
lable at ScienceDirect

Nuclear Engineering and Technology 54 (2022) 1851e1859
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original Article
Experiment investigation on flow characteristics of open natural
circulation system

Xiangjie Qi a, Zichen Zhao b, Peng Ai a, Peng Chen b, Zhongning Sun a, Zhaoming Meng a, *

a Harbin Engineering University, Harbin, 150001, China
b China Nuclear Power Technology Research Institute Co., Ltd, Shenzhen, 518031, China
a r t i c l e i n f o

Article history:
Received 24 August 2021
Received in revised form
10 November 2021
Accepted 13 November 2021
Available online 17 November 2021

Keywords:
Open natural circulation
Flashing
Boiling eruption
Flow characteristics
Unstable area distribution
* Corresponding author.
E-mail address: mengzhaoming@hrbeu.edu.cn (Z.

https://doi.org/10.1016/j.net.2021.11.012
1738-5733/© 2021 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

Experimental research on flow characteristics of open natural circulation system was performed, to
figure out the mechanism of the open natural circulation behaviors. The influence factors, such as the
heating power, the inlet subcooled and the level of cooling tank on the flow characteristics of the system
were examined. It was shown that within the scope of the experimental conditions, there are five flow
types: single-phase stable flow, flash and geyser coexisting unstable flow, flash stable flow, flash unstable
flow, and flash and boiling coexisting unstable flow. The geyser flow in flash and geyser coexisting un-
stable flow is different from classic geysers flow. The flow oscillation period and amplitude of the former
are more regular, is a newly discovered flow pattern. By drawing the flow instability boundary diagram
and sorting out the flow types, it is found that the two-phase unstable flow is mainly characterized by
boiling and flash, which determine the behavior of open natural circulation respectively or jointly.
Moreover, compared with full liquid level system, non-full liquid level system is more prone to boiling
phenomenon, and the range of heat flux density and undercooling degree corresponding to unstable
flow is larger.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The natural circulation system has been widely applied in the
nuclear power industry due to its simple structure and passive
safety. In the passive containment cooling system (PCCS) of the
third-generation nuclear power plant, natural circulation is usually
used as an effectiveway to remove the heat within the containment
after the accident, to prevent the containment from overheating
and overpressure. However, some studies have shown that two-
phase instability flow may occur during the operation of a natural
circulation system, which usually cause unnecessary damage to the
system, including mechanical vibration of the components, and
even boiling crisis [1,2]. The normal operation of the PCCS must be
based on a stable natural circulation flow, and try to avoid the
occurrence of unstable flow. Therefore, the in-depth study of the
natural circulation flow characteristics is of great significance to the
design and operation of the natural circulation heat exchange
system.

Since the 1960s, with the development of boiling water reactors,
Meng).

by Elsevier Korea LLC. This is an
early studies on two-phase natural circulation were focused on
flow instabilities. Jain [3] examined the hydrodynamic instability of
the natural-circulation boiling water loop in a wide pressure range.
They found several different flow patterns by changing the geom-
etry of the experimental section and the experimental pressure.
Afterwards, the influence of system parameters on unstable flow
was discussed and compared with the theoretical results reported
in the literature. They provided a lot of experimental data, but did
not define the flow instability phenomena and analyze the mech-
anism of their generation. Boure [2] et al. systematically explained
the mechanism of two-phase flow instability, by summarizing
previous research results and fully taking into account the influ-
ence of system geometric structure parameters and thermal
boundary parameter effects. Flow instability was divided into two
categories, one is static flow instability, and the other is dynamic
flow instability. However, most of these conclusions are based on
the studies of forced circulation. For natural circulation systems
with strong parameter coupling, whether the above conclusions are
applicable, and whether there are new flow instability phenomena
andmechanisms of action, has so far received widespread attention
in the industry. Aritomi and Chiang [4e6] studied the transient
characteristics of natural circulation from 1992 to 1999. The
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instability experienced during the start-up process of boiling water
reactors was classified into three categories: geyser instability
caused by condensation, natural circulation instability caused by
hydrostatic head pulsation and density wave instability. In addition,
the influence of heating power, inlet subcooled, adiabatic riser
height and pressure on the flow instability of geysers in natural
circulation and forced circulation was comparatively analyzed.
However, only the geyser flow phenomenon has been analyzed in
detail, and there is a lack of explanation and discussion on other
unstable flow phenomena. In the 21st century, with the develop-
ment and wide application of advanced nuclear energy technology,
more experimental and theoretical studies have been carried out
on the natural circulation system used in nuclear power plants.
Yang [7] et al. conducted experimental research on the passive
waste heat export system of CANDU reactor. They found that with
the gradual increase of heating power, four flow modes of stable
single-phase flow, intermittent flash flow oscillation, sinusoidal
flash flow oscillation and stable flash flow appeared successively in
the system. And the period of the intermittent flash flow oscillation
is approximately 1.5 times of the time that the fluid passes through
the ascending pipeline. Therefore, it is considered that the inter-
mittent flash flow oscillation belongs to the first type of density
wave instability. However, due to the narrow experimental range of
the system or the limitation of experimental equipment, there are
few types of two-phase unstable flows found in the experiment.
Yan [8] et al. studied the flow instability phenomenon of open
natural circulation, taking the passive containment heat removal
system (PCS) of Hualong-1 nuclear power plant as the research
background. With the increase of heating power, the system had
multiple unstable flowmodes, such as geyser flow, flash