shown in tabs. 1 and 2, re spec tively.

THE ATHLET MODEL

Es tab lish ing nodalization

The sim u lated re ac tor is a ge neric Ger man PWR
(KONVOI type), which has four loops and pro duces
1300 MWel of power. Dur ing the cre ation of the

ATHLET Model, the four loops are sim u lated by only
two, three iden ti cal loops are rep re sented by in tact one
loop and the other loop is the bro ken loop. Each sep a -
rated loop con sists of a steam gen er a tor U-tubes that
are con nected to the hot and cold legs, which a spray
line at the top of the pressurizer is sim u lated. The cold
legs are con nected to the downcomer of the re ac tor
pres sure ves sel (RPV), which lies par al lel to the core
chan nels and the re flec tor, all con nected at the bot tom
by the vol ume of the lower ple num. On top of the core
chan nels, the up per ple num is sim u lated, as well as the
con nec tion to the hot legs as shown in the nodalization
scheme fig. 1.

THE RE AC TOR SAFETY SYS TEMS

The KONVOI pres sur ized wa ter re ac tor (PWR)
have two safety sys tems that are rep re sented in the fol -
low ing two sec tions:

Pas sive safety sys tem (hy dro-ac cu mu la tors)

The KONVOI PWR have one pas sive safety
sys tem which con sists of eight hy dro-ac cu mu la tors,
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Ta ble 1. Gen eral re ac tor data

Pa ram e ter Value

Power [MW] 3850

Mass flow rate [kgs–1] 19874

Mass flow rate in core (94 %) [kgs–1] 18682

T-prim out [°C] 326

T-prim in[°C] 290

P-prim [MPa] 15.8

Average FA-power [MW] 19.95

P-sec [MPa] 6.4

T-sec [°C] 262

Ta ble 2. Fuel as sm bly fea tures

Pa ram e ter FA type

No of fuel as sem bly 16 × 16 – (20) 18 × 18 – (24)

No of rods per as sem bly 256 324

Fu elled 236 300

Un fuelled 20 24

Over all as sem bly length [m] 4.83 4.83

Over all as sem bly width [m] 2.3·10–1 2.3·10–1

Rod out side di am e ter [m] 1.08·10–2 9.50·10–3

Rod length [m] 4.40 4.40

Pel let length [m] 1.10·10–2 9.80·10–3

Pel let out side di am e ter [m] 9.11·10–3 8.05·10–3

Pel let den sity [gcm–3] 10.45 10.45

Clad thick ness [m] 7.25·10–4 6.40·10–4



one ac cu mu la tor for each leg, with a wa ter vol ume of
45 m3 and a set point valve be low 2.6 MPa.

Ac tive safety sys tem,
emer gency core cool ing sys tems

The re ac tor has two ac tive emer gency core cool -
ing sys tems (ECCS), high pres sure in jec tion sys tem,
(HPIS) and low pres sure in jec tion sys tem (LPIS) in the
pri mary  loops  that  are  con nected to the cold legs. The
HPIS starts ac tu a tion be low 11 MPa, with a flow rate of
77 kgs–1 per pump where LPIS starts its in jec tion be low
1.1 MPa with a max i mum flow rate of  325.4 kgs–1 per
pump. There is an ad di tional ac tive ECCS called ex tra
borating sys tem (EBS) mod eled with a con stant
non-pres sure   de pend ent   in jec tion   mass-flow   rate  of
2 kgs–1 per pump, [11-13]. In the sim u la tion ATHLET
Model, all ac tive and pas sive in jec tion sys tems are rep -
re sented as fills.

Steady-state safety anal y sis

For the re li abil ity of code tran sient sim u la tion, a
Nodalization qual i fi ca tion step is per formed. Af ter a
steady-state run that is ex tended for 300 sec onds for the
sta bi li za tion of the model re sults. The cal cu lated val ues
of the main pa ram e ters are com pared with the cor re -
spond ing nom i nal val ues of the ref er ence plant [11].

Steady-state con di tions for ATHLET
model and TRACE code

  The re ac tor Pa ram e ters of the steady-state con -
di tions and the com par i son are out lined in tab. 3 and
the dif fer ence as a per cent age of the ref er ence value is
pre sented in the last col umn.

