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The passive containment heat removal system (PCS) is one of the key passive safety systems of China’s
third-generation advanced pressurized water reactor—Hua-long Pressurized Reactor (HPR1000), used
to prevent overpressure of large concrete containment under severe accident scenarios. This paper pro-
vides an overview of the development of the HPR1000 passive containment heat removal system, includ-
ing its operating principles and configuration, internal heat exchanger design, feasibility tests,
engineering-scale PCS verification tests, comprehensive tests on PCS-containment coupling characteris-
tics, among other key supporting studies. These extensive studies demonstrated that the PCS of HPR1000,
which is designed based on flashing-driven open natural circulation and efficient condensation heat
transfer theory, can work effectively and ensure the integrity of the containment under various accident
scenarios. The system has been applied to Fuqing No. 5 and No. 6 nuclear power units and Zhangzhou
No. 1 and No. 2 units of China’s first million-kilowatt third-generation nuclear power HPR1000. It is also

Thermal hydraulics

applied to K-2/K-3 units of Karachi Nuclear Power Plant in Pakistan.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

As the ultimate safety barrier of a nuclear power plant, the con-
tainment vessel’s structural integrity is vital for preventing
radioactive leaks, safeguarding public health, and preserving the
ecological environment [1-3]. Especially during the loss of coolant
accident (LOCA) in reactor system pipeline and subsequent severe
accidents, a large amount of high-temperature cooling water and
steam are released into the containment vessel. When the active
safety system fails to operate due to power outage or malfunction,
the heat inside the containment vessel may not be effectively
removed. When the internal pressure of the containment vessel
exceeds the design limit (approximately 0.5-0.6 MPa) [1,4], there
is a risk of overpressure failure in the containment vessel.

In order to prevent damage to the ultimate physical barrier of
pressurized water reactor (PWR) nuclear power plants under sev-
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ere accident conditions, third-generation commercial nuclear
power plants generally adopt passive safety technology. This tech-
nology is crucial for cooling the high-temperature and
high-pressure gases that may form inside the containment vessel
without human intervention, which is essential for mitigating
severe accidents in nuclear power plants.

For steel containment structures like the CAP1400 [5,6] and
AP1000 [7] depicted in Fig. 1(a), steam generated during severe
accidents condenses on the inner wall of the steel vessel, releasing
latent heat of vaporization. With cooling from water sprayed on
the top of the steel vessel, the heat within the containment is con-
tinuously removed. The system’s design benefits from extensive
use of the steel vessel’s large heat transfer areas and a relatively
simple structure. However, it requires high-quality processing,
manufacturing, and installation of large steel plates, the scalability
and applicability of the system are limited, making it unsuitable for
nuclear power units with concrete containment. For the concrete
containment structure of the Hua-long Pressurized Reactor
(HPR1000), as shown in Fig. 1(b) [8], the passive containment heat
removal system (PCS) is adopted, which continuously removes the
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Fig. 1. Structural diagram of the steel and double-layer concrete containment structures: (a) AP1000, reproduced from Ref. [7] with permission; (b) HPR1000. CSP:
containment spray system; SIS: safety injection system; CIS: cavity injection system; IRWST: internal refueling water storage tank; TFA: auxiliary feedwater system; PRS:

passive residual heat removal system.

heat generated inside the containment through the condensation
heat transfer of steam on the outer surface of the heat exchanger
tubes.

Scholars from different countries have proposed various types
of PCS. For example, PCS based on closed-loop heat pipe natural
circulation theory, suppression type PCS based on direct contact
condensation theory, and evaporative PCS using internal or exter-
nal condensers [9]. For concrete containment, scholars’ work
mainly focused on conceptual design and a small amount of pre-
liminary basic research work. Among them, Ha et al. [10] carried
out the conceptual design for the PCS of an innovative PWR. In
their study, the effects of design parameters such as the geometry
of the passive containment cooling tank (PCCT), the position and
surface area of the heat exchanger on the heat removal perfor-
mance of the system were evaluated based on GOTHIC code. Jeon
and No [11] also proposed the conceptual design of the PCS with
air holding tank (AHT) in the improved advanced power reactor
(APR) concrete containment and conducted performance evalua-
tion, the numerical results show that the passive containment heat
removal system can be significantly enhanced by introducing air
holdup tanks.

