
STUD IES  ON  SUR FACE  CON DEN SA TION  FOR  PAS SIVE
SAFETY  SYS TEM  IN  LIGHT  WA TER  RE AC TOR

A  Re view

by

SUSYADI 1,2, Mulya JUARSA 2, Nandy PUTRA 1, and Raldi A. KOESTOER 1* 
1Heat Trans fer Lab o ra tory, De part ment of Me chan i cal En gi neer ing,

Fac ulty of En gi neer ing, Universitas In do ne sia, Depok, In do ne sia
2 Re search Cen ter for Nu clear Re ac tor Tech nol ogy, Na tional Re search and In no va tion Agency, 

Tangerang, Selatan, In do ne sia

Review pa per
https://doi.org/10.2298/NTRP2304215S

A sys tem with a pas sive mech a nism has been con sid ered to have better trust wor thi ness be -
cause it does not re quire an ex ter nal driv ing force to func tion. Sev eral nu clear re ac tor de signs
have im ple mented this fea ture ei ther fully or par tially in their safety sys tems. Some of them
com bine boil ing and con den sa tion phe nom ena to deal with de cay heat when an ac ci dent oc -
curs. This pa per re views stud ies on con den sa tion heat trans fer in pas sive re sid ual heat re -
moval sys tems and pas sive con tain ment cool ing sys tems of light wa ter-cooled re ac tors. The
em pha sis is on the ap pli ca bil ity of ac knowl edged cor re la tions for ac ci dent con di tions and its
de vel op ment for a better model. In the ex pla na tion, the pas sive mech a nism and type of con -
denser im ple mented in the sys tem are first iden ti fied. Af ter ward, com par a tive for mula as sess -
ment us ing test data, para met ric stud ies us ing com puter sim u la tion, and new cor re la tion de -
vel op ment are dis cussed. The eval u a tion showed that the use of ex ist ing cor re la tion needs
tun ing in the case of light wa ter re ac tor pas sive safety sys tem de sign. Be sides, it was also sug -
gested to take into ac count the geo met ric form of the con den sa tion sur face. Fur ther re search
on he li cal shape is needed to as sess the pos si bil ity of an in te gral re ac tor's steam gen er a tor
chang ing role as a con denser dur ing the loss of cool ant ac ci dent that is fol lowed by safety sys -
tem fail ure.
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IN TRO DUC TION

The pas sive safety sys tem is con sid ered safer and
more re li able in deal ing with an ac ci dent than ac tive
equip ment as it does not re quire ex ter nal forces to work
[1]. The use of pas sive fea tures in nu clear power plants
(NPP) has been known for years but gained more at ten -
tion af ter the Fukushima ac ci dent in 2011. At that time,
the nat u ral ca tas tro phe pre vented the res to ra tion of
elec tric power for sev eral days, lead ing to an ex tended
sta tion black out (SBO) [2]. The les sons gained from the 
ac ci dent rec om mended a cool ing which ca pa ble of
func tion ing for a long time [3]. At pres ent, some of the
light wa ter re ac tor (LWR) de signs, in clud ing the in te -
gral typed re ac tors, have im ple mented this fea ture ei -
ther fully or par tially. Such re ac tors among oth ers are
the SMART, CAREM, NuScale, and IRIS for the in te -
gral type [4] and Hualong-1, APR+, and AP1000 for the 
large re ac tors  [5-7].

Di verse pas sive cool ing ap proaches ex ist in
LWR. One of them is the two-phase nat u ral cir cu la tion 
that is pres ent in the pas sive re sid ual heat re moval sys -
tem (PRHRS) [8] and the pas sive con tain ment cool ing
sys tem (PCCS) [9]. These sys tems mostly in volve sat -
u rated con den sa tion on one side and at mo spheric boil -
ing on the other.

Ef forts to im ple ment this fea ture have been per -
formed us ing the o ret i cal, com puter mod el ing, and ex -
per i men tal ap proaches. How ever, stud ies on ther mal
per for mance es pe cially for the one which in volves a
com bi na tion of con den sa tion and boil ing, still left var -
i ous is sues due to the com plex ity of the phe nom ena.

Sev eral works re lated to re ac tor ac ci dent con di -
tions have been con ducted. de la Rosa et al. [10] per -
form a re view that fo cuses on the con den sa tion pro -
cess on con tain ment struc ture. The pa per eval u ates
and dis cusses spe cific phys i cal phe nom ena, var i ous
avail able mod els, and val i da tion data. Over all, 20 phe -
nom ena and pa ram e ters are an a lyzed to cap ture all rel -
e vant as pects. In ad di tion, mod els to pre dict wall con -
den sa tion in the pres ence of non-condensable (NC)
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gas in some thermohydraulic codes are also sum ma -
rized. In line with that, Yadav et al. [11] per form a crit -
i cal re view of stud ies on steam con den sa tion in side
con tain ment about hy dro gen com bus tion is sues. The
dis cus sion con tains an elab o ra tion of con den sa tion
fun da men tals, mod el ing meth ods, vari ables af fect ing
con den sa tion, and ex per i ments in both in te gral fa cil i -
ties and sep a rate ef fect test ap pa ra tus. In the end, it is
sug gested that fu ture stud ies should fo cus on the cou -
pled na ture of the prob lem in an all-in clu sive man ner
to en sure the safety of the re ac tor.

For a more gen eral dis cus sion, Huang et al. [12] re -
view mod els, mech a nisms, and ex per i men tal re sults for
film-wise va por con den sa tion in the pres ence of NC gas.
The o ret i cal and semi-the o ret i cal ap proaches are elab o -
rated to get in sight into the pro cess. Huang et al., [12] con -
cludes that the thick ness of con den sate, sur face waves,
suc tion ef fect, and in ter fa cial shear strength have a sig nif i -
cant in flu ence on the heat trans fer when NC gas ex ists.