Com par i son of the steady-state
re sults be tween ATHLET and TRACE mod els 

Ta bles 4 and 5 and figs. 2 and 3 show the steady-state
re sults of the two mod els (ATHLET and TRACE).

The com par i son re sults out lined in tabs. 4 and 5
and figs. 2 and 3 show that there is agree ment be tween
the ATHLET Model steady-state re sults with the cor re -
spond ing pub lished re sults of the TRACE model [11].

Tran sients safety anal y sis

Ac ci dents de scrip tion and as sump tions

The in ves ti gated tran sients for DEC safety anal y -
sis are rep re sented with many hy po thet i cal ac ci dents
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Fig ure 1. Graph i cal rep re sen ta tion of the sim u lated re ac tor struc ture with an X in di cat ing the lo ca tion of the leak

Ta ble 3. The re ac tor pa ram e ters of
the steady-state con di tions

Pa ram e ter Ref er ence
value [11]

Cal cu lated
value

Dif fer ence
[%]

Re ac tor pa ram e ters

To tal power [MW] 3850 3752 –2.54

Core in let
tem per a ture [°C] 290 291.34 0.238

Core out let
tem per a ture [°C] 326 325.94 –0.010

Pri mary pres sure
[MPa] 15.8 15.94 0.88

To tal cool ant flow
rates [kgs–1] 8682 18665.24 –0.0897

Steam gen er a tor pa ram e ters

Steam flow/SG
[kgs–1] 512 512.8499 –0.166

Steam pres sure
[MPa] 6.4 6.3825 –0.27



that hap pen in the KONVOI PWR dur ing SBLOCA to
study the ef fects of all safety sys tems through out their
avail abil ity/non-avail abil ity on the thermohydraulic
be hav ior of the re ac tor. SBLOCA is as sumed to oc cur in 
the cold leg of one of the loops as shown in fig. 1. The
break size is a 6 inches in di am e ter. The tran sient ini tial
con di tions are rep re sented in tab. 6 while the re ac tor op -
er ates at 100 % of the nom i nal power.

The in ves ti gated tran sients for DEC safety anal -
y sis are rep re sented with three cases of hy po thet i cal

ac ci dents dur ing SBLOCA as the fol low ing three sec -
tions:

Case-1: The SBLOCA, with out scram and
non-avail abil ity ac tu a tion of all safety sys tems
(ac tive and  pas sive)

In this case, SBLOCA with an tic i pated tran sient
with out scram (ATWS) and with out all safety sys tems
(ECCS and ac cu mu la tors) is sim u lated, as DEC is con -
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Ta ble 4. The ATHLET model steady-state re sults

Ax ial nodes Pres sure [Pa] Tsat  [°C] Tliq [°C] Tg [°C] Ve loc ity [ms–1] Den sity [kgm–3]

NODE1 1.599560·107 347.4091 291.346 346.5923 4.644351006 744.2761841

NODE2 1.599031·107 347.3326 291.3445 347.3326 4.619028091 744.2545166

NODE3 1.598922·107 347.3004 294.6073 347.3004 4.57022047 737.9349365

NODE4 1.597376·107 347.222 298.9415 347.222 4.611373425 729.2983398

NODE5 1.595815·107 347.1428 304.0352 347.1428 4.666882515 718.7607422

NODE6 1.594240·107 347.0628 309.4505 347.0628 4.735877514 706.9955444 

NODE7 1.592645·107 346.9818 314.7078 346.9818 4.815169334 694.8841553

NODE8 1.591038· 107 346.9001 319.3903 346.9001 4.895985603 683.3596802

NODE9 1.589434·107 346.8185 323.2041 346.8185 4.957458019 673.3207397

NODE10 1.587860·107 346.7384 325.9886 347.4091 4.974225044 665.5239868

NODE11 1.585420·107 346.614 325.9789 346.7384 4.957675934 665.4677734

NODE12 1.585383·107 346.6121 325.9801 346.614 4.909605026 665.4630737

Ta ble 5. The TRACE code steady-state re sults [11]

Ax ial nodes Pres sure [Pa] Tsat [°C] Tliq [°C] Tg [°C] Ve loc ity [ms–1] Den sity [kgm–3]