Bang et al. [12] evaluated the rationality of open and closed nat-
ural circulation system design through GOTHIC code. The results
show that open-loop PCS has good heat removal performance.
However, open-loop PCS is more vulnerable to flow instability,
especially when the PCS is installed on the upper part of the con-
tainment, the possibility of flow instability is relatively higher.
These system level design and analysis are mainly based on
numerical simulation method, which can provide design reference
for the application of PCS. However, the absence of confirmatory
experiments in existing research also prevents many innovative
designs from advancing from the conceptual phase to engineering
applications.

Moreover, in the PCS, the heat removal capability of the natural
circulation system and the condensation heat transfer characteris-
tics outside the heat exchanger tubes are critical parameters for
evaluating the system design. Therefore, many scholars, such as
Kim et al. [13] and Kyung and Lee [14,15] studied the flow charac-
teristics of natural circulation system and the mechanism of flow
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instability. Bang et al. [16] evaluated the effect of system parame-
ters (such as pipe diameter and layout height) on natural circula-
tion flow through numerical simulation. For the research on the
condensation heat transfer characteristics outside the tube, Dehbi
et al. [17], Dehbi et al. [18], Park et al. [19,20], and other scholars
[21] have carried out basic experimental research on single heat
transfer tube and heat transfer tube bundle, mainly focusing on
the key factors affecting heat transfer, such as pressure, gas compo-
nent and geometric size of the heat transfer tube. However, these
studies rarely conduct analysis related to enhanced heat transfer,
especially for the analysis of bundle conditions and optimized
arrangement of bundles. More comprehensive analysis is needed
for heat exchanger design. Moreover, these studies are generally
based on small-scale experiments, and there are few multi-scale
evaluations (especially large-scale) for natural circulation and con-
densation heat transfer outside the tube. Particularly, little atten-
tion has been paid to the system level research under the
coupling conditions of natural circulation in the tube and conden-
sation heat transfer outside the tube.

This study addresses key technical challenges in the PCS of the
double-layer concrete containment vessel for HPR1000. From 2011
to 2024, a comprehensive series of research activities were con-
ducted, spanning from fundamental principles to engineering
applications. Based on the principles of low-pressure natural circu-
lation driven by flash evaporation and efficient condensation heat
transfer, a PCS for the double-layer concrete containment was
innovatively developed. This paper provides a systematic overview
of the primary research efforts and outcomes.

2. PCS layout for concrete containment

The system layout of the PCS for concrete containment is quite
diverse. It can adopt either the common closed natural circulation
system or an open natural circulation system, as shown in Fig. 2.
The closed scheme typically consists of internal heat exchanger,
external heat exchanger, external heat exchange water tank, heat
pipe section, and cold pipe section, as shown in Fig. 2(a). It is a tra-
ditional natural circulation system layout where all equipment and
components are connected together to form a closed loop, thus the
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Fig. 2. Schematic diagram of PCS layout: (a) closed natural circulation pattern and (b) open natural circulation pattern.

operating pressure of the system is an independent variable.
Depending on the system operating pressure, filling rate, and so
forth, the PCS closed scheme can be designed for three operating
modes: single-phase natural circulation, two-phase natural circu-
lation, and separated heat pipe loop scheme. When using the
single-phase natural circulation mode, a pressurizer needs to be
installed in the system.

The open natural circulation plan mainly consists of an internal
heat exchanger, a hot pipe section and a cold pipe section, as
shown in Fig. 2(b). Unlike the closed scheme, the open plan
includes the heat exchange tank as part of the PCS natural circula-
tion system. Cooling water enters the internal heat exchanger from
the heat exchange tank through the cold pipe section, absorbing
heat from the containment at the internal heat exchanger and
returning to the heat exchange tank after heating up. Considering
the actual engineering, it is difficult to form a high-pressure sealed
environment with the large volume heat exchange tank, therefore
the system operating pressure can only be atmospheric pressure.
Thus, the system pressure of the open plan is no longer a variable.

For the two designed PCS schemes, a series of numerical simu-
lations and experimental studies were conducted [22]. The main
research contents include: O comparative analysis of the system
performance between open and closed systems; @ system startup
characteristics; @ natural circulation flow characteristics and heat
transfer characteristics of the system; @ study on the effect of sys-
tem pipeline diameter on natural circulation and heat removal
capacity; ® matching characteristics between internal and exter-
nal heat exchangers; ® study on the influence of the height differ-
ence between the arrangement of the heat exchange water tank
and the heat exchanger on the operating characteristics of the sys-
tem; @ study on the effect of water level in water tank on the heat
removal capacity of the system.