Al though the afore men tioned stud ies have cov -
ered many im por tant is sues in re ac tor ac ci dent con di -
tions, most of the re views do not en lighten the ac cu racy
of the model com pared with ex per i men tal data. An ap -
pro pri ate heat trans fer cor re la tion (HTC) for high pres -
sure and tem per a ture, gas pres ence, and two-phase
flow, is nec es sary for NPP de sign to en sure safety. This
pa per ex plores stud ies on steam con den sa tion in LWR's
safety sys tem, con cen trat ing on the ap pli ca bil ity of ex -
ist ing prac ti cal cor re la tions and their de vel op ment for a
better model. Com par a tive for mula as sess ment us ing
test data and nu mer i cal anal y sis us ing widely used com -
puter codes is also pre sented. In do ing so, the pas sive
de sign in volv ing con den sa tion in sev eral ad vanced re -
ac tors is elab o rated in the be gin ning.

RE AC TOR AC CI DENTS AND
SAFETY SYS TEMS

The re ac tor safety sys tem is de signed to serve
the fol low ing vi tal func tions: con trol of fis sion re ac -
tion, re moval of heat from the re ac tor and the spent
fuel stor age, and con fine ment of ra dio ac tive ma te rial,

shield ing against ra di a tion, and con trol of ra dio ac tive
re leases [13].

When an un in tended tran sient oc curs, the pro -
tec tion sys tem halts the fis sion by in sert ing con trol
rods. A cool ing sys tem then per forms tasks to achieve
a safe shut down. If leak age oc curs, steam-bear ing ra -
dio ac tive sub stances will be kept within the con tain -
ment. Hence, struc tural in teg rity should be kept in tact
by con trol ling the pres sure and tem per a ture. Those
safety ne ces si ties can be im ple mented to some ex tent
with a pas sive sys tem.

Pas sive re sid ual heat re moval sys tem

In the loss of nor mal heat-sink and SBO events,
the PRHRS plays a vi tal role in de cay heat cool ing.
The pas sive mech a nism tak ing place can be sin -
gle-phase or two-phase nat u ral cir cu la tion de pend ing
on the cou pling tech nique im ple mented [14].

In PWR, the two-phase mech a nism is im ple -
mented when PRHRS is cou pled with a steam gen er a -
tor (SG). Sche matic di a grams are pre sented in figs. 1
and 2. Steam pro duced in SG is di rected to a con denser 
im mersed in the open wa ter tank. The re sult ing con -
den sate is then recirculated by grav ity back to the SG.
The ser vice pe riod of this PRHRS will de pend on the
amount of wa ter in the tank, which is typ i cally 72
hours. How ever, its ca pa bil ity can be ex tended by add -
ing an ex tra cool ing sys tem or by other means [14, 15].

In the boil ing wa ter re ac tor (BWR) ar range -
ment, a sys tem called an iso la tion con denser sys tem
(ICS) also uses a two-phase mech a nism. Fig ure 2 dis -
plays a sche matic di a gram of the ICS. The con denser
is cou pled with the pri mary sys tem where it con denses
the steam pro duced by core de cay heat when the sys -
tem is be ing iso lated. 

An in te gral PWR, namely CAREM, also adopts
a sim i lar like to BWR's ap proach in its de cay heat re -
moval sys tem called the Emer gency Con denser Sys -
tem [17]. Ta ble 1 sum ma rizes the cou pling method and 
type of con denser used for var i ous re ac tor de signs.
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Fig ure 1. The PRHRS cou pled with SG in con ven tional PWR [18] and in in te gral PWR [4]



Pas sive con tain ment cool ing sys tem

Dur ing the loss of cool ant ac ci dent (LOCA) and
main steam line break (MSLB), high-pres sure steam
dis charges into the con tain ment and in creases room
tem per a ture and pres sure sharply [27]. The PCCS task
is to con dense the steam and con trol the con tain ment
pres sure be low the de sign limit. It plays a vi tal role in
long-term cool ing as the con den sate is recirculated
into the re ac tor ves sel to cool the core. 

Var i ous cool ing ap proaches such as: wall con -
den sa tion, con denser tubes, sup pres sion pools, and
wa ter spray sys tems are used in the re ac tor. Fig ure 3(a) 
and 3(b) show a sche matic of PCCS ex ploit ing con -
tain ment walls as in 3(a) the AP1000 [7], the
CAP1400 [9], and 3(b) the NuScale re ac tors [26]. Fig -
ure 3(c) shows con denser tube lo cated in the re ac tor
build ing is used for cool ing in the iPOWER re ac tor
[27-29]. For other de signs, tab. 2 pres ents the type of
con den sa tion sur face of the PCCS in var i ous re ac tors. 

CON DEN SA TION STUD IES FOR
RE AC TOR SAFETY SYS TEM

Con den sa tion oc curs when va por en coun ters a
sur face hav ing a tem per a ture lower than its sat u ra tion
point. When the con den sate does not wet the sur face, a
drop-wise mode oc curs, and the liq uid is in the form of
drop lets. A film-wise hap pens when the con den sate is
form ing a thin layer. The dropwise is pre ferred due to a 
higher heat rate. How ever, it is chal leng ing to prac ti -
cally achieve it. Hence, the de sign is mostly un der the
as sump tion of filmwise.

The o ret i cal film con den sa tion at an iso ther mal
ver ti cal plate of a pure, sta tion ary, sat u rated va por was
first solved by Nusselt in 1916. The for mula was ap -
proached us ing the fun da men tal law of mass con ser -
va tion, New ton's sec ond law of mo tion, and the first
law of ther mo dy nam ics with sev eral sim pli fy ing as -
sump tions.
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Fig ure 2. The ICS cou pled
with the pri mary sys tem in
BWR [19]

Ta ble 1. Con denser type and cou pling method of the PRHRS

Re ac tor Elec tric power
[MWe] Type Cou pling Con denser Sys tem name

APR+ 1500 PWR SG Slightly in clined tube Pas sive aux il iary
feedwater sys tem [20]

Ad vanced PWR
(APWR+) 1700 PWR SG – Pas sive core cool ing

sys tem us ing steam gen er a tor
HPR1000 1090 PWR SG Ver ti cal tube Emer gency PRHRS [18]
CPR1000 1080 PWR SG Vertical tube Emer gency PRHRS [21]
ESBWR 1520 BWR Pri mary loop Ver ti cal tube Iso la tion con denser sys tem