NODE1 1.594357·107 347.2 292.9 347.2 4.530 741.0

NODE2 1.59347·107 347.1 295.9 347.1 4.552 743.9

NODE3 1.59258·107 347 299.8 347 4.590 726.7

NODE4 1.59168·107 347 304.8 347 4.642 716.2

NODE5 1.59078·107 346.9 310.5 346.9 4.710 703.9

NODE6 1.58986·107 346.9 315.7 346.9 4.792 691.5

NODE7 1.58894·107 346.9 320.1 346.9 4.878 680.0

NODE8 1.58801·107 346.9 323.3 346.9 4.961 670.9

NODE9 1.58708·107 346.8 325.8 346.8 4.028 663.7

NODE10 1.58614·107 346.8 327.1 346.8 4.083 659.4

Fig ure 2. Ax ial pres sure Fig ure 3. Fluid tem per a ture



sid ered and used the gen eral con trol sim u la tion mod -
ule (GCSM), which is a part of the ATHLET model in -
put deck [10].

Case-2: The SBLOCA, with scram and nonavailability
ac tu a tion of all safety Sys tems

In this case, SBLOCA with nor mal scram ac tu a tion
through con trol rods in ser tion is sim u lated, with
nonavailability ac tu a tion of all the safety sys tems as DEC.

Case-3: The SBLOCA with re ac tor scram and
avail abil ity ac tu a tion of all safety sys tems

In this case, SBLOCA with nor mal scram ac tu a -
tion through con trol rods in ser tion is sim u lated, with
the avail abil ity of all the safety (ac tive and pas sive)
sys tems as DEC.

RE SULTS AND DIS CUS SION

Com par i son be tween Case-1 and Case-2

The com par i son be tween the re sults of Case-1
and Case-2 are rep re sented, to show the ef fect of re ac -
tor scram, with and with out the avail abil ity ac tu a tion
of all ac tive and pas sive safety sys tems, on the be hav -
ior of KONVOI re ac tor dur ing SBLOCA, DEC.

Com par i son of the out put scram
sig nals of the re ac tor and the pump speed 

Fig ure 4 shows the com par i son of the out put
scram sig nals of the re ac tor for the two cases. In
Case-2 the pumps coast down oc curred due to the re ac -
tor scram as shown in fig. 5, where the re la tion of
pump speed with time.

Com par i son of the pri mary pres sure
and the ther mal core power of the re ac tor 

The pri mary pres sure and the ther mal power re -
sults from the two cases com par i son are rep re sented in
figs. 6 and 7, re spec tively.

Fig ure 6 shows that, af ter the ini ti a tion of the
break which is ex tended for a pe riod of around 1000
seconds a sharp de crease in the pri mary pres sure in
Case-1 faster than which oc curred for the pres sure in
Case-2, but af ter this time the pres sure in Case-1 is
higher than in Case-2. These re sults have oc curred al -
though there was no scram of the re ac tor in Case-1, the
main pumps still run ning and the avail abil ity of the
scram in Case-2 as shown in fig. 6. More over, fig. 7 il -
lus trates that in Case-1 the re ac tor power is de cayed
af ter a pe riod of 247 seconds due to the re ac tiv ity feed -
backs (bo ron, dopp ler, and cool ant) but, in Case-2 the
power is de cayed im me di ately (76 seconds) due to the
re ac tor scram. At the same time, the two fig ures show
that in Case-1 the run of the model cal cu la tions does
not ex tend to the end time (5500 seconds) but stops at
3800 seconds, ow ing to the in abil ity of the model for
no scram.
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Ta ble 6. Im posed se quence of events in volved
in this tran sient with their set points

Im posed event Time/set point

Steady-state nor mal op er a tion [s] 0-50

Break ini ti a tion [s] at 50

Re ac tor scram sig nal
Pressurizer pres sure
+ DP con tain ment

Re ac tor cool ant pump stop/main
feed wa ter stop

Re ac tor scram sig nal

Main steam valve clo sure Re ac tor scram sig nal

Low safety in jec tion
start [MPa]

Pressurizer pressure1.1

Aux il iary feed wa ter sys tem in the
in tact or bro ken loops start/stop

LEV-S2DC

High safety in jec tion start [MPa]
Pressurizer pres sure

11 [MPa]

Ac cu mu la tor in jec tion start [MPa]
Pressurizer pres sure

2.6 [MPa]

End of tran sient [s] 55000

Fig ure 4. Scram sig nals

Fig ure 5. Pump speed



Com par i son of the max i mum
clad tem per a tures of the re ac tor

Fig ure 8 rep re sents the com par i son for max i -
mum clad tem per a ture be tween the two cases with dif -
fer ent run times 2000 sec onds and 5500 sec onds.

