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A system with a passive mechanism has been considered to have better trustworthiness be-
cause it does not require an external driving force to function. Several nuclear reactor designs
have implemented this feature either fully or partially in their safety systems. Some of them
combine boiling and condensation phenomena to deal with decay heat when an accident oc-
curs. This paper reviews studies on condensation heat transfer in passive residual heat re-
moval systems and passive containment cooling systems of light water-cooled reactors. The
empbhasis is on the applicability of acknowledged correlations for accident conditions and its
development for a better model. In the explanation, the passive mechanism and type of con-
denser implemented in the system are first identified. Afterward, comparative formula assess-
ment using test data, parametric studies using computer simulation, and new correlation de-
velopment are discussed. The evaluation showed that the use of existing correlation needs
tuning in the case of light water reactor passive safety system design. Besides, it was also sug-
gested to take into account the geometric form of the condensation surface. Further research
on helical shape is needed to assess the possibility of an integral reactor's steam generator
changing role as a condenser during the loss of coolant accident that is followed by safety sys-

tem failure.
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INTRODUCTION

The passive safety system is considered safer and
more reliable in dealing with an accident than active
equipment as it does not require external forces to work
[1]. The use of passive features in nuclear power plants
(NPP) has been known for years but gained more atten-
tion after the Fukushima accident in 2011. At that time,
the natural catastrophe prevented the restoration of
electric power for several days, leading to an extended
station blackout (SBO) [2]. The lessons gained from the
accident recommended a cooling which capable of
functioning for a long time [3]. At present, some of the
light water reactor (LWR) designs, including the inte-
gral typed reactors, have implemented this feature ei-
ther fully or partially. Such reactors among others are
the SMART, CAREM, NuScale, and IRIS for the inte-
gral type [4] and Hualong-1, APR+, and AP1000 for the
large reactors [5-7].

* Corresponding author, e-mail: koestoer@eng.ui.ac.id

Diverse passive cooling approaches exist in
LWR. One of them is the two-phase natural circulation
thatis present in the passive residual heat removal sys-
tem (PRHRS) [8] and the passive containment cooling
system (PCCS) [9]. These systems mostly involve sat-
urated condensation on one side and atmospheric boil-
ing on the other.

Efforts to implement this feature have been per-
formed using theoretical, computer modeling, and ex-
perimental approaches. However, studies on thermal
performance especially for the one which involves a
combination of condensation and boiling, still left var-
ious issues due to the complexity of the phenomena.

Several works related to reactor accident condi-
tions have been conducted. de la Rosa et al. [10] per-
form a review that focuses on the condensation pro-
cess on containment structure. The paper evaluates
and discusses specific physical phenomena, various
available models, and validation data. Overall, 20 phe-
nomena and parameters are analyzed to capture all rel-
evant aspects. In addition, models to predict wall con-
densation in the presence of non-condensable (NC)
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gas in some thermohydraulic codes are also summa-
rized. In line with that, Yadav et al. [11] perform a crit-
ical review of studies on steam condensation inside
containment about hydrogen combustion issues. The
discussion contains an elaboration of condensation
fundamentals, modeling methods, variables affecting
condensation, and experiments in both integral facili-
ties and separate effect test apparatus. In the end, it is
suggested that future studies should focus on the cou-
pled nature of the problem in an all-inclusive manner
to ensure the safety of the reactor.

For a more general discussion, Huang et al. [12] re-
view models, mechanisms, and experimental results for
film-wise vapor condensation in the presence of NC gas.
Theoretical and semi-theoretical approaches are elabo-
rated to get insight into the process. Huang et al., [12] con-
cludes that the thickness of condensate, surface waves,
suction effect, and interfacial shear strength have a signifi-
cant influence on the heat transfer when NC gas exists.

Although the aforementioned studies have cov-
ered many important issues in reactor accident condi-
tions, most of the reviews do not enlighten the accuracy
of the model compared with experimental data. An ap-
propriate heat transfer correlation (HTC) for high pres-
sure and temperature, gas presence, and two-phase
flow, is necessary for NPP design to ensure safety. This
paper explores studies on steam condensation in LWR's
safety system, concentrating on the applicability of ex-
isting practical correlations and their development for a
better model. Comparative formula assessment using
test data and numerical analysis using widely used com-
puter codes is also presented. In doing so, the passive
design involving condensation in several advanced re-
actors is elaborated in the beginning.

REACTOR ACCIDENTS AND
SAFETY SYSTEMS

The reactor safety system is designed to serve
the following vital functions: control of fission reac-
tion, removal of heat from the reactor and the spent
fuel storage, and confinement of radioactive material,

Heat
exchanger

Cooling water tank

Coolant pump

(b)

shielding against radiation, and control of radioactive
releases [13].

When an unintended transient occurs, the pro-
tection system halts the fission by inserting control
rods. A cooling system then performs tasks to achieve
a safe shutdown. If leakage occurs, steam-bearing ra-
dioactive substances will be kept within the contain-
ment. Hence, structural integrity should be kept intact
by controlling the pressure and temperature. Those
safety necessities can be implemented to some extent
with a passive system.

Passive residual heat removal system

In the loss of normal heat-sink and SBO events,
the PRHRS plays a vital role in decay heat cooling.
The passive mechanism taking place can be sin-
gle-phase or two-phase natural circulation depending
on the coupling technique implemented [14].

In PWR, the two-phase mechanism is imple-
mented when PRHRS is coupled with a steam genera-
tor (SG). Schematic diagrams are presented in figs. 1
and 2. Steam produced in SG is directed to a condenser
immersed in the open water tank. The resulting con-
densate is then recirculated by gravity back to the SG.
The service period of this PRHRS will depend on the
amount of water in the tank, which is typically 72
hours. However, its capability can be extended by add-
ing an extra cooling system or by other means [14, 15].