VVER-1200 1198 PWR SG Vertical tube SG pas sive heat re moval sys tem

SWR1000 1250 BWR Pri mary loop Slightly in clined tube
(as in Gundremmingen NPP)

Emer gency con denser
sys tem [22]

SMART 100 In te gral PWR SG Ver ti cal tubes PRHRS [23]

IRIS 335 In te gral PWR SG Hor i zon tally ar ranged U tubes Pas sive emer gency heat
re moval sys tem  [24]

CAREM 27 In te gral PWR Pri mary loop In clined tubes PRHRS [25]

NuScale 50 In te gral PWR SG Ver ti cal tubes Pas sive de cay heat
re moval sys tem [26]



In prac tice, the em pir i cal for mula is needed to
deal with spe cific de signs and work ing en vi ron ments,
such as the pres ence of NC gases [32], sur face
micromorphology and hydrophobicity [33], high pres -
sure and tem per a ture, and large sub-cool ing, which
may af fect the over all heat trans fer. Hence, a rea son -
ably ac cu rate cor re la tion is es sen tial for con firm ing
the trust wor thi ness of a pas sive safety sys tem.

Con den sa tion stud ies for pas sive
re sid ual heat re moval sys tem

The PRHRS with con den sa tion in side
hor i zon tal tube

When high tem per a ture steam trav els along the
cold pipe line, it goes through stages of con den sa tion
and pro gresses as shown in fig. 4. At the be gin ning, it
con denses into drop lets. As quan tity grows the neigh -
bor ing drop lets unite to form an an nu lar liq uid layer
around the in ner sur face. The layer then gets thicker
and be comes a ring-shaped wavy flow. Be cause of
grav ity, most con den sate ac cu mu lates on the lower po -
si tion and forms a strat i fied shape. Far ahead, the void
frac tion gets lesser, so the flow re gime changes. Large
bub bles ap pear when the wave be tween steam and liq -
uid grows, es tab lish ing a slug flow in a small-di am e ter 
pipe or churn-tur bu lent flow for a larger tube.

In such cases, in for ma tion on the flow re gime is es -
sen tial for de ter min ing the con den sa tion HTC. Baker in -
tro duced a gen eral map that de fined a two- phase flow
map in a hor i zon tal tube in 1954 [34]. Fol low ing that,
many have been pub lished. A more re cent one was by
Zhuang et al. [35], which came up with a pat tern map ap -
pro pri ate for R170 that con sid ers in flu ences of sur face
ten sion, the vis cos ity of liq uid, and va por in er tia.

Var i ous mod els and for mu la tions have been de -
vel oped for hor i zon tal in-tube con den sa tion. Some are 
tested for their ap pli ca bil ity in re ac tor ac ci dent con di -
tions. Shabestary et al. [36] eval u ated for mu las from
Chato [37], Boyke [38], Chen [39], Dobson [40],
Sharma [41], Cavallini [42, 43] and Shah, shown in
tab. 3. They were all com pared with con den sa tion test
data of 4.5 MPa (45 bar), that is ob tained from the 
COSMEA [44], a fa cil ity which rep re sents a seg ment
of the Emer gency Con denser of the KERENA re ac tor.
Here, the steam flow is 0.610 kgs–1 and the heat flux is

Susyadi, et al., Stud ies on Sur face Con den sa tion for Pas sive Safety Sys tem in ...
218 Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2023, Vol. 38, No. 4, pp. 215-234

Fig ure 3. Pas sive con tain ment cool ing sys tem [4]

Ta ble 2.The  PCCS Con den sa tion sur face in var i ous re ac tors

Re ac tor Electir power [MW] Type Con den sa tion sur face
ESBWR 1520 BWR In ner of ver ti cal tube [30]
iPOWER 1250 PWR Outer of ver ti cal tube [28]
HPR1000 1090 PWR Outer of ver ti cal tube [5]
AP1000 1110 PWR In ner of steel con tain ment ves sel [7]

CAP1400 1500 PWR In ner of steel con tain ment ves sel [9]
APR+ 1560 PWR In-tube and ex-tube of  the in clined tube [31]

NuScale 50 In te gral PWR In ner of steel con tain ment ves sel [26]

Fig ure 4. Con den sa tion flow re gime in side a hor i zon tal
tube [36]
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Ta ble 3. Cor re la tions for con den sa tion in side a hor i zon tal tube [36]

Cor re la tion Ref er ence
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be tween 850-950 kWm–2. It was found that Dobson
and Chato [40] are most proper in pre dict ing the data,
while oth ers are con sid er ably un der val ued.

The sche matic of the COSMEA fa cil ity is shown 
in fig. 5. The test sec tion is an an nu lar sys tem made
from stain less steel (in ner side) and ti ta nium al loy
(outer side). The in ner is 43.2 mm in di am e ter, 2.5 mm

in thick ness, and 3.2 m cooled length. The fa cil ity is
ca pa ble of test ing up to 1 kgs–1 steam flow and the
pres sure range is from 0.5 MPa to 6.5 MPa. For cool -
ing, coun ter-cur rent wa ter with a tem per a ture of 40
Cel sius and mass flow be tween 15-30 kgs–1 un der the
pres sure be tween 0.35-0.45 MPa is used in the an nu -
lus. Wall heat flux is be tween 400-1100 kWm–2.
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Ta ble 3. Continuation

  Tran si tion va por ve loc ity in di ca tors:
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Pre vi ously, Nie et al. [46] eval u ated the ap pli ca -
bil ity of three fre quently re ferred cor re la tions from
Akers et al. [47], Shah [48], and Yun et al. [49] shown in 
tab. 4. He tested con den sa tion in a short hor i zon tal tube
of 30 cm un der pres sure rang ing from 4 to 10 MPa that
is sub merged is a wa ter tank, shown in fig. 6. Outer di -
am e ter and thick ness are 25 mm and 3 mm, re spec -
tively. The mass flux is be tween 400 and 1000 kgm–2s–1

and steam qual ity ranges from 0.1 to 0.9.  The study fo -
cused on the heat trans fer in side the tube when pool

boil ing oc curs out side. It was re vealed that Akers's cor -
re la tion has the clos est pre dic tion but is still in ad e quate
due to the max i mum de vi a tion of –40%. A new for mula
was then de rived from the Akers's work as fol lows [46]
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Fig ure 5. Sche matic di a gram of the COSMEA [44]

Ta ble 4. In-tube steam con den sa tion cor re la tions eval u ated by Nie [46]

Cor re la tion Ref er ence

Nu
v

 








  












hD

k
D Gx G x

f
f

f
0026 11 3

1 2

. Pr ( )/
/r

r














/

.

m f

0 8

(10)  

  For:

GD
x

GDx
f

f

f

( )

/

1
5000

1 2




































m

r

r
m
v









 20000

Akers et al. [47]

Nu    
hD

k
x x

x

f
fo f0023 1 38

10 8 0 4 0 8 0 76
0

. Re Pr ( ) .
( ). . . .