Whether it is a closed or open scheme, compared to common
passive safety systems, such as the primary circuit passive residual
heat removal system and the secondary circuit passive residual
heat removal system, the PCS also faces the issue of low ther-
mal-hydraulic operating parameters. For example, the tempera-
ture of the steam-air mixture inside the containment usually
does not exceed 150 °C, the water temperature in the heat
exchange tank will gradually rise to 100 °C as the severe accident
progresses, and the temperature difference between the hot and
cold sink will not exceed 50 °C. Moreover, due to the presence of
a large amount of non-condensable gases inside the containment
vessel, the condensation heat transfer coefficient of steam on the
outer surface of the internal heat exchanger is relatively low, typ-
ically ranging from 500 to 3000 W+(m?K)™.

Considering that in the closed-loop configuration, the heat
transfer between the external heat exchanger and the heat
exchange water tank of the system mainly relies on natural
convection, and the surface convection heat transfer coefficient is
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relatively small. For the operating conditions where the tempera-
ture difference between the cold and hot sinks of the PCS does
not exceed 50 °C, the closed scheme has more heat transfer pro-
cesses and lower heat transfer coefficients, which will result in sig-
nificantly weaker heat removal capacity than the open scheme.
Therefore, the PCS of HPR1000 chooses the open scheme as its
technical route.

Based on the open scheme technical route, three stages of
research were carried out on the PCS of HPR1000: the development
of key equipment (such as internal heat exchangers), research on
low-pressure natural circulation characteristics and comprehen-
sive validation, and the study of PCS and containment coupling
behavior.

3. Study on flow and heat transfer characteristics of internal
heat exchangers

3.1. Design and research of internal heat exchangers

The containment volume of HPR1000 is approximately 100 000
m>, with a free volume of 86 000 m>. The design of the internal
heat exchanger needs to address the challenges posed by the large
space of the containment. Its layout and tube bundle arrangement
must effectively cool such a large-scale space. In order to adapt to
the large space of the HPR1000 containment, the internal heat
exchanger design of PCS has changed the traditional shell-and-
tube heat exchanger bundle arrangement to a dispersed arrange-
ment as shown in Fig. 3.

After adopting this dispersed tube bundle arrangement, the
heat transfer tubes of the internal heat exchanger are no longer
concentrated as in traditional shell-and-tube heat exchangers. This
allows more heat transfer tubes to directly contact the steam-air

Outlet

Heat transfer
V" tube

Entrance

I—.-.-.-.-.—;.-.-_P.-;i/ \b

Fig. 3. Layout of internal heat exchanger and tube bundle.
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mixture inside the containment. From the perspective of heat
transfer of the internal heat exchanger, the air accumulation effect
outside the heat transfer tube during steam condensation can be
greatly suppressed by adopting the decentralized arrangement.
This to some extent alleviates the disadvantage of low condensa-
tion heat transfer coefficient of steam containing a large amount
of air.

3.2. Study on the condensation heat transfer characteristics of steam
with non-condensable gas outside the tube

Although the dispersed arrangement weakens the inhibitory
effect of non-condensable gases like air on steam condensation,
the large amount of air content in the containment cannot be
ignored in the design and research of internal heat exchangers.
Therefore, after a severe accident occurs, steam condensation in
the presence of non-condensable gases (air, hydrogen) has always
been regarded as a key physical phenomenon in the containment
after an accident. It has always been a research hotspot in the field
of containment thermal hydraulics, and has also become a focus of
research on internal heat exchangers in PCS.

In order to study steam condensation in the presence of non-
condensable gases outside the tube, a mechanistic steam conden-
sation test facility was established, as shown in Fig. 4. A series of
fundamental studies have been conducted on the condensation
heat transfer characteristics of steam outside the heat transfer tube
through a combination of numerical simulation and experiments
was carried out [23-30]. The main aspects include: (D the effect
of non-condensable gas on condensation heat transfer outside
the tube; @ the effect of geometric parameters of the heat transfer
tube on condensation heat transfer outside the tube; @ the effect
of the arrangement of heat transfer tube bundles on condensation
heat transfer outside the tube.