In the boiling water reactor (BWR) arrange-
ment, a system called an isolation condenser system
(ICS) also uses a two-phase mechanism. Figure 2 dis-
plays a schematic diagram of the ICS. The condenser
is coupled with the primary system where it condenses
the steam produced by core decay heat when the sys-
tem is being isolated.

An integral PWR, namely CAREM, also adopts
a similar like to BWR's approach in its decay heat re-
moval system called the Emergency Condenser Sys-
tem [17]. Table 1 summarizes the coupling method and
type of condenser used for various reactor designs.

Cooling water tank 444

Water pool

b

RPV

Figure 1. The PRHRS coupled with SG in conventional PWR [18] and in integral PWR [4]
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Table 1. Condenser type and coupling method of the PRHRS
Reactor Elec[tl\r/}gvpe(iwer Type Coupling Condenser System name
: S Passive auxiliary
APR+ 1500 PWR SG Slightly inclined tube feedwater system [20]
Advanced PWR Passive core cooling
(APWR+) 1700 PWR SG B system using steam generator
HPR1000 1090 PWR SG Vertical tube Emergency PRHRS [18]
CPR1000 1080 PWR SG Vertical tube Emergency PRHRS [21]
ESBWR 1520 BWR Primary loop Vertical tube Isolation condenser system
VVER-1200 1198 PWR SG Vertical tube SG passive heat removal system
- Slightly inclined tube Emergency condenser
SWR1000 1250 BWR Primary loop (as in Gundremmingen NPP) system [22]
SMART 100 Integral PWR SG Vertical tubes PRHRS [23]
. Passi heat
IRIS 335 Integral PWR SG Horizontally arranged U tubes ?Srsrgf/;nsl;;%;rrllc}b f]a
CAREM 27 Integral PWR | Primary loop Inclined tubes PRHRS [25]
. Passive decay heat
NuScale 50 Integral PWR SG Vertical tubes removal system [26]

Passive containment cooling system

During the loss of coolant accident (LOCA) and
main steam line break (MSLB), high-pressure steam
discharges into the containment and increases room
temperature and pressure sharply [27]. The PCCS task
is to condense the steam and control the containment
pressure below the design limit. It plays a vital role in
long-term cooling as the condensate is recirculated
into the reactor vessel to cool the core.

Various cooling approaches such as: wall con-
densation, condenser tubes, suppression pools, and
water spray systems are used in the reactor. Figure 3(a)
and 3(b) show a schematic of PCCS exploiting con-
tainment walls as in 3(a) the AP1000 [7], the
CAP1400[9], and 3(b) the NuScale reactors [26]. Fig-
ure 3(c) shows condenser tube located in the reactor
building is used for cooling in the iPOWER reactor
[27-29]. For other designs, tab. 2 presents the type of
condensation surface of the PCCS in various reactors.

CONDENSATION STUDIES FOR
REACTOR SAFETY SYSTEM

Condensation occurs when vapor encounters a
surface having a temperature lower than its saturation
point. When the condensate does not wet the surface, a
drop-wise mode occurs, and the liquid is in the form of
droplets. A film-wise happens when the condensate is
forming a thin layer. The dropwise is preferred due to a
higher heat rate. However, it is challenging to practi-
cally achieve it. Hence, the design is mostly under the
assumption of filmwise.

Theoretical film condensation at an isothermal
vertical plate of a pure, stationary, saturated vapor was
first solved by Nusselt in 1916. The formula was ap-
proached using the fundamental law of mass conser-
vation, Newton's second law of motion, and the first
law of thermodynamics with several simplifying as-
sumptions.
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Figure 3. Passive containment cooling system [4]

Table 2.The PCCS Condensation surface in various reactors
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Reactor Electir power [MW] Type Condensation surface

ESBWR 1520 BWR Inner of vertical tube [30]
iPOWER 1250 PWR Outer of vertical tube [28]
HPR1000 1090 PWR Outer of vertical tube [5]

AP1000 1110 PWR Inner of steel containment vessel [7]
CAP1400 1500 PWR Inner of steel containment vessel [9]
APR+ 1560 PWR In-tube and ex-tube of the inclined tube [31]

NuScale 50 Integral PWR Inner of steel containment vessel [26]

In practice, the empirical formula is needed to
deal with specific designs and working environments,
such as the presence of NC gases [32], surface
micromorphology and hydrophobicity [33], high pres-
sure and temperature, and large sub-cooling, which
may affect the overall heat transfer. Hence, a reason-
ably accurate correlation is essential for confirming
the trustworthiness of a passive safety system.

Condensation studies for passive
residual heat removal system

The PRHRS with condensation inside
horizontal tube

When high temperature steam travels along the
cold pipeline, it goes through stages of condensation
and progresses as shown in fig. 4. At the beginning, it
condenses into droplets. As quantity grows the neigh-
boring droplets unite to form an annular liquid layer
around the inner surface. The layer then gets thicker
and becomes a ring-shaped wavy flow. Because of
gravity, most condensate accumulates on the lower po-
sition and forms a stratified shape. Far ahead, the void
fraction gets lesser, so the flow regime changes. Large
bubbles appear when the wave between steam and lig-
uid grows, establishing a slug flow in a small-diameter
pipe or churn-turbulent flow for a larger tube.