Fig ure 8(a) shows that af ter the ini ti a tion of break
that is ex tended to 1800 sec onds a  slight in crease in the
max i mum clad tem per a ture in Case-1 lower than which
oc curred in Case-2 then it fast in creases from 800 sec -
onds to 2000 sec onds with the val ues 300 °C to 760 °C,
re spec tively.  But  in  Case-2,  it  starts to in crease
sharply from 750 sec onds to 2000 sec onds with the val -
ues 350 °C to 2500 °C, re spec tively. The two figures
show that the max i mum clad tem per a tures in Case-1
still in crease more than in Case-2. The re sults, as shown
in figs. 6 and 7, oc curred ow ing to the no scram of the
re ac tor but the main pumps still run ning for about (247
sec onds) in Case-1 and the avail abil ity of the scram in
Case-2.  More over, fig. 8(b) which the run time is ex -
tended to 5500 sec onds il lus trates that in Case-1 the
max i mum clad tem per a ture kept ris ing then the model
stopped to fail as dis cussed in the next sec tion but in
Case-2 the model suc ceeded in cal cu la tion all the run
time with the max i mum clad tem per a ture.

Com par i son of the pri mary
and sec ond ary pres sures

Fig ures 9(a) and 9(b) rep re sent the com par i son
of the out put pri mary and sec ond ary pres sure be tween
Case-1 and Case-2.

Due to the avail abil ity of the main pumps the
pri mary pres sure re mains higher than the sec ond ary
pres sure as shown in fig. 9(a). Con se quently, the ef -
fec tive ness of the SG as a heat sink and the es tab lish -
ment of nat u ral cir cu la tion in the pri mary loop have
con tin ued and the clad tem per a ture reached 750 °C at
1800 sec onds. In Case-2 the pri mary pres sure de -
creases grad u ally and be comes lower than the sec ond
pres sure so the SG be come in ac tive, a heat sinks as
shown in fig. 9(b) since the Max i mum clad tem per a -
ture reached is 750 °C at 1000 sec onds.

Com par i son of the re ac tor voids

 Fig ures 10 and 11 show a void for ma tion Case-1 
and Case-2 dur ing depressurization on the pri mary
side.  A void for ma tion in the RPV dome may oc cur if
the fluid in the RPV, as shown in fig. 10, is still hot and
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Fig ure 6. Pri mary pres sure

Fig ure 7. Core power Fig ure 8. Max i mum clad tem per a ture with a dif fer ent
run time



en ters flash evap o ra tion as the RCS pres sure drops. It
no lon ger seems pos si ble that the void ex pan sion in the 
RPV dome could prog ress up to the point where the
steam vol umes en ter the re ac tor cool ant line (RCL) hot 
leg as shown in fig. 12.

From the pre vi ous figs. 11 and 12, the void is
formed faster in Case-1, but it reached the max value in 
Case-2 at 688 sec onds be fore Case-1 which the max
value of core void takes place at time 1690 sec onds.

Com par i son of the break dis charge
and the nor mal ized core level for the re ac tor 

Fig ures 12 and 13 show in Case-1 and Case-2,
due to the break a large dis charged flow out, so the pri -
mary pres sure depressurization and the higher of the
pri mary cool ant tem per a ture, the core col lapsed wa ter
level de creases rap idly es pe cially in Case-2 faster than 
Case-1 as shown in fig. 13.