Through enhanced heat transfer experiments, the arrangement
of heat exchanger tube bundles, such as tube length, tube spacing,
and arrangement number, was determined, laying the foundation
for the design of subsequent heat exchangers. On the basis of
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experimental data, a large number of numerical simulation analy-
ses have also been carried out to determine the optimal arrange-
ment of heat exchangers [31-33]. The representative numerical
simulation results are shown in Fig. 5 [34]. Under different
arrangement parameters of the tube bundle, the suction effect of
the tube bundle increases with the decrease of the tube spacing
and the increase of the number of tube rows. When the tube pitch
is 1.5d (where d is outer diameter of heat transfer tube) and the
tube bundle structure is 3 rows and 20 columns, the average con-
densation heat transfer coefficient of the tube bundle is higher
than that of a single tube, and the overall tube bundle exhibits
an enhanced heat transfer effect. This numerical simulation result
is also used to guide the subsequent design of heat exchangers.

By conducting experiments and using experimental data from
different scholars, 2276 experimental data points were obtained.
An empirical correlation for condensation heat transfer coefficient
covering a wide pressure range, including the effects of pipe diam-
eter, pipe length, and inclination angle, was proposed by fitting the
data [35,36], as shown in Eq. (1).

As shown in Fig. 6, the empirical correlation has high accuracy,
with the deviation between the calculated results of the empirical
correlation and the experimental results within +15%. The empiri-
cal correlation in this study covers the largest amount of data and
has a wider coverage range than existing empirical correlations
such as Dehbi [37], Fan et al. [38], and Su et al. [39].
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where the range of pressure P is 0.15-1.60 MPa; the range of air
mass fraction w, is 7.5%-91.0%; the range of steam mass fraction
wy is 10%-90%; the range of wall subcooling AT is 4-125 °C; the
range of heat transfer tube length L is 1.0-3.5 m; the range of heat

syste

Data acquisition

m

Water tank temperature

control system

Pressureé —/ i Outdoor
Helium thermal sensor | |
conductivity sensors Bl I Air
| I |cooling
—_— I | tower
------------------------ ; NE B Y —— | f
Gas supply and _‘%@ out @ ..................... I Drainage
sampling unit § okt :
------------------------ l o L [
< I
8 I
A=
S I
High-pressure & [
. © |
helium [9] I
L = I
| s ¢%§‘7
. I
Air compressor = — — — — — — i Cooling water Filling/draining !
Steam orifice plate circuit water pipelines
| S —
—
— Cooling system @ Thermistor g Regulating valve

Filling/draining
water pipelines

— Heating system
— Air supply system
— Temperature control system

Pressure sensor
© Flowmeter
e Thermistor/thermal couple

—_pq Safety valve
Centrifugal pump
Concentration sampling point

Fig. 4. Experimental facility for steam condensation with a large amount of non-condensable gases. Tj,: inlet temperature of heat transfer tube; T,,: outlet temperature of

heat transfer tube; T,: gas temperature.

207


move_f0020
move_f0025
move_f0030

J. Xing, L. Gao, F. Liu et al.

3x20
3x10
3x5
3x3
2x10
2x5
2x3
2x2
1x10
1x5
1x3
Single tube . | : : { . ‘
250 255 260 265 270 275 280 285 290
Tube bundle he (W-(m?-K)™")

Tube bundle structures

Fig. 5. Average heat transfer coefficient h. of tube bundles under different

arrangement conditions [34].

7. 10000 ¢
[ e Bian-Ding (current) experimental .
L+ Fan experimental h,
[ » Su experimental h,

» Dehbi experimental h,+15%

Bian-Ding (current) correlation (W-(n¥-K)

1000 |- 4{ -15%
s
Tol0]” il U S i W | i b degd iy
100 1000 10000

Experimental h, (W-(m?-K)™")

Fig. 6. Comparison between experimental results and empirical correlation calcu-
lation results of condensation heat transfer coefficient (hc).

transfer tube diameter d is 0.019-0.038 m; the range of inclination
angle 0 is 0-90°.

3.3. Study on flow distribution characteristics in internal heat
exchangers

After adopting the distributed tube bundle and pipeline-type
header, the flow arrangement of the internal heat exchanger has
shown various configurations, such as Z-type, U-type, and central-
type arrangements, as shown in Fig. 7(a). The layout of the header
determines the pressure distribution inside the inlet and outlet
headers, which in turn determines the distribution of cooling water
within the heat transfer tubes. Due to significant changes in the
head type header of the pipeline-type heat exchanger compared
to the traditional shell-and-tube type heat exchanger, it has a sig-
nificant impact on the flow distribution within the PCS heat
exchanger tubes. Through theoretical and extensive numerical
analysis [40-43], the results are shown in Fig. 7(b). The flow distri-
bution uniformity of Z-type layout is the least ideal, followed by U-
type layout, and the flow distribution of central type layout is the
most uniform. Moreover, the diameters of inlet and outlet headers
have the best matching size, which provides a strong theoretical
support for the arrangement of heat transfer tubes.