In such cases, information on the flow regime is es-
sential for determining the condensation HTC. Baker in-
troduced a general map that defined a two- phase flow
map in a horizontal tube in 1954 [34]. Following that,
many have been published. A more recent one was by
Zhuang et al. [35], which came up with a pattern map ap-
propriate for R170 that considers influences of surface
tension, the viscosity of liquid, and vapor inertia.

Various models and formulations have been de-
veloped for horizontal in-tube condensation. Some are
tested for their applicability in reactor accident condi-
tions. Shabestary et al. [36] evaluated formulas from
Chato [37], Boyke [38], Chen [39], Dobson [40],
Sharma [41], Cavallini [42, 43] and Shah, shown in
tab. 3. They were all compared with condensation test
data of 4.5 MPa (45 bar), that is obtained from the
COSMEA [44], a facility which represents a segment
of the Emergency Condenser of the KERENA reactor.
Here, the steam flow is 0.610 kgs' and the heat flux is

Condensate
—

Steam

Annular Transition Stratified

Slug
flow

Plug

flow area flow flow

Figure 4. Condensation flow regime inside a horizontal
tube [36]
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Table 3. Correlations for condensation inside a horizontal tube [36]

Correlation

Reference

:ulD(Tsat _Tw )
* X (1)

& = 23
X+ (l—x)(pvj
Pi

E 0.25
h:O.7288*|:pl(pl _pv)g llV li|

Ranges:

Diameter: 14.5 mm
Re, <35000

Fluid: R-113

Chato [37]

(1+ P; — Py xj
0.43 Py

A

h=0024 "L Re)® Pr 2
D ! 1 7 ( )

Ranges:

10.0 < Diameter < 17.0 mm, 187 °C < T, < 302 °C,

5.1 °C < (T — Ty) <28.7 °C, 222 G 2240 kgm s

Fluids: R-718

Boyko and Kruzhilin [38]

0.39 0.078
h= 0.0lg(ﬂ] (ﬂ] Re?’z (Re,; —Re, )07 Prlo'“ 3)
pV luv

Chen et al. [39]

A, | 023Re%? (Ga,Pr, )"
D|1+1L11x° Ja, T

C
P(X, )= [1376+—;
Xtt2
For 0 <Fr;<£0.7

C, =4.172+548Fr, —1564 Fr/
C, =1773-10169Fr,

For 0.7 <Fr,;

C, =7242

C, =1655

Ranges:

3.1 < Diameter < 7.0 mm, 33.5 °C < Ty, < 46.4 °C,
1.1°C< (T — Ty) < 1.8°C, 24 < G<812kgm s
Fluids: R-22, R-134a, R-410A, R-32/R-125 (60-40 %)

Dobson and Chato [40]

Ay £ \O85/p 056
h=0023—LRe!® Prf (1-x)"%| 1+ 2_164(_j et (5)
D 1—x P

Sharma et al. [41]

1

1/4 -
_ h )u3 _ 0.268
h=0725 P (pl Py )g [\ 1+ 082[1—)6) + hLO (l_x)O,S [1_QSTRAT j
w DT =T,) x m

(6)
Ranges:
Diameter: 8§ mm
Fluid: R-22, R-134a, R-125, R-32, R-410A

Cavallini, et al. [42]
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Table 3. Continuation

Transition vapor velocity indicators:

T 75
¥ 43x M 4

-1/3

-3
} +Cp (7)

where C7= 1.6 for hydrocarbon and Cy= 2.6 for other fluids
xG

[gDp,(p1—ps)
The heat transfer coefficient:
(a) For AT — independent flow regime (J 5 <J,):

0.3685 0.2363 2.144
hy =ho|1+ L125x0'8170(&J (“—IJ (1—“—1] pr; ¥
Py I I

(b) For AT — dependent flow regime (J VT <J,):

ST\ S
h = h[( VJ —hsrraT [J_’;w]+hSTRAT

J ]0,5

Cavallini ef al. [43]

v v

[y 03321 B 21 (p) —p )ehi 0.25
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1 0.8
Z:(——lj prf4
X
hy s =0023Re["® Pr/*
0.0058+0.557 Pr
o[t 108 4 380" (=)™ (8)
1 =his A=)+ —
14u, Pr™

1/3
)'3
h, :L32Ref1/3{gpl (Plfv) 1}
Hy

InregimeI: J Z;
h=h 247Z+073 | Shah [45]
In regime II: 0.89 — 0.93 exp (-0.087 Z "'y >J >———

247Z+0.73

h= hl + hz
For horizontal tubes, the equation is recommended only if Retp > 35000

In regime II: J, < 0.89 — 0.93 exp (0.087 Z ')

h= hz

Ranges:

2 < Diameter <49 mm, 4 < G <820 kgm s ', 0.01<x < 0.99,

0.05 <7< 20, 68 <Re; < 85000, 0.06 <J, <20, 1 <Pr; <18, Fluids: water, R-11,
R-12, R-22, R-32, R-113, R-123, R-125, R-134a, R-142b, R-404A, R-410A,
R-502, R-507, isobutane, propylene, propane, benzene, ethanol, methanol,
toluene, dowtherm 209

between 850-950 kWm. It was found that Dobson
and Chato [40] are most proper in predicting the data,
while others are considerably undervalued.