Com par i son of the core
out let tem per a ture

Fig ures 14(a) and 14(b) show the com par i son
be tween the two cases for the core out let tem per a ture.
In Case-1 where the sce nario of the ac ci dent is with out
scram the main pumps are still run ning so the core out -
let tem per a ture is safe for 2000 sec onds from the tran -
sient time. In Case-2 the core out let tem per a ture is still

safe only for 800 sec onds, where the pumps are not
run ning. Fig ure 15(a) shows that af ter the ini ti a tion of
break and ex tended for a brief pe riod of around 1800
sec onds a small in crease of the core out let tem per a ture
in Case-1 lower than which oc curred in Case-2 that is a 
fast in crease from 800 sec onds un til 1800 sec onds, but
af ter this time it started to de crease in case 2. These re -
sults oc curred as shown in figs. 6 and 7 and figs. 8(a)
and 8(b) due to the no scram of the re ac tor and the main 
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Fig ure 9. Pri mary and sec ond ary pres sure in Case-1
and Case-2

Fig ure 10. Core void  frac tion

Fig ure 11. Hot leg void frac tion

Fig ure 12. Av er age mass flow



pumps still run ning in Case-1. More over, fig. 14(b)
which the run time is ex tended  to  5500 sec onds  il lus -
trates  that  in  Case-1 the core out let tem per a ture kept
in creas ing un til it reached 3800 °C, then the Model
stopped to fail as dis cussed be fore, but in Case-2 the
Model suc ceeds in cal cu la tion all the run time with the
max i mum core out let tem per a ture 2500 °C.

Com par i son of the to tal re ac tiv ity
at the re ac tor 

Fig ure 15 shows that the to tal re ac tiv ity feed -
back in Case-1, where the tran sient of the ac ci dent
with out scram, is con sid ered with the sum of only
change of the feed back from bo ron, cool ant den sity
and fuel tem per a ture, but in the Case-2 the to tal re ac -
tiv ity feed back in creases due to add ing of the con trol
rod (ex ter nal re ac tiv ity feed back). 

The re sults of the com par i son
be tween Case-2 and Case-3

To show the ef fect of safety sys tems on the be -
hav ior of the KONVOI re ac tor dur ing SBLOCA, the
com par i son be tween the re sults of Case-2 (with out ac -
tu a tion of safety sys tems) and Case-3 (with ac tu a tion
of safety sys tems) is com pleted.

Com par i son for the den sity of the
cool ant sys tem and core void frac tion 

The com par i son of the re sults is con cern ing the
pa ram e ters of the pres sur ized wa ter re ac tor as the den -
sity of the cool ant sys tem, as shown in fig. 16 and core
void frac tion in fig. 17.  Fig ure 16 shows that the den -
sity is in creas ing in the cool ant sys tem in Case-3 due to 
the ac tu a tion of the safety sys tems that re verses in
Case-2. These re sults con firmed the core void frac tion
de creas ing as shown in fig. 17.

Com par i son for the nor mal ized core
level and the max i mum clad tem per a ture

The com par i son be tween the Case-2 and Case-3
for the nor mal ized core level and the max i mum clad
tem per a ture, re spec tively, are rep re sented in figs. 18
and 19.

Fig ure 18 shows that in Case-3 the core is fully
cov ered ow ing to the con tin u ous cold and hot legs in -
jec tion of emer gency core cool ant (ECC), also ac cu -
mu la tor is ac ti vated in the set point of each sys tem dur -
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Fig ure 13. Nor mal ized core level

Fig ure 14. Core out let tem per a ture

Fig ure 15. To tal re ac tiv ity feed back



ing the SBLOCA, DEC. Con se quently, the clad ding
sur face tem per a tures are re duced as shown in fig. 19. 

Ac cu mu la tor mass and the break
and safety sys tem flow rate in Case-3

Dur ing Case-3, where the avail abil ity of safety
sys tems, the de crease in the pri mary pres sure oc curs
rap idly enough due to SBLOCA for early in ter ven tion
of HPIS, ac cu mu la tors and LPIS to over come the break
dis charge and the core un cover and heat ing up oc cur for 
a very short time. Fig ure 20 shows the de creas ing pat -
terns of the ac cu mu la tor's in ven tory dur ing ac ci dent
time. When the pres sure drops be low 11 MPa af ter 9
sec onds, the HPI starts au to mat i cally and in jects wa ter
into the three in tact hot legs and the cold leg of the bro -
ken loop. The hy dro-ac cu mu la tor check valves open
be low a sys tem pres sure of 2.6 MPa, which is reached at 
650 sec onds af ter the leak open ing, as shown in fig. 20
be cause  the  in jec tion  rate  of  the HPI is not suf fi cient
to over feed the leak age. Af ter 810 sec onds and be low