.04

0 38Pr .









 (11)  

  For: 0002 044 108 1600 05

0 1

2 1. . ; . ; Pr . ;

; Re

    

 

 P G

x

R fkgm s

fo D
G

     350 7 40 300 1; mm; 3 ms
vr

Shah [48]

Nu  
hD

k
F

f
fo f( . Re Pr ). .0023 0 8 0 4 (12)  

  where: F f f f D

D
D H D R

R

    

07913 1 1 024 10

0 5 4. ( ); [ . ( ) ] ;.ewallis

005 1 1 100 8 378 5 0 8. ; ( ) ; Re ;. .m wallis ve

m

   



 X f

X

tt H

tt
f

f

x x
m

r
rv

v



















 

0 1 0 5

0 91

. .

.[( ) / ]

Yun et al. [49]



In ad di tion, the work ob served that the wall tem -
per a ture is not uni form in the pe riph eral di rec tion. The
wall's heat flux and tem per a ture in crease with mass
ve loc ity, pres sure, and qual ity of steam. The pres sure
drops and the HTC rises with the qual ity of steam and
mass ve loc ity but falls with pres sure.

An other in ves ti ga tion on hor i zon tal PRHRS was
per formed by Xu et al. [50] that fo cused on the im pact
of wall sub-cool ing on three dif fer ent flow re gimes; an -
nu lar, wavy, and strat i fied flow. Wa ter-cooled and
air-cooled sur faces were used on the outer. The sche -
matic for wa ter cooled sys tem is shown in fig. 7. The
test sec tion is made of SS304 with 1.5 m ef fec tive
length. The outer di am e ter and thick ness are 28 mm and 
1.5 mm, re spec tively. Dur ing the ex per i ment, the ve loc -
ity of the gas-steam mix ture, NC gas mass frac tion, and
sys tem pres sure are var ied to learn their im pacts on the
HTC. It was de tected that in the strat i fied flow, lo cal
HTC de clines with the in crease of wall sub-cool ing.
How ever, the op po site con di tion oc curs in the an nu lar
and wavy flow re gimes where the HTC in creases. Xu
pro posed a mod i fied cor re la tion based on his pre vi ous
work  [50] and Liu et al. [51] as fol lows

Nu Jasred 0266 0 252 0 552 0 415. Re ( ). . .W P fm (13)

For an nu lar and wavy flow
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Valid for

W = 5.18-67.46 %; Rem = 6748-61,704; wall sub-
cool ing T = 5.92-77.26 K, in let pres sure p = 0.071-0.4
MPa.
where W is the mass frac tion of lo cal NC gas, Rem – the
Reynold's num ber of steam-gas mix ture, Psred – the ra -
tio of the par tial vs. the crit i cal pres sure of steam, and f
(Ja) – the func tion that ex presses the wall sub-cool ing
ef fect.

The new cor re la tion pro vides a rel a tive er ror
within 20 % when com pared with ex per i ment re sults. 

The PRHRS with con den sa tion
in side in clined tube

Some PRHRS are of in clined tube con dens ers.
Cho et al. [20] ver i fied four ex ist ing cor re la tions for a
slightly in clined tube of the APR+ PAFS con denser
de sign. They are: the Shah model for mu lated in 1979
[48], the Thome cor re la tion [52], the up dated Shah
for mula for an in clined or ver ti cal tube, and the im -
proved Shah for mula for a hor i zon tal pipe [52]. For
cal cu la tion, these for mu las were in te grated into the
MARS code. Their re sults were com pared with data
gath ered from the PASCAL fa cil ity at op er at ing con -
di tions of 7.4 MPa and 290 °C. The work shows that
Thome's model is most ap pro pri ate for sim u lat ing the
over all ther mal per for mance of the PAFS. The
PASCAL fa cil ity and the nodalization of the MARS
code in the anal y sis are shown in fig. 8.

Mean while, Amidu et al. [53] in ves ti gated the ef -
fect of tube slope on ther mal per for mance, figs. 9 and
10. A sin gle-tube heat exchanger sub merged in a wa ter
pool is an a lyzed us ing a com bi na tion of two ther -
mal-hy drau lic codes. The CU PID code is for the outer
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Fig ure 6. Test sec tion used in  Nie's ex per i ment [46]



side, and the MARS code is for the in ner side. The
steam in let is sat u rated at 0.4 MPa, and the boil ing pres -
sure is at 0.1 MPa. The cal cu la tion is then val i dated us -
ing ref er ence data of 30° an gles.

Sim u la tions were per formed with an gles rang -
ing from 3° to 90°. It was re vealed that the ther mal per -
for mance is not sig nif i cantly af fected by the in cli na -
tion. Amidu et al. [53] in di cated that an in crease in the
an gle causes a re duc tion in boil ing heat trans fer co ef fi -
cients. How ever, this ef fect is com pen sated by an in -

crease in con den sa tion HTC due to ac cel er ated
con den sate liq uid film in side the tube.