The schematic of the COSMEA facility is shown
in fig. 5. The test section is an annular system made
from stainless steel (inner side) and titanium alloy
(outer side). The inner is 43.2 mm in diameter, 2.5 mm

in thickness, and 3.2 m cooled length. The facility is
capable of testing up to 1 kgs™! steam flow and the
pressure range is from 0.5 MPa to 6.5 MPa. For cool-
ing, counter-current water with a temperature of 40
Celsius and mass flow between 15-30 kgs~! under the
pressure between 0.35-0.45 MPa is used in the annu-
lus. Wall heat flux is between 400-1100 kWm™.
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Figure 5. Schematic diagram of the COSMEA [44]

Previously, Nie et al. [46] evaluated the applica- boiling occurs outside. It was revealed that Akers's cor-
bility of three frequently referred correlations from relation has the closest prediction but is still inadequate
Akersetal. [47], Shah [48], and Yun et al. [49] shown in due to the maximum deviation of —40%. A new formula
tab. 4. He tested condensation in a short horizontal tube was then derived from the Akers's work as follows [46]
of 30 cm under pressure ranging from 4 to 10 MPa that
is submerged is a water tank, shown in fig. 6. Outer di- Nu = B _
ameter and thickness are 25 mm and 3 mm, respec- k;

tively. The mass flux is between 400 and 1000 kgm2s~!
and steam quality ranges from 0.1 to 0.9. The study fo- —00312Pr }/ 3)plGx
cused on the heat transfer inside the tube when pool

Table 4. In-tube steam condensation correlations evaluated by Nie [46]

0.8

1/2
p—fJ +G(1-x)|/ st (9)

\4

where: F =07913fp fir (1= aiis s fp =[1-024(1-D )**1%;
Dy =005m; & =1+ X 0%) 7% £ =1+107 Rel®;

‘ 0.1 0.5
X, =[”—’] [” J [(1=x)/ 2%
fuv pf

Correlation Reference
hD pr)"” "
Nu = =0026Pr}/*1 D Gx(—jJ +G(1-x) |/ (10)
f v
For:
[p.Jl/z Akers et al. [47]
{GDM} 55000 | GDx~PY/ | 520000
By My
_10.04
Nu =" _0023 Re ' Prit| (1-x)"% +38x7° a=x"" (11)
k . Pr0.38
f
For: 0002 < P, <044;108<G <1600kgm s ~'; Pr; > 05; Shah [45]
0<x<I;Re, >350;7<D <40mm; 3<% <300 ms~!
Py
Nu = Z—D =F(0023ReY} Pry*) (12)
f

Yun et al. [49]
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Figure 6. Test section used in Nie's experiment [46]

In addition, the work observed that the wall tem-
perature is not uniform in the peripheral direction. The
wall's heat flux and temperature increase with mass
velocity, pressure, and quality of steam. The pressure
drops and the HTC rises with the quality of steam and
mass velocity but falls with pressure.

Another investigation on horizontal PRHRS was
performed by Xu ef al. [50] that focused on the impact
of wall sub-cooling on three different flow regimes; an-
nular, wavy, and stratified flow. Water-cooled and
air-cooled surfaces were used on the outer. The sche-
matic for water cooled system is shown in fig. 7. The
test section is made of SS304 with 1.5 m effective
length. The outer diameter and thickness are 28 mm and
1.5 mm, respectively. During the experiment, the veloc-
ity of the gas-steam mixture, NC gas mass fraction, and
system pressure are varied to learn their impacts on the
HTC. It was detected that in the stratified flow, local
HTC declines with the increase of wall sub-cooling.
However, the opposite condition occurs in the annular
and wavy flow regimes where the HTC increases. Xu
proposed a modified correlation based on his previous
work [50] and Liu ef al. [51] as follows

Nu =0266 %2 Re)> PO f(Ja) (13)

For annular and wavy flow
Ln f(Ja)=—-137—-0.644LnJa +
+{~1713+011LnRe, +002LnW —02 Ln P,y —
~0008 (Ln j* x107*)] LnJa* —0113 LnJa> (14)
For stratified flow
Ln f(Ja)=—137-0644LnJa +
+{-1713+011LnRe,,+ 002 Ln W —02 Ln P4 —
~0008 (Ln j* x107*)] LnJa® —0157LnJa’ (15)

Valid for

W=5.18-67.46 %; Re,, = 6748-61,704; wall sub-
cooling AT=5.92-77.26 K, inlet pressure p = 0.071-0.4
MPa.
where W is the mass fraction of local NC gas, Re,, — the
Reynold's number of steam-gas mixture, Pg.q — the ra-
tio of the partial vs. the critical pressure of steam, and f
(Ja) — the function that expresses the wall sub-cooling
effect.

The new correlation provides a relative error
within 20 % when compared with experiment results.

The PRHRS with condensation
inside inclined tube

Some PRHRS are of inclined tube condensers.
Cho et al. [20] verified four existing correlations for a
slightly inclined tube of the APR+ PAFS condenser
design. They are: the Shah model formulated in 1979
[48], the Thome correlation [52], the updated Shah
formula for an inclined or vertical tube, and the im-
proved Shah formula for a horizontal pipe [52]. For
calculation, these formulas were integrated into the
MARS code. Their results were compared with data
gathered from the PASCAL facility at operating con-
ditions of 7.4 MPa and 290 °C. The work shows that
Thome's model is most appropriate for simulating the
overall thermal performance of the PAFS. The
PASCAL facility and the nodalization of the MARS
code in the analysis are shown in fig. 8.

Meanwhile, Amidu et al. [53] investigated the ef-
fect of tube slope on thermal performance, figs. 9 and
10. A single-tube heat exchanger submerged in a water
pool is analyzed using a combination of two ther-
mal-hydraulic codes. The CUPID code is for the outer
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Figure 8. (a) PASCAL facility and (b) MARS nodalization [20]

side, and the MARS code is for the inner side. The
steam inlet is saturated at 0.4 MPa, and the boiling pres-
sure is at 0.1 MPa. The calculation is then validated us-
ing reference data of 30° angles.