1.1 MPa, the LPI is started, which then cools the core by
in ject ing wa ter into both the hot and the cold legs as
shown in fig. 21, the clad ding sur face tem per a ture is re -
duced in as shown in fig. 19. 
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Fig ure 16. Den sity of the core cool ant

Fig ure 17. Core void frac tion

Fig ure 18. Nor mal ized core level

Fig ure 19. Max i mum clad tem per a ture

Fig ure 20. Ac cu mu la tor's in ven tory



CON CLU SIONS

In this study, ATHLET model for KONVOI
PWR is cre ated to sim u late many in ves ti gated tran -
sient con di tions that are more com plex and more se -
vere than those pos tu lated as DBA, so they are DEC. 
The ef fect of var i ous in ves ti gated tran sient ac ci dent
con di tions has been an a lyzed in SBLOCA se quence in 
one of the cold legs in dif fer ent three cases. The three
cases are con sid ered in clud ing SBLOCA as DEC
with out scram and all of the safety sys tems are a fail -
ure, the nor mal scram ac tu a tion with fail ure of ac tu a -
tion of the ac cu mu la tors, and ECC, and with nor mal
ac tu a tion scram se quence with nor mal se quen tial ac -
tu a tion of all safety sys tems. The steady-state re sults
are nearly in agree ment with the plant pa ram e ters
avail able in the lit er a ture. More over, the re sults in di -
cate that the ac tu a tion of pas sive, (ACC) and ac tive
(HPSI and LPSI) safety sys tems as in Case-3 could
mit i gate the ac ci den tal con se quence of LOCA ef fec -
tively. Fur ther more, the key ther mal-hy drau lic pa ram -
e ters are in the ac cept able range and meet the safety
cri te rion. Since, dur ing the hy po thet i cal in ves ti gated
tran sient ac ci dents pro cess, the core un cov ers and fuel
heat up do not oc cur thus the safety of KONVOI PWR, 
dur ing a 6 inches (0.1524 m), cold leg small break
LOCA is ver i fied.

NO MEN CLA TURE

ACC – ac cu mu la tor
ATHLET – anal y sis of the thermohydraulics

of leaks and tran sients 
ATHLET-CD – anal y sis of the thermohydraulics of

leaks and tran sients-core deg ra da -
tion

ATWS – anticipated tran sient with out scram 
CD – core deg ra da tion 
DEC – de sign ex ten sion con di tions 
DBA – de sign ba sis ac ci dents 

ECCS – es sen tial emer gency core cool ing
sys tem 

EFW – emer gency feed wa ter 
EBS – ex tra borating sys tem
GKN II – the Ger man four-loop PWR 
GRS – gesellschaft für anlagen-

und reaktorsicherheit,
ger many (com pany) 

HPSI – high-pres sure safety in jec tion 
LAcc – level in ac cu mu la tor
LOCA – loss of cool ant ac ci dent 
LOOP – loss of offsite power
LP – low pres sure
Kraftwerk Un ion (KWU)
LSG – level steam gen er a tor 
PCoolant – pri mary/cool ant pres sure
NPP – nu clear power plant
PSG – sec ond ary pres sure/

pres sure steam gen er a tor
PWR – pres sur ized wa ter re ac tor
PZR – pressurizer 
RCL – re ac tor cool ant line
RCS – re ac tor cool ing sys tem in ven tory
RHR – re sid ual heat re moval
RFRD – re verse flow re stric tion de vice
RPS – re ac tor pro tec tion sys tem
RPV – re ac tor pres sure ves sel
SAM – se vere ac ci dent man age ment 
SBLOCA – small break

loss-of-cool ant-ac ci dent
SBO – sta tion black out
SCRAM – emer gency re ac tor shut down

(safety cut rope ax man)
SIP – safety in jec tion pump
Tg – gas temperature
Tlig – liq uid temperature
Tsat – sat u ra tion temperature