Like wise, Abadi and Meyer [54] also per formed
co ex ist ing con den sa tion and pool boil ing sim u la tions
us ing the ANSYS Flu ent 17.1 pack age, fig. 11. The
steam is at a sat u rated tem per a ture of 250 °C and mass
flux of 100-400 kgm–2s–1, with qual ity var ied be tween
0.2 and 0.8. The pool sat u rated tem per a ture is 100 °C.
It was ob served that the heat trans fer co ef fi cient rises
with the in crease in qual ity and mass flow rate. Al -
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Fig ure 7. Xu's [50] ap pa ra tus for ex per i ment with a wa ter cool ing sys tem 

Fig ure 8. (a) PASCAL fa cil ity and (b) MARS nodalization [20]



though there is no clear ten dency for the an gle's in flu -
ence, it was no ticed a slightly higher value of the to tal
HTC at the an gle be tween q = –60° and q = –30°.

The PRHRS with con den sa tion
in side a ver ti cal tube

For PRHRS us ing ver ti cal tubes, shown in tab. 1, 
nu mer i cal sim u la tions were per formed by Rao et al.
[55] to learn the ap pli ca bil ity of the ex ist ing pure
steam ver ti cal in-tube con den sa tion model (PSVCM).
Un der the RELAP5 code, six com bi na tions are sim u -
lated. They are grouped into; three mod els, mod i fied
UCB [56], Oh [57], and Lee and Kim [58] for lam i nar
and two mod els. Shah [48] and Kim [59], for tur bu lent
con di tions. The sche matic of the test fa cil ity,
nodalization in RELAP5, and cal cu la tion ma trix are
shown in fig. 12 and tab. 5. Sim u la tion re sults showed
that the com bi na tion of the Oh model and Kim model
pro vides the best pre dic tion of the ex per i men tal re -
sults com pared to the other com bined mod els.

Other work on ver ti cal tubes was done by Kim
and No [59] which ex am ined the in flu ence of the in ner
tube di am e ter. The ex per i ment used a 1.8 m long stain -
less 316 tube with 46 mm ID, and steam pres sure up to
7.5 MPa, re fer ring to the KNGR/APR1400 and the
SBWR de signs. The tube is sub merged in a wa ter pool
at at mo spheric pres sure, shown in fig. 13. An an a lyt i -
cal model based on the sim i lar ity of the heat trans fer
mech a nism be tween the sin gle-phase tur bu lent con -
vec tion and the an nu lar tur bu lence film con den sa tion
was de vel oped.

The  pro posed cor re la tion for the film flow is as
fol lows [59]
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The fD is the fac tor that takes into ac count the ef -
fect of tube di am e ter on film con den sa tion and is em -
pir i cally for mu lated as fol lows [59]

f DD   00182 1 024 1 4 47 0 5 4. [ . ( . )]. (18)

The void frac tion of the flow is de fined in terms
of the Martinelli pa ram e ter [59]
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Ta ble 5. Cal cu la tion ma trix in Rao's work [55]

Group Tur bu lent model Lam i nar model
PSVCM1 Shah [48] Nusselt
PSVCM2 Shah [48] Mod. UCB
PSVCM3 Kim [59] Mod. UCB
PSVCM4 Shah [48] Oh [57]
PSVCM5 Kim [59] Oh [57]
PSVCM6 Shah [48] Lee and Kim [58]
PSVCM7 Kim [59] Lee and Kim [58]

Fig ure 9. Sche matic of Amidu's ex per i ment [53]

Fig ure 10. The com pu ta tional ap proach in Amidu's
work [53] (a) Nodalisation in MARS code (b) Mesh ing in
CU PID for the pool

Fig ure 11. The model used in Abadi and Meyer's work [54]
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The fac tors of e1 and e2 are se lected as 0.6, and
0.15, re spec tively, from the ex per i men tal data. The
cor re la tion is valid for tube di am e ter in the range of 7.4 
to 50 mm. The for mula is then com pared with the

model pro posed by Shah [48]. The newly de vel oped
cor re la tion pro vides better es ti ma tion when as so ci ated 
with the ex per i men tal data.

Other re search was con ducted by Chung et al.
[60], which per formed up to 6 MPa, the pres sure of the
SMART re ac tor's HX op er at ing range. Chung et al.
[60] pro posed a mod i fied cor re la tion based on Lee and 
Kim [61, 62]. The new cor re la tion for both pure steam
con di tions and a mix of steam gas is as fol lows.

For pure steam
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Fig ure 12. (a) Sche matic of the test fa cil ity and (b) RELAP5 nodalization [55]

Fig ure 13. Sche matic of Kim's test ap pa ra tus [59]
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where tg rep re sents non-di men sional shear stress,
which is in flu enced by the deg ra da tion fac tor of the
steam fR and char ac ter is tic length scale L.

 The hNusselt is the Nusselt for mu la tion for the
heat trans fer co ef fi cient of con den sa tion.

For the steam-gas mix

h f f hKSP Nusselt 1 2 (25)

where f1 is a pure steam fac tor which is de ter mined
from the Reynolds num ber and film thick ness. Mean -
while, the f2 rep re sents the NC gas ef fect, which de -
pends on the mass of the gas
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where df and df,o are the film thick ness with out and
with in ter fa cial shear stress
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The cor re la tion was then eval u ated us ing data
from two lab o ra to ries, the Uni ver sity of Cal i for nia at
Berke ley and Pohang Uni ver sity of Sci ence and Tech -
nol ogy, South Ko rea. It shows that for the pure steam,
the cor re la tion pre dicts well within 25 %, and for the
steam-air mix ture, it un der-pre dicts by less than 25 %.

Con den sa tion stud ies for pas sive
con tain ment cool ing sys tem

Re ac tor con tain ment has three safety func tions:  
to con fine ra dio ac tive ma te ri als, to pro tect against ex -
ter nal haz ards, and as ra di a tion shield ing [63]. Its in -
teg rity is cru cial to avoid ra dio ac tive re lease. A con -
den sa tion ap proach as a mech a nism to re duce pres sure 
is im ple mented.

In PCCS, con den sa tion may oc cur on the HX's
outer tube or the in ner wall of the con tain ment ves sel,
shown in fig. 3. Since the con tain ment is full of air dur -
ing nor mal op er a tion, NC gas pres ence should be con -
sid ered. Stud ies on these are as fol lows. 