4. Study on the system behaviors of PCS

Compared with the traditional natural circulation system, the
low-pressure open natural circulation system used by PCS in this
study has less relevant research, and is only studied under some

208

Engineering 52 (2025) 204-216

200
A —=—Central-type arrangement
150 L \ o U-type arrangement
—A—Z-type arrangement
A
100 - .
A
9 A
<
& 50 | A " ®
A o®
AL =t o’
o|wen g A, || ge®® gummmannt
- Al gl ® -
n, gen®p
PP SV Woe o)
Aa
50 | A,
“A
AA‘AA‘
-100 L I 1 1 1 I

1 1 1 1
12 15 18 21 24 27 30 33
Number of heat transfer tube

(b)

9

Fig. 7. Flow distribution under different arrangement types (G;: flow ratio for ith
tube, %): (a) Z-type, U-type, and central-type arrangement schematic diagram;
(b) flow distribution of the three types.

special conditions, such as the startup process of boiling water
reactor [44], micro-pressure low-temperature nuclear heating
reactors [45], among others. These studies all indicate that low-
pressure natural circulation is prone to flow instability caused by
flashing [46-50]. Therefore, the focus of this paper is to determine
the conditions of flow instability, avoid the natural circulation sys-
tem running under unstable conditions, and provide reference for
the actual system operation.

4.1. Study on flow characteristics of low-pressure natural circulation
system

To study the system flow characteristics under special operat-
ing conditions of the PCS, a mechanism experimental facility for
the new natural circulation system was established, as shown in
Fig. 8. The pressure of the mixed gas inside the pressure vessel
ranges from 0.2 to 0.6 MPa, and the steam concentration ranges
from 20% to 80%. Based on this experimental facility, system
behavior experiments were conducted on the low-pressure open
natural circulation system adopted by the PCS [51-55].

As shown in Fig. 9, under different inlet subcooling and heating
power conditions, this type of open low-pressure natural circula-
tion exhibits various forms of flow instability. For example, when
the environmental parameters of the containment vessel are rela-
tively low, that is, when the inlet subcooling is high and the heat-
ing power is low, the system faces two-phase flow instability
induced by flashing. When the environmental parameters inside
the containment vessel are higher, that is, the inlet subcooling is
low and the heating power is high, the heating section of the sys-
tem is prone to flow boiling, and the system faces two-phase flow
instability induced by boiling. Moreover, these two types of flow
instability also interact with each other.
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Fig. 9. Experimental results of PCS natural circulation flow pattern under different
heating power and inlet subcooling conditions.

The experimental results shown in Fig. 10 indicate that under
certain heating power and inlet subcooling conditions, the system
can be in a stable flash driven two-phase natural circulation
[56,57]. Theoretical analysis was also conducted on the character-
istics of natural circulation. The results indicate that in addition to
the environmental parameters inside the containment, the height
difference between the heat exchange tank and the heating section
has a significant impact on the flow instability of the system
[57,58] (as shown in Fig. 11). As the height difference between
the two increases, although this has a limited effect on enhancing
the heat removal capacity of natural circulation, the system may be
in a stable flash-driven two-phase natural circulation state over a
wider range.
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Fig. 10. Stable flashing phenomenon.

4.2. Comprehensive performance study of PCS

Based on experimental research and mechanism analysis of the
flow characteristics of low-pressure open natural circulation sys-
tems, further experimental research and validation were carried
out on the comprehensive performance of PCS. The comprehensive
performance test facility of the PCS is shown in Fig. 12. The test
facility mainly consists of a containment simulator (volume
approximately 130 m?), a heat exchange water tank, the PCS, and
auxiliary systems. The PCS is modeled according to the full pres-
sure and full height difference of the prototype, and the power of
the entire system is 1/2 of the prototype. The layout of internal
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Fig. 12. Comprehensive performance test facility of PCS. (a) On-site physical image; (b) system layout diagram.

heat exchangers and the arrangement of natural circulation pipeli-
nes are determined based on the mechanism experiments and cor-
responding numerical simulation analysis mentioned above.