Simulations were performed with angles rang-
ing from 3° to 90°. It was revealed that the thermal per-
formance is not significantly affected by the inclina-
tion. Amidu ef al. [53] indicated that an increase in the
angle causes areduction in boiling heat transfer coeffi-
cients. However, this effect is compensated by an in-

crease in condensation HTC due to accelerated
condensate liquid film inside the tube.

Likewise, Abadi and Meyer [54] also performed
coexisting condensation and pool boiling simulations
using the ANSYS Fluent 17.1 package, fig. 11. The
steam is at a saturated temperature of 250 °C and mass
flux of 100-400 kgm2s!, with quality varied between
0.2 and 0.8. The pool saturated temperature is 100 °C.
It was observed that the heat transfer coefficient rises
with the increase in quality and mass flow rate. Al-
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Figure 11. The model used in Abadi and Meyer's work [54]

though there is no clear tendency for the angle's influ-
ence, it was noticed a slightly higher value of the total
HTC at the angle between 8 = —-60° and 6 = -30°.

The PRHRS with condensation
inside a vertical tube

For PRHRS using vertical tubes, shown in tab. 1,
numerical simulations were performed by Rao ef al.
[55] to learn the applicability of the existing pure
steam vertical in-tube condensation model (PSVCM).
Under the RELAPS code, six combinations are simu-
lated. They are grouped into; three models, modified
UCB [56], Oh [57], and Lee and Kim [58] for laminar
and two models. Shah [48] and Kim [59], for turbulent
conditions. The schematic of the test facility,
nodalization in RELAPS5, and calculation matrix are
shown in fig. 12 and tab. 5. Simulation results showed
that the combination of the Oh model and Kim model
provides the best prediction of the experimental re-
sults compared to the other combined models.

Other work on vertical tubes was done by Kim
and No [59] which examined the influence of the inner
tube diameter. The experiment used a 1.8 m long stain-
less 316 tube with 46 mm ID, and steam pressure up to
7.5 MPa, referring to the KNGR/APR1400 and the
SBWR designs. The tube is submerged in a water pool
at atmospheric pressure, shown in fig. 13. An analyti-
cal model based on the similarity of the heat transfer
mechanism between the single-phase turbulent con-
vection and the annular turbulence film condensation
was developed.

The proposed correlation for the film flow is as
follows [59]

k
hy =0 Rl prit L (16)
(I-a) D
o,v,eD
Re, P (17)
Hy

The f}, is the factor that takes into account the ef-
fect of tube diameter on film condensation and is em-
pirically formulated as follows [59]

fp =00182[1-024(1-447D")]*  (18)

The void fraction of the flow is defined in terms
of the Martinelli parameter [59]

Table 5. Calculation matrix in Rao's work [55]

Group Turbulent model Laminar model
PSVCMI1 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]
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a=(1+X5)" (19)

0.25 1 1.75
A ) e
Hy X P

The factors of e, and e, are selected as 0.6, and
0.15, respectively, from the experimental data. The
correlation is valid for tube diameter in the range of 7.4
to 50 mm. The formula is then compared with the

model proposed by Shah [48]. The newly developed
correlation provides better estimation when associated
with the experimental data.

Other research was conducted by Chung ef al.
[60], which performed up to 6 MPa, the pressure of the
SMART reactor's HX operating range. Chung et al.
[60] proposed a modified correlation based on Lee and
Kim [61, 62]. The new correlation for both pure steam
conditions and a mix of steam gas is as follows.

For pure steam
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Ppfodified —Lee = 103 TE'IS Nusselt (21) The PCCS with condensation on the
1 , outer surface of the vertical tube

2 ete I . .

Ty =5—— (22) Investigation on a vertical cylinder outer surface

gpsL condensation was performed by Lee, ef al. [64]. The

N test cylinder was a 1 meter length and 40 mm O. D.

I :(V_f] 23) pipe, shown in fig. 14. The influence of air mass frac-

g tion and pressure for the air and the steam mixture un-

X der natural convection is studied, with exact control of

k, |#yRey, wall subcooling. The study revealed that heat transfer

hNussclt Yy (24) : _

0.9086( gp A p] is notably affected by the strength of natural convec

P 0079Re,"* for Re >2300
® 16/ Re, forRe>2300

where 7, represents non-dimensional shear stress,
which is influenced by the degradation factor of the
steam fz and characteristic length scale L.
The Iy 15 the Nusselt formulation for the
heat transfer coefficient of condensation.
For the steam-gas mix

hKSP = f1 S 2 hNussclt (25)

where f; is a pure steam factor which is determined
from the Reynolds number and film thickness. Mean-
while, the f; represents the NC gas effect, which de-
pends on the mass of the gas

£ =(1+732107* Re f)(i} (26)
5/"0

where 6, and &y, are the film thickness without and
with interfacial shear stress

_ 0.708
P :{1 26011, for W, <01

1-we®  forw,, >01

The correlation was then evaluated using data
from two laboratories, the University of California at
Berkeley and Pohang University of Science and Tech-
nology, South Korea. It shows that for the pure steam,
the correlation predicts well within 25 %, and for the
steam-air mixture, itunder-predicts by less than 25 %.

Condensation studies for passive
containment cooling system

Reactor containment has three safety functions:
to confine radioactive materials, to protect against ex-
ternal hazards, and as radiation shielding [63]. Its in-
tegrity is crucial to avoid radioactive release. A con-
densation approach as a mechanism to reduce pressure
is implemented.