The PCCS with con den sa tion on the
outer sur face of the ver ti cal tube

In ves ti ga tion on a ver ti cal cyl in der outer sur face
con den sa tion was per formed by Lee, et al. [64]. The
test cyl in der was a 1 me ter length and 40 mm O. D.
pipe, shown in fig. 14. The in flu ence of air mass frac -
tion and pres sure for the air and the steam mix ture un -
der nat u ral con vec tion is stud ied, with ex act con trol of
wall subcooling. The study re vealed that heat trans fer
is no ta bly af fected by the strength of nat u ral con vec -
tion move ment that is rep re sented by the Grashof
num ber. A dimensionless em pir i cal cor re la tion is pro -
posed based on the re gres sion of in-house test data and
from  Dehbi's ex per i ment [65]. The cor re la tion is as
fol lows [64]

Nu Gr JaD L sW 890 0 125 0 966 0 327. * . . (28)
were

W Ws a
* . 1 0 01 (29)

The for mula is valid for the tube length be tween
1.0 m to 3.5 m, the Grashof num ber of 1.3 1010 GrL
1012, the steam mass frac tion of 1.1610–3  Ws

*
2.3510–2 and Ja cob num ber of 0.009 Ja 0.035.

In line with that, Fan et al. [66]  also per formed an
ex per i ment us ing a ver ti cal tube un der free con vec tion,
shown in fig. 15. The test sec tion was a smooth stain -
less-steel pipe with an outer di am e ter of 31.1 mm and a
length of two me ters. A large num ber of 374 data sets
were col lected to un ravel the com plex de pend ency be -
tween pres sures, wall sub-cool ing, and air mass frac tion.  
Fan re vealed that the HTC de creases with the wall
sub-cool ing in crease, which de pends on the wall
sub-cool ing it self and the to tal pres sure. Fan et al. also
pro posed a con den sa tion HTC is as fol lows [66]

h
P P W

T
a




   [( ) ( ) log( )

( .

32021 22766 16107 11736 100
0 5 61 0 00134 0 546 . . )T P (30)

The for mula is valid for pres sure be tween 0.2 MPa
to 0.5 MPa, air mass frac tion of 0.10 < Wa < 0.8, and
subcooling tem per a ture of 10 °C < T < 70 °C. It is
claimed that the cor re la tion is ap pli ca ble not only for air
but also for other NC gases (ni tro gen and ar gon) af ter
com par ing with test data from other works, Uchida et al.
[67], Su et al. [68], An der son [69], and Kim et al. [70]).
The mean er ror is around 7 %, and about 96 % of the test
data de vi a tion is within 20 %.

Com ple ment ing the sin gle tube stud ies, an in -
ves ti ga tion to clar ify the ef fect of tube bun dling was
per formed by Bae et al. [8] us ing the CLAS SIC fa cil -
ity. The work was pri mar ily to clar ify the per for mance
of the iPOWER's con tain ment cool ing sys tem. The
heat trans fer for both a sin gle tube and a bun dle of
eigh teen ver ti cally ar ranged tubes was an a lyzed,
shown in fig. 16. New cor re la tion for the sin gle tube
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Fig ure 14. Sche matic di a gram of test sys tem [64]

Fig ure 15. Sche matic of Fan's ex per i men tal sys tem [66]



was pro posed by re vis ing the cur va ture ef fect and the
free pa ram e ter of Dehbi's model [71]. This mod i fi ca -
tion was made due to a lon ger tube in the CLAS SIC fa -
cil ity (5 m) than used by Dehbi (3.5 m). This study also 
sug gested a new prac ti cal free pa ram e ter (j) based on
the Bird cor rec tion fac tor. The pro posed cor re la tion in
terms of the Nusselt num ber is as fol lows
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A con sis tent av er age heat trans fer co ef fi cient
was ob served in bun dle anal y sis com pared to the sin -
gle tube model. How ever, a lo cal heat trans fer deg ra -
da tion oc curred in the in ner tubes due to the NC gas ac -
cu mu la tion. The av er age fac tor of this shadow ef fect is 
ap prox i mately 0.939. Bae sug gested to con sider this
ef fect in de ter min ing the di men sion of PCCS.

The PCCS with con den sa tion on the
down ward sur face 

Dou ble con tain ment de sign where the in ner part
is a metal ves sel, and the outer is a con crete struc ture

has been im ple mented in the AP1000 and CAP1400
re ac tors shown in fig. 3(a). The chal lenge to ac cu -
rately pre dict con den sa tion heat trans fer at the down -
ward-fac ing sur face arises due to com plex phe nom e -
non un der neath. 

To clar ify that, Chen et al. [9]  in ves ti gated steam 
con den sa tion on the sur face be low a hor i zon tal plate
to eval u ate the CAP1400 con tain ment up per dome.
The test sur face was a stain less-steel plate coated with
0.08 mm in or ganic zinc as in the ac tual ves sel. Fig ure
17 shows a sche matic of the test fa cil ity. The steam-air
mix ture is var ied with pres sure be tween 0.154 MPa
and 0.607 MPa, mo lar frac tion of air be tween 1.1 %
and 82.9 %, and wall sub-cool ing be tween 12.6 °C and 
49.3 °C. 

The ex per i men tal re sults were used to as sess
four cor re la tions from Uchida et al. [67], Tagami [72],
Dehbi [65], and Liu [51] et al. shown in tab. 6. It was
dis cov ered that all sig nif i cantly over es ti mated the
con den sa tion heat trans fer co ef fi cient on the test data.

Chen then pro posed em pir i cal con den sa tion
HTC de vel oped us ing the least square fit ting method
[9]

h P T X a 62248 007130 325 0 391. .. .
b s (39)

where Pb [kPa] is the bulk pres sure, Ts [°C] – the wall
sub-cool ing tem per a ture, and Xa – the mo lar frac tion
of air.

It was re ported that all the test data could be es ti -
mated within 25 % er ror

RE SEARCH GAP

From the previous dis cus sion, most of the re cent
stud ies on safety sys tems ad dressed straight tube ge -
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Fig ure 16. (a) Cool ant cir cu la tion di a gram and (b) bun dle tube lay out of Bae's work [8]



om e try (ver ti cal, hor i zon tal, and in clined) and down -
ward-fac ing sur faces of large ves sels. They have not
so far in ves ti gated he li cal ge om e try as there is no such
model of the PRHRS and PCCS in ex ist ing re ac tor de -
signs.