The containment simulator provides a closed environment for
the internal heat exchanger of the PCS, which can achieve different
thermal environmental parameters. Through the auxiliary steam
supply system, air supply system, and helium supply system (used
to replace hydrogen in severe accident conditions), the pressure
range in the containment simulator can be from atmospheric pres-
sure to 0.6 MPa, with steam mass fraction ranging from 0 to 50%
and helium volume fraction ranging from 0 to 10%, meeting all
conditions for simulating PCS operation under accident conditions.
A large number of experimental studies on the system perfor-
mance of the PCS were conducted on the PCS comprehensive per-
formance test facility. The main experimental contents include: D
system startup characteristic experiments; @ heat removal capac-
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ity and operational characteristics experiments under design oper-
ating conditions; @ heat removal capacity and operational
characteristics experiments under non-design operating condi-
tions; @ experiments on the effect of water tank water level on
system operation.

As shown in Table 1, under the design operating conditions, the
peak pressure in the containment simulator is 0.516 MPa, which is
lower than the design value, while the system’s heat removal
capacity exceeds 1.8 MW. This demonstrates that the PCS devel-
oped in this study possesses a robust heat removal capability, sig-
nificantly surpassing the design requirements. The transient
characteristics of natural circulation flow rate and fluid tempera-
ture inside the PCS under design pressure conditions are shown
in Fig. 13. The temperature difference between the cold and hot
pipe sections of the system is close to 13 °C. Under this significant
temperature difference, the PCS is in a stable two-phase natural


move_t0005
move_f0065

J. Xing, L. Gao, F. Liu et al.

Table 1
The main simulated scale parameters of the containment in the experiment.
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Value Objectives of Heat removal Operating condition
Sgrel;?:ilgﬁs power (MW) Temperature of Pressure of Volume Volume Mass Water temperature
mixed gas (°C) mixed gas fraction of fraction of fraction of of water tank (°C)
(MPa) helium air steam
Design Early stage of 1.250 138.0 0.530 (absolute  0.100 0.250 0.610 ~100
severe accident pressure)
Experimental — 1.862 1374 0.516 (absolute  0.092 0.258 0.604 99.3
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Fig. 13. Transient characteristics of natural circulation flow rate and fluid temper-
ature inside the PCS under design pressure (the location of temperature measuring
points can be seen in Fig. 12). G: natural circulation flow rate; T: temperature.

circulation state driven by flash evaporation, and the circulation
flow rate of the system and the temperature inside the hot pipe
section are very stable.

5. Study on the coupling characteristics of PCS and thermal-
hydraulic in containment

The validation of the comprehensive performance of the PCS
shows that the PCS has good heat removal capacity under variable
operating conditions. However, compared to the containment
space of hundreds of thousands of cubic meters, the volume and
area occupied by the PCS heat exchanger are relatively small. It
remains questionable whether the overall thermal-hydraulic
behavior inside the containment will significantly affect the perfor-
mance of the PCS under accident conditions. Therefore, the cou-
pling behavior of thermal-hydraulic between PCS and the
containment has become an important research topic following
the comprehensive performance study of the PCS.

5.1. Comprehensive experimental facility for thermal-hydraulic

To conduct research on the coupling behavior of PCS and con-
tainment thermal-hydraulics, the comprehensive containment
experimental facility (PANGU) was designed and constructed, as
shown in Fig. 14. Through scaling analysis, the key parameters of
the comprehensive containment experimental facility are shown
in Table 2. The entire experimental facility consists of a large-
scale containment simulator, PCS, and auxiliary systems. Among
them, the important auxiliary systems include the steam supply
system, air supply system, helium supply system (replacing hydro-
gen), parameter measurement and data acquisition system, and
control system. Considering the circumferential parameters of
the containment under accident conditions are relatively uniform,
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the containment model adopts different design ratios in the radial
and height directions. The ratio of the containment model in the
radial direction is appropriately reduced, while the ratio in the
height direction is slightly larger as shown in Table 2. According
to the theoretical scaling criteria for containment pressure
response, the free volume and PCS heat transfer area of the test
facility are scaled to a ratio of 1:86, thereby determining the total
volume of the containment model to be 1000 m>, diameter 8.5 m,
and height 19.8 m.

A series of experiments were conducted at the PANGU experi-
mental facility [59,60], with a pressure range of 0.1-0.5 MPa; the
range of gas temperature is 40-150 °C; the helium concentration
range is 0-5%, and the main experiments include: (D experimental
study on typical transient accident processes; @ experimental
study on non-uniformity of thermal parameters inside the contain-
ment vessel; @ experimental study on the effect of internal heat
exchanger layout height; @ experimental study on the effect of
non-uniform circumferential arrangement of internal heat
exchangers; ® experimental study on the effect and collection rate
of condensate collection facility.