In PCCS, condensation may occur on the HX's
outer tube or the inner wall of the containment vessel,
shown in fig. 3. Since the containment is full of air dur-
ing normal operation, NC gas presence should be con-
sidered. Studies on these are as follows.

tion movement that is represented by the Grashof
number. A dimensionless empirical correlation is pro-
posed based on the regression of in-house test data and
from Dehbi's experiment [65]. The correlation is as
follows [64]

NuD — 890Gr2125 WS*0A966Ja70A327 (28)
were

w, =1-w2" (29)

The formula is valid for the tube length between
1.0 mto 3.5 m, the Grashof number of 1.3- 1019< Gr, <
5.05-10'2, the steam mass fraction of 1.16:1073 </, <
2.35-107 and Jacob number of 0.009 < Ja < 0.035.

In line with that, Fan et al. [66] also performed an
experiment using a vertical tube under free convection,
shown in fig. 15. The test section was a smooth stain-
less-steel pipe with an outer diameter of 31.1 mm and a
length of two meters. A large number of 374 data sets
were collected to unravel the complex dependency be-
tween pressures, wall sub-cooling, and air mass fraction.
Fan revealed that the HTC decreases with the wall
sub-cooling increase, which depends on the wall
sub-cooling itself and the total pressure. Fan et al. also
proposed a condensation HTC is as follows [66]

h=
_ [(32021-22766P)+ (-16107+11736P )log(100W,)

AT(O.561+OA 00134AT-0.546P) (3())

The formula is valid for pressure between 0.2 MPa
to 0.5 MPa, air mass fraction of 0.10 < ¥, < 0.8, and
subcooling temperature of 10 °C < AT < 70 °C. It is
claimed that the correlation is applicable not only for air
but also for other NC gases (nitrogen and argon) after
comparing with test data from other works, Uchida et al.
[67], Su et al. [68], Anderson [69], and Kim et al. [70]).
The mean error is around 7 %, and about 96 % of the test
data deviation is within 20 %.

Complementing the single tube studies, an in-
vestigation to clarify the effect of tube bundling was
performed by Bae et al. [8] using the CLASSIC facil-
ity. The work was primarily to clarify the performance
of the iPOWER's containment cooling system. The
heat transfer for both a single tube and a bundle of
eighteen vertically arranged tubes was analyzed,
shown in fig. 16. New correlation for the single tube
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was proposed by revising the curvature effect and the
free parameter of Dehbi's model [71]. This modifica-
tion was made due to a longer tube in the CLASSIC fa-
cility (5 m) thanused by Dehbi (3.5 m). This study also
suggested a new practical free parameter (¢) based on
the Bird correction factor. The proposed correlation in
terms of the Nusselt number is as follows

Nu

Nu pecs = ‘PPCCS(NH 2 J Nupyra  (31)
flat /pccs
where
Ppccs =108-60%% (32)
Nu

(—W‘ J =125 (33)

Nu g PCCS

Nu s = 0133 D3 %

1/3 h
Pw tPv || Pw —Pb Wsb T Ws w f2
2 u =W Tv-T,

(34)

A consistent average heat transfer coefficient
was observed in bundle analysis compared to the sin-
gle tube model. However, a local heat transfer degra-
dation occurred in the inner tubes due to the NC gas ac-
cumulation. The average factor of this shadow effect is
approximately 0.939. Bae suggested to consider this
effect in determining the dimension of PCCS.

The PCCS with condensation on the
downward surface

Double containment design where the inner part
is a metal vessel, and the outer is a concrete structure

has been implemented in the AP1000 and CAP1400
reactors shown in fig. 3(a). The challenge to accu-
rately predict condensation heat transfer at the down-
ward-facing surface arises due to complex phenome-
non underneath.

To clarify that, Chen et al. [9] investigated steam
condensation on the surface below a horizontal plate
to evaluate the CAP1400 containment upper dome.
The test surface was a stainless-steel plate coated with
0.08 mm inorganic zinc as in the actual vessel. Figure
17 shows a schematic of the test facility. The steam-air
mixture is varied with pressure between 0.154 MPa
and 0.607 MPa, molar fraction of air between 1.1 %
and 82.9 %, and wall sub-cooling between 12.6 °C and
49.3 °C.

The experimental results were used to assess
four correlations from Uchida et al. [67], Tagami [72],
Dehbi [65], and Liu [51] et al. shown in tab. 6. It was
discovered that all significantly overestimated the
condensation heat transfer coefficient on the test data.

Chen then proposed empirical condensation
HTC developed using the least square fitting method
[9]

h =62248P23% AT, "1 00713 % (39)

where Py, [kPa] is the bulk pressure, AT, [°C]— the wall
sub-cooling temperature, and X, — the molar fraction
of air.

It was reported that all the test data could be esti-
mated within +25 % error

RESEARCH GAP

From the previous discussion, most of the recent
studies on safety systems addressed straight tube ge-
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Table 6. Four correlations evaluated by Chen [9]
Reference Correlation Conditions
o 0.23 < W, <091
. _ W, 0.1<P<1.8MPa
Uchida et al. [67] h= 380[W—] (3%5) 10 < AT< 140 K
v 03<L<09m
w Y7 0.38 < ,<0.83
Tagami [72] h =380 —2 (36) Ty=322K
W, L=03m
005 0.28< W, <09
Dehbi [65] p oL [(37+287P, )—(2438+4583P, )log I, ] 0.15 < P <0.45 MPa
- AT 025 10<AT<50K
s (37) 03<L<035m
0.395 < X, <0.873
Liu et al. [51] _ 2.344 150.252 A 1-0.307 0.25<P<0.46 MPa
h=55635X ;7" Py 7 AT, (38) A< AT<25K

ometry (vertical, horizontal, and inclined) and down-
ward-facing surfaces of large vessels. They have not
so far investigated helical geometry as there is no such
model of the PRHRS and PCCS in existing reactor de-
signs.