Sev eral new in te gral re ac tor de signs have come
with he li cal SG, such as the CAREM, IRIS, SMART,
and NuScale re ac tors. Dur ing nor mal op er a tion, the
SG is to pro duce super heated steam. How ever, when
an ac ci dent oc curs it has the po ten tial to func tion for
cool ing down the pri mary sys tem. Hence it is valu able
to fur ther in ves ti gate this ca pa bil ity.

One of the re ac tor de signs shown in fig. 18(a)
places its mod ule in a wa ter pool. When LOCA oc curs

the ECCS pas sively cools the re ac tor by open ing sev -
eral valves. Steam that co mes out from the up per
valves, con denses on the con tain ment wall. The con -
den sate will be re-in jected into the re ac tor ves sel
through the lower valves shown in fig. 18(b). The ef -
fec tive ness of this sys tem has been con firmed by
Skolik et al. [73].

If the ECCS fails the re ac tor could end up with a
core dam aged [74], as the de cay heat can not be re -
moved. A pos si ble so lu tion to res cue is by us ing the
SG [75]. Sup ply ing cold wa ter into the feedwater line
would change the role of SG into a cool ing con denser
as the shell side is oc cu pied with sat u rated steam
shown in fig. 18(c).
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Ta ble 6. Four cor re la tions eval u ated by Chen [9]

Ref er ence Cor re la tion Con di tions
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0.25  P  0.46 MPa

4  T  25 K

Fig ure 17. Sche matic of the test fa cil ity of Chen's work [9]



The ef fec tive ness of this ap proach needs fur ther
in ves ti ga tion be cause the SG is not orig i nally de -
signed for that. One of the pa ram e ters to be con firmed
is the con den sa tion HTC as the SG has a spe cific de -
sign that is not com monly found in other in dus tries. Its
ge om e try is tall and con sists of many stacked tubes
and a large he li cal di am e ter.

Un der high pres sure cir cum stances and spe cific
ge om e try con di tions, the va lid ity of the ex ist ing con -
den sa tion for mula needs to be clar i fied. The work on
this is es sen tial to pre cisely con firm whether the he li -
cal SG has enough ca pac ity to play a role as a cool ing
con denser dur ing ac ci dent mit i ga tion ac tion.

So far, stud ies on the use of SG for cool ing post a
LOCA in PWR are mostly deal ing with con den sa tion
in side ver ti cal tubes. This is the case be cause con ven -
tional re ac tor de sign uses an in verted U-tube. A study
for the he li cal tube SG which plays a role as a cool ing
con denser post a LOCA has never been con ducted.
Fu ture study in this area is im por tant to en sure the
safety of in te gral re ac tors hav ing he li cal coil SG as
part of ac ci dent man age ment.

CON CLUD ING RE MARKS

The Fukushima ac ci dent re veals that pas sive
fea tures are cru cial in nu clear re ac tors. Some PRHRS
and PCCS de signs have been ex plored in this pa per.
De sign vari a tion among the con dens ers is iden ti fied
and cor re la tions suit able for ac ci dent con di tions de -
rived from ex per i men tal are pre sented.

For PRHRS with hor i zon tal tube con dens ers, a
study by Shabestary et al. [34]  shows that Dobson's
model is most suit able for high-pres sure steam in side a 
large tube among eight cor re la tions un der in ves ti ga -
tion. Mean while, Nie et al. [46] ob served heat flux and 

wall tem per a ture in crease in pro por tion to steam qual -
ity, pres sure, and mass ve loc ity and pro posed a
cor re la tion de rived from Akers's work. An other work
by Xu et al. [50] found that in a strat i fied flow re gime,
lo cal HTC de clines with the in crease of wall sub-cool -
ing, but in an nu lar and wavy flow re gimes, the HTC
in creases. Xu et al. [50] pro posed mod i fied cor re la -
tions for three flow re gimes.

Us ing com puter codes, Amidu et al. [53] in di -
cated that the ther mal per for mance of the con denser is
not sig nif i cantly af fected by the tube in cli na tion an gle. 
Mean while, Abadi and Meyer [54] spot ted that a
slightly higher heat trans fer was ob served when the
an gle is in the range of q = –60° to q = –30°. With
MARS code Cho et al. [20] found that the Thome
model pro vides the best es ti ma tion among the four
cor re la tions tested us ing data de rived from the
PASCAL fa cil ity.

For PRHRS with a ver ti cal tube, Kim and No
[59] de velop a new cor re la tion for a large tube based
on heat trans fer mech a nism sim i lar ity be tween the sin -
gle-phase tur bu lent flow and the an nu lar film con den -
sa tion flow in side a tube. Mean while, Chung et al. [60] 
pro posed cor re la tions be tween pure steam and a
steam-gas mix ture, a mod i fi ca tion of pre vi ous work
by Lee and Kim [62].

A study of the PCCS per for mance was per -
formed by Lee, Jang, and Choi [64] for the air-steam
mix con den sa tion on a ver ti cal tube's outer sur face
case. They sug gested con sid er ing the Grashof num -
ber. Mean while, Fan et al. [66] also de vel oped a cor re -
la tion for tur bu lent free-con vec tion in the pres ence of
air. Con cern ing bun dle con fig u ra tion, Bae et al. [8]
pointed out that heat trans fer deg ra da tion due to the
shadow ef fect of other sur round ing tubes should be
con sid ered. For PCCS uti liz ing the con tain ment wall
as a con dens ing sur face, Chen et al. [9] stud ied the
HTC on the up per part of the con tain ment. He of fered
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a new cor re la tion af ter eval u at ing the suit abil ity of
sev eral ex ist ing cor re la tions.