In the experiment, a scaling analysis was conducted on the gas
release source term to make the thermal hydraulic characteristics
inside the containment simulator closer to the containment proto-
type. The data is based on numerical simulations of the prototype
containment vessel. The iterative calculation process of the gas
mass and energy release source terms is shown in Fig. 15 [60].
The mass and energy release terms obtained from the iterative
estimation were adjusted to compensate for the deviations caused
by heat absorption and heat loss of the internal structure. Under
the adjusted conditions of mass and energy release, the pressure
response inside the containment model is shown in Fig. 16. The
pressure response curve obtained in the containment simulator
during the experiment is very consistent with the trend in the con-
tainment prototype. This indicates that the modeling distortion
caused by the heat absorption and loss of thermal components
inside the containment vessel has been effectively compensated.

5.2. Coupling characteristics of PCS and thermal-hydraulic in
containment

5.2.1. Coupling characteristics of PCS and pressure

In order to study the coupling characteristics between the
thermal-hydraulic behavior of the containment and the operation
of the PCS, a series of experimental studies were conducted based
on the PANGU experimental facility. The simulated typical operat-
ing conditions include severe accident conditions such as large
break loss-of-coolant accident (LBLOCA) and station blackout
(SBO). Parameters such as pressure, gas temperature inside the
vessel, and PCS heat removal power were obtained to systemati-
cally study the gas distribution and flow characteristics in enclosed
large spaces.

As shown in Fig. 17, under the conditions of severe accident sce-
narios caused by LBLOCA and SBO, the coupling effect between the
internal pressure of the containment simulator and the heat
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Fig. 14. Comprehensive containment test facility. (a) On-site physical image; (b) system layout diagram.
Table 2 pressure of the containment and the heat removal power of the
Main simulated scale parameters of the containment. PCS both enter a relatively stable phase.
Parameter Prototype Experimental facility  Scaling The simulation results of two typical accident conditions both
Free volume S6000m®  1000m? 1:86 prove that thfe PCS of .HPRI 000 can quickly sFart after an acc1d?nt
Free volume 7528 m 19.80 m 1:3.8 and automatically adjust the system operating power according
Total diameter 46.8 m 8.5m 1:5.5 to the thermal conditions inside the containment. In the experi-
Maximum pressure 0.65 MPa 0.65 MPa 1:1 ment, the peak pressure of the containment simulator was lower
Maximum temperature 155°C 155°C 1:1 :
PCS heat exchanger area 1100 m? 129 186 than pressure threshold, fully demonstrating the excellent heat

removal power of the PCS was evaluated. Taking the experimental
results under LBLOCA accident conditions as an example, due to
the significant release of mass and energy in the initial phase of
the scenario, the pressure inside the containment simulation
rapidly increased after the experiment began, and the PCS heat
removal power also increased rapidly. After approximately
2000 s, the mass and energy release significantly decrease, and
the internal pressure and PCS heat removal power decrease syn-
chronously. When the experiment reaches 10 000-70 000 s, the
heat absorption of the steel components and the heat removal
power of the PCS are insufficient to take away the energy released
into the vessel, and the pressure inside the vessel begins to rise. As
the temperature of the cooling water continues to rise, the PCS
heat removal power gradually decreases. After approximately
70 000 s, due to the occurrence of periodic gas-liquid two-phase
flow in the heat pipe section of the PCS circuit, the heat removal
power also shows periodic fluctuations. Meanwhile, the internal
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removal capability of the PCS, which can effectively ensure the
integrity of the containment under accident conditions.

5.2.2. Coupling characteristics of PCS and temperature and hydrogen
distribution

Based on the PANGU experimental facility, further research was
conducted on the coupling characteristics of PCS and the tempera-
ture and hydrogen distribution inside the containment. The typical
severe accident conditions studied in the experiment include
LBLOCA, SBO, among others. A systematic analysis was conducted
on the temperature distribution characteristics and hydrogen dis-
tribution characteristics in the large space of the containment ves-
sel under the influence of PCS.