Several new integral reactor designs have come
with helical SG, such as the CAREM, IRIS, SMART,
and NuScale reactors. During normal operation, the
SG is to produce superheated steam. However, when
an accident occurs it has the potential to function for
cooling down the primary system. Hence it is valuable
to further investigate this capability.

One of the reactor designs shown in fig. 18(a)
places its module in a water pool. When LOCA occurs

the ECCS passively cools the reactor by opening sev-
eral valves. Steam that comes out from the upper
valves, condenses on the containment wall. The con-
densate will be re-injected into the reactor vessel
through the lower valves shown in fig. 18(b). The ef-
fectiveness of this system has been confirmed by
Skolik et al. [73].

If the ECCS fails the reactor could end up with a
core damaged [74], as the decay heat cannot be re-
moved. A possible solution to rescue is by using the
SG [75]. Supplying cold water into the feedwater line
would change the role of SG into a cooling condenser
as the shell side is occupied with saturated steam
shown in fig. 18(c).
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The effectiveness of this approach needs further
investigation because the SG is not originally de-
signed for that. One of the parameters to be confirmed
is the condensation HTC as the SG has a specific de-
sign that is not commonly found in other industries. Its
geometry is tall and consists of many stacked tubes
and a large helical diameter.

Under high pressure circumstances and specific
geometry conditions, the validity of the existing con-
densation formula needs to be clarified. The work on
this is essential to precisely confirm whether the heli-
cal SG has enough capacity to play a role as a cooling
condenser during accident mitigation action.

So far, studies on the use of SG for cooling posta
LOCA in PWR are mostly dealing with condensation
inside vertical tubes. This is the case because conven-
tional reactor design uses an inverted U-tube. A study
for the helical tube SG which plays a role as a cooling
condenser post a LOCA has never been conducted.
Future study in this area is important to ensure the
safety of integral reactors having helical coil SG as
part of accident management.

CONCLUDING REMARKS

The Fukushima accident reveals that passive
features are crucial in nuclear reactors. Some PRHRS
and PCCS designs have been explored in this paper.
Design variation among the condensers is identified
and correlations suitable for accident conditions de-
rived from experimental are presented.

For PRHRS with horizontal tube condensers, a
study by Shabestary et al. [34] shows that Dobson's
model is most suitable for high-pressure steam inside a
large tube among eight correlations under investiga-
tion. Meanwhile, Nie et al. [46] observed heat flux and

wall temperature increase in proportion to steam qual-
ity, pressure, and mass velocity and proposed a
correlation derived from Akers's work. Another work
by Xu et al. [50] found that in a stratified flow regime,
local HTC declines with the increase of wall sub-cool-
ing, but in annular and wavy flow regimes, the HTC
increases. Xu et al. [50] proposed modified correla-
tions for three flow regimes.

Using computer codes, Amidu et al. [53] indi-
cated that the thermal performance of the condenser is
not significantly affected by the tube inclination angle.
Meanwhile, Abadi and Meyer [54] spotted that a
slightly higher heat transfer was observed when the
angle is in the range of 8 = —60° to 8 = —30°. With
MARS code Cho et al. [20] found that the Thome
model provides the best estimation among the four
correlations tested using data derived from the
PASCAL facility.

For PRHRS with a vertical tube, Kim and No
[59] develop a new correlation for a large tube based
on heat transfer mechanism similarity between the sin-
gle-phase turbulent flow and the annular film conden-
sation flow inside a tube. Meanwhile, Chung et al. [60]
proposed correlations between pure steam and a
steam-gas mixture, a modification of previous work
by Lee and Kim [62].

A study of the PCCS performance was per-
formed by Lee, Jang, and Choi [64] for the air-steam
mix condensation on a vertical tube's outer surface
case. They suggested considering the Grashof num-
ber. Meanwhile, Fan et al. [66] also developed a corre-
lation for turbulent free-convection in the presence of
air. Concerning bundle configuration, Bae ef al. [§]
pointed out that heat transfer degradation due to the
shadow effect of other surrounding tubes should be
considered. For PCCS utilizing the containment wall
as a condensing surface, Chen et al. [9] studied the
HTC on the upper part of the containment. He offered
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a new correlation after evaluating the suitability of
several existing correlations.

It appears that several acknowledged correla-
tions require tunning to be implemented in the passive
safety system. Some new correlations have been pro-
posed to cover the specifics of condenser design and
reactor accident conditions. Lastly, future study on
condensation on the outer surface of the helical coil is
necessary to assess the possibility of the integral reac-
tor's SG changing role as a cooling condenser post a
LOCA that is followed by safety system failure.
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NOMENCLATURE

D Diameter [m]

Fr Froude number

g Gravitational acceleration, 9.81 [ms ]

G mass velocity [kgm *s ']

Ga Galilei number Ga,=gp(p,—py)D /1, ineq. (4)

h  Heat transfer coefficient [Wm K]

hio Heat transfer coefficient (liquid only)
hio=0.023 Re"® Pr/* (1, /D) [Wm K]

Ja Jakobnumberla, =Cp, (T, -T,, )/ H

J vT Transition dimensionless gas velocity eq. (7)
L Length, [m]
p Pressure, [MPa]
Pr Prandtl number
Re Reynolds number
T Temperature [K]
AT, Surface subcooling temperature [K]
W mass fraction
X Molar Fraction
x  vapor Quality
X, Lockhart-Martinelli
X, =0=x/0)"(py 1 p)* (uy / 1,)* i eq.

)

ineq.(4)

evap

Greek symbols

Ai,, Latent heat, [Jkg ']

&* Modified void factor

A Thermal conductivity, [Wm 'K ']
Lockhart-Martinelli two-phase parameter in eq. (4)
Density, [kgm ]

liquid level angle subtended from

the top of the tube (in radian) in eq. (4)

T S

Subscripts

a air

b bulk

¢ coil

crit critical

i inner

[ liquid

LO liquid phase with total flow
S steam

sat saturation condition
STRAT fully stratified flow regime

v vapor
w  wall

Acronyms

AP1000 Advanced Passive 1000
APR1400  Advanced Power Reactor 1400
APR+ Advanced Power Reactor Plus
BWR Boiling Water Reactor
CAREM Central Argentina de

Elementos Modulares

CS Containment System

CLASSIC  Condensation Loop for Advanced
Safety System in Containment

COSMEA  COndenSation test rig for flow
Morphology and hEAt transfer studies

CUPID Component Unstructured Program
for Interfacial Dynamics code

DBA Design Basis Accident

HTC Heat Transfer Coefficient

HMTA Heat and Mass Transfer Analogy

HX Heat Exchanger

IRIS International Reactor Innovative and
Secure

ICS Isolation Condenser System

iPOWER Innovative Passive Optimised Worldwide
Economical Reactor

KNGR Korea Next Generation Reactor

LWR Light Water Reactor

LOCA Loss of Coolant Accident

MARS Multi-Dimensional Analysis of Reactor
Safety code

MSLB Main Steam Line Break

NC non-condensable

NPP Nuclear Power Plant

PAFS Passive Auxiliary Feedwater System
PASCAL PAFS Condensing Heat Removal
Assessment Loop

PCCS Passive Containment Cooling System

POSTECH Pohang University of Science and
Technology

PRHRS  Passive Residual Heat Removal System

PSVCM  Pure Steam Vertical In-Tube
Condensation Model

RELAP  Reactor Excursion and Leak

Analysis Program
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SG Steam generator

SBO Station Blackout

SBWR Simplified Boiling Water Reactor

SMR Small Modular Reactor

SMART  System-integrated Modular
Advanced ReacTor

UCB University of California at Berkeley
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CYCJAIU, Myaja IIYAPCA, Hanny ITYTPA, Pamu A. KECTEP

MNPOYYABAIbA NNOBPIIMHCKE KOHAEH3AIINJE CUCTEMA ITACHUBHE
CUT'YPHOCTH Y JAKOBOJHOM PEAKTOPY - INIPETJIEN

CMmatpa ce ia cucTeM ca TaCUBHUM MEXaHU3MOM MMa 60JbY IOY3IaHOCT jep He 3aXTeBa CIOJbHY
NIOKpeTauyKy cHary fa ou (pyHkIuonucao. Hekonuko fu3ajHa HyKIeapHUX peakTopa UMILIEMEHTHPAJIO je
OBY KapaKTEepUCTUKY Y CBOjJUM CUT'YPHOCHHM CUCTEMUMA, OMJIO y MOTIYHOCTH MU fenuMuyHo. Heku on
BUX KOMOUHY]jY M0ojaBe Kjbyuama U KOHJIeH3aldje Kako Ou ce M300pHIU ca 320CTaIOM TOIUIOTOM Kajia ce
JIOrOofM akUUAEHT. Y OBOM pajly NpHKa3aHe Cy HCTpakWBama O IPEHOCY TOIUIOTe KOHJeH3auuje y
NIACUBHUM CUCTEMIMa 32 yKJlakhakbhe IpeocTalle TOIUIOTE 1 TaCHBHUM CHCTeMIMa KOHTE]MeHTa 3a XjJabemwe
peaxkTopa JakoM BOfOM. AKIleHaT je Ha IPUMEHJbUBOCTY NpuxBaheHUX Kopelanuja 3a ycjaoBe yaeca u
HBUXOBOM Pa3Bojy 3a 60J6M MOJiell. Y 00pa3noxkemny, Hajupe ce uleHTH(UKY]y TaCHBHA MEXaHU3aM U THII
KOHJIEH3aTOpa KOjU je MMIUIEMEHTHPAH y CUCTeM. 3aTUM Ce paclpaB/ba O KOMIAPAaTUBHO] MPOLCHH
¢dopmyne kopuithewmeM TecT IOfaTaka, [apaMeTapcKUM cTyAujamMa KopulThemeM KOMIjyTepcke
cuMyJianmje ¥ pa3Bojy HOBHUX Kopenanuja. EBanyarnuja je mokazana ga Kopunrheme nocrojehe Kopenamnuje
3aXTeBa MOJellIaBake Y Clyuajy MpOjeKTOBaha MaCUBHOT CUTYPHOCHOT CHCTEMa JIAKOBOJHOT peakTopa.
IMopen Tora, mpemyioKeHO je fa ce y3Me y 003up TeOMETPHjCKM OOJUK KOHJICH3aLMOHE MOBPIIUHE.
IToTpebHa cy gajpa UCTpakuBamwba CIMPAIHOT 00JIMKa fa OU ce MpolieHuIa MOTYhHOCT IpOMeHe yiore
reHeparopa lnape UHTerpajHoOI peakTopa Kao KOHJIeH3aTopa TOKOM yjeca I'yOuTKa pacxjiajHe TeYHOCTH,
Koju je mpaheH nponycroM 6€36eTHOCHOT CUCTEMA.

Kmwyune pequ: konOeH3ayuja, cuzZypHocHu cucitiem, 008oherse ioiiaoilie, AaKo800HU PEaKitiop,
AKYUOCHITL