It ap pears that sev eral ac knowl edged cor re la -
tions re quire tunning to be im ple mented in the pas sive
safety sys tem. Some new cor re la tions have been pro -
posed to cover the spe cif ics of con denser de sign and
re ac tor ac ci dent con di tions. Lastly, fu ture study on
con den sa tion on the outer sur face of the he li cal coil is
nec es sary to as sess the pos si bil ity of the in te gral re ac -
tor's SG chang ing role as a cool ing con denser post a
LOCA that is fol lowed by safety sys tem fail ure.
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NO MEN CLA TURE

D Di am e ter [m]
Fr Froude num ber
g Grav i ta tional ac cel er a tion, 9.81 [ms–2]
G mass ve loc ity [kgm–2s–1]
Ga Galilei num ber Gal = grl(rl –rv)D

3/ml        in eq. (4) 
h Heat trans fer co ef fi cient [Wm–2K–1]
hLO Heat trans fer co ef fi cient (liq uid only)

hLO = 0.023 Re Pr ( / ). .
l l l D0 8 0 4 l  [Wm–2K–1]

Ja Jakob num ber Ja s w evapl lCp T T H ( ) /  in eq. (4)
J v

T
Tran si tion dimensionless gas ve loc ity eq. (7)

L Length, [m]
p Pres sure, [MPa]
Pr Prandtl num ber
Re Reynolds num ber
T Tem per a ture [K]
Ts Sur face subcooling tem per a ture [K]
W mass frac tion
X Mo lar Frac tion
x va por Qual ity
Xtt Lock hart-Martinelli

X x xtt l l ( / ) ( / ) ( / ). . .1 0 9 0 5 0 1r r m mrv in eq.

(4)

Greek symbols

ilv La tent heat, [Jkg–1]
e* Mod i fied void fac tor
l Ther mal con duc tiv ity, [Wm–1K–1]
j Lock hart-Martinelli two-phase pa ram e ter in eq. (4)
r Den sity, [kgm–3]
q liq uid level an gle sub tended from

the top of the tube (in ra dian) in eq. (4)

Sub scripts

a air
b bulk
c coil
crit crit i cal
i in ner
l liq uid
LO liq uid phase with to tal flow
s steam
sat sat u ra tion con di tion
STRAT fully strat i fied flow re gime
v va por
w wall

Acronyms

AP1000 Ad vanced Pas sive 1000
APR1400 Ad vanced Power Re ac tor 1400 
APR+ Ad vanced Power Re ac tor Plus
BWR Boil ing Wa ter Re ac tor
CAREM Cen tral Ar gen tina de

Elementos Modulares
CS Con tain ment Sys tem
CLAS SIC Con den sa tion Loop for Ad vanced

Safety Sys tem in Con tain ment
COSMEA COn den Sa tion test rig for flow

Mor phol ogy and hEAt trans fer stud ies
CU PID Com po nent Un struc tured Pro gram

for In ter fa cial Dy nam ics  code 
DBA De sign Ba sis Ac ci dent
HTC Heat Trans fer Co ef fi cient
HMTA Heat and Mass Trans fer Anal ogy
HX Heat Exchanger
IRIS In ter na tional Re ac tor In no va tive and

Se cure
ICS Iso la tion Con denser Sys tem
iPOWER In no va tive Pas sive Op ti mised World wide 

Eco nom i cal Re ac tor 
KNGR Ko rea Next Gen er a tion Re ac tor 
LWR Light Wa ter Re ac tor
LOCA Loss of Cool ant Ac ci dent
MARS Multi-Di men sional Anal y sis of Re ac tor

Safety code
MSLB Main Steam Line Break
NC non-condensable
NPP Nu clear Power Plant
PAFS Pas sive Aux il iary Feedwater Sys tem
PASCAL PAFS Con dens ing Heat Re moval

As sess ment Loop
PCCS Pas sive Con tain ment Cool ing Sys tem
POSTECH Pohang Uni ver sity of Sci ence and

Tech nol ogy
PRHRS Pas sive Re sid ual Heat Re moval Sys tem
PSVCM Pure Steam Ver ti cal In-Tube

Con den sa tion Model 
RELAP Re ac tor Ex cur sion and Leak

Anal y sis Pro gram
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SG Steam gen er a tor
SBO Sta tion Black out
SBWR Sim pli fied Boil ing Wa ter Re ac tor 
SMR Small Mod u lar Re ac tor
SMART Sys tem-in te grated Mod u lar

Ad vanced Re ac Tor
UCB Uni ver sity of Cal i for nia at Berke ley
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PROU^AVAWA  POVR[INSKE  KONDENZACIJE  SISTEMA  PASIVNE
SIGURNOSTI  U  LAKOVODNOM  REAKTORU  –  PREGLED

Smatra se da sistem sa pasivnim mehanizmom ima boqu pouzdanost jer ne zahteva spoqnu
pokreta~ku snagu da bi funkcionisao. Nekoliko dizajna nuklearnih reaktora implementiralo je
ovu karakteristiku u svojim sigurnosnim sistemima, bilo u potpunosti ili delimi~no. Neki od
wih kombinuju pojave kqu~awa i kondenzacije kako bi se izborili sa zaostalom toplotom kada se
dogodi akcident. U ovom radu prikazane su istra`ivawa o prenosu toplote kondenzacije u
pasivnim sistemima za uklawawe preostale toplote i pasivnim sistemima kontejmenta za hla|ewe
reaktora lakom vodom. Akcenat je na primenqivosti prihva}enih korelacija za uslove udesa i
wihovom razvoju za boqi model. U obrazlo`ewu, najpre se identifikuju pasivni mehanizam i tip
kondenzatora koji je implementiran u sistem. Zatim se raspravqa o komparativnoj proceni
formule kori{}ewem test podataka, parametarskim studijama kori{}ewem kompjuterske
simulacije i razvoju novih korelacija. Evaluacija je pokazala da kori{}ewe postoje}e korelacije
zahteva pode{avawe u slu~aju projektovawa pasivnog sigurnosnog sistema lakovodnog reaktora.
Pored toga, predlo`eno je da se uzme u obzir geometrijski oblik kondenzacione povr{ine.
Potrebna su daqa istra`ivawa spiralnog oblika da bi se procenila mogu}nost promene uloge
generatora pare integralnog reaktora kao kondenzatora tokom udesa gubitka rashladne te~nosti,
koji je pra}en propustom bezbednosnog sistema.
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