Under the conditions of a severe accident initiated by LBLOCA,
the temperature variation inside the containment is shown in
Fig. 18. It is evident that the high-momentum jet effect results in
uniform temperature distribution within the containment simula-
tor during the pressurization phase (0-2240 s). However, during
the depressurization phase (2240-6630 s), the heat removal effect
of the PCS has a more significant impact on the temperature
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distribution inside the containment. The temperature of the gas in
the region where the heat exchanger is located and the region
below it decreases relatively quickly, while the temperature of
the gas in the space above the internal heat exchanger (mainly
the upper region) decreases more slowly due to the lack of suffi-
cient cooling sources. Eventually, a temperature stratification phe-
nomenon begins to form in the vertical direction within the
containment, with the stratification interface established near
the heat exchanger. The temperature difference between the upper
region and the middle region reaches a maximum of approxi-
mately 5 °C. Until 10 000 s, under the continuous diffusion of
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multi-component gases, the temperature difference between the
upper region and the compartment region is less than 2 °C.

Under the condition of severe accident initiated by LBLOCA,
after the release of helium (1800-6000 s), the distribution pattern
of helium concentration within the containment simulator is
shown in Fig. 19. During the helium release phase, due to the tem-
perature and density stratification phenomenon induced by the
PCS in the space above the operating platform, the gas density dif-
ference in the middle region will inhibit the migration of helium to
the top space of the containment simulator. This will lead to the
accumulation of helium in the middle region of the containment
simulator, thus causing the helium concentration in the middle
region to rise first. The experimental results indicate that continu-
ous operation of the PCS will significantly alter the migration and
distribution characteristics of helium.

Driven by the continuous diffusion of gas and natural convec-
tion near the heat exchanger, the temperature stratification and
density stratification in the vertical direction will gradually
weaken, and the helium concentration in the lower region, upper
region, and top of the middle region will increase sequentially.
After 20 000 s, the helium concentration throughout the vessel
has reached a relatively uniform state. During this stage, due to
the presence of condensed water in the lower head region, the con-
densation of steam leads to the accumulation of helium in the
lower region, with the helium concentration being significantly
higher than in other regions.

6. Conclusions

The passive containment heat removal system is a key compo-
nent of the “active + passive” design concept of the HPR1000.
Detailed research has been conducted on this innovative passive
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system through theoretical analysis, numerical simulation, and
experiments. The main conclusions are as follows.

(1) The PCS of HPR1000 adopts a passive containment heat
removal system consisting of an open low-pressure natural circu-
lation system composed of internal high efficiency heat exchang-
ers, external cooling water tanks, cold sections, and hot sections.
With the advantages of simple structure and strong heat removal
capacity, it has been applied to the new generation of nuclear
power plant units in China.

(2) Steam condensation in the presence of non-condensable
gases outside the tube is one of the key physical phenomena
restricting the heat removal capability of the PCS. Through exten-
sive experiments and combined with the experimental data pub-
lished by different scholars, a widely applicable and highly
accurate empirical correlation for the condensation heat transfer
coefficient in the presence of a large amount of non-condensable
gases outside a single tube was obtained. Moreover, the influence
mechanism of key parameters such as thermal parameters and
bundle arrangement on the heat transfer characteristics outside
the tube was comprehensively obtained.

(3) The flow behavior of low-pressure open natural circulation
systems is relatively complex and prone to flow instabilities
induced by flashing and boiling. The boundary conditions of natu-
ral circulation flow instability are obtained through experiments,
and the flow instability of the system can be effectively controlled
by adjusting the height difference between the internal heat
exchanger and the heat exchange tank. Through the validation of
comprehensive experiments, the heat removal power of the sys-
tem can meet the design requirements.

(4) The PCS of HPR1000 has a strong heat removal capability.
When coupling the thermal hydraulic behavior within a large-
scale space of the containment vessel, the system can still effec-
tively remove heat and control the pressure inside the contain-
ment within the design requirements.

(5) Continuous operation of the PCS system will significantly
alter the temperature distribution characteristics of the gas inside
the containment. Especially during the depressurization phase,
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continuous operation of the PCS will cause a temperature stratifi-
cation phenomenon in the vertical direction inside the contain-
ment. This temperature stratification will also to some extent
suppress the migration of hydrogen gas to the top space of the con-
tainment vessel.

For the design of future PCS, we will continue to improve the
system’s heat removal power from aspects such as external con-
densation enhanced heat transfer, natural circulation capability,
and heat exchanger layout. The purpose is to enable the PCS to
cope with more severe accident conditions. Moreover, we will con-
tinue to reduce system costs and improve economy through overall
system optimization design, which requires more system level
experiments.
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