AU THORS' CON TRI BU TIONS

The idea of the re search of the safety anal y ses of
NPP un der De sign Ex ten sion Con di tions was a part -
ner ship be tween both S. Helmy and M. Kandil. The
com pu ta tional model of the ATHLET code was ver i -
fied by M. Kandil. The com pu ta tional model of the
ATHLET code de vel oped and val i dated through many 
com par i sons was made by S. Helmy. The com pu ta -
tional model of the ATHLET code val i dated with
many com par i sons was con ducted by A. Refaey. The
con cep tu al iza tion, meth od ol ogy, and for mal anal y sis
were made by all au thors. All au thors par tic i pated in
the dis cus sion and anal y sis of the re sults and made the
orig i nal draft and the fi nal iza tion of the manu script.
M. Kandil, S. Helmy, and A. Refaey equally con trib -
uted as the main con tri bu tors in this pa per.
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Fig ure 21. Break and safety sys tem flow rate
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Salva HELMI, Megi KANDIL, Ahmed REFAI

ANALIZA  TERMOHIDRAULI^KOG  PONA[AWA  KONVOI  PWR 
REAKTORA  TOKOM  PRODU@ENOG  RADA

U nuklearnim elektranama okolnosti produ`enog rada slo`eniji su i stro`i od onih koji
se pretpostavqaju kao osnovni projektni akcidenti, stoga se moraju uzeti u obzir u analizama
bezbednosti. U ovom radu mnogi hipoteti~ki istra`eni prelazni procesi primewuju se na KONVOI
reaktoru sa vodom pod pritiskom tokom malog akcidenta gubitka hladioca radi revizije efekata svih
sugurnosnih sistema preko wihove raspolo`ivosti ili neraspolo`ivosti na termohidrauli~ko
pona{awe reaktora. Istra`eni prelazni procesi predstavqeni su kao tri slu~aja gubitka hladioca
sa malim prekidom rada: slu~aj 1 ‡ bez havarijskog zaustavqawa i svim sigurnosnim sistemima u kvaru;
slu~aj 2 ‡ sa normalnim havarijskim zaustavqawem i otkazom svih sigurnosnih sistema usled
nedostupnosti; i na kraju, slu~aj 3 ‡ sa normalnim redosledom aktivirawa pri havarijskom
zaustavqawu i normalnim sekvencijalnim aktivirawem svih sigurnosnih dostupnih sistema. Ova tri
slu~aja istra`nih tranzijenata simulirani su stvarawem modela uz kori{}ewe koda za analize
termohidraulike curewa i tranzijenata. U svim tranzijentnim slu~ajevima uzimaju se u obzir sve vrste 
povratnih reakcija, prisustvo boram gustina moderatora, temperatura moderatora i temperatura
goriva. Rezultati stabilnog stawa su gotovo u skladu sa parametrima postrojewa dostupnim u
prethodnoj literaturi. Rezultati pokazuju va`nost efekata povratne sprege reaktivnosti u slu~aju
gubitka hladioca na gubitak snage jer se smatraju kqu~nim parametrima za kontrolu tem per a ture
ko{uqice i goriva kako bi se odr`ale ispod ta~ke topqewa. [tavi{e, izra~unati rezultate u svim
slu~ajevima pokazuju da su termohidrauli~ki parametri u prihvatqivim opsezima i da ispuwavaju
kriterijum sigurnosti tokom akcidenta gubitka hladioca u slu~aju produ`enog rada reaktora. Daqe,
rezultati pokazuju da se u KONVOI reaktoru sa vodom pod pritiskom ne pojavquje vodom nepokriveno
jezgro i pregrevawe goriva prema tezama u projektnim simulacijama uslova produ`enog rada, budu}i da
svi sugurnosni sistemi obezbe|uju odgovaraju}e hla|ewe jezgra dovoqnim zalihama vode u jezgru da ga
pokrije.

Kqu~ne re~i: akcident gubitka hladioca, havarijsko zaustavqawe reaktora, produ`eni
..........................projektovani rad, otkriveno jezgro, termohidrauli~ki fenomen, ubrizgavawa 
..........................~etiri-petqe KONVOI PWR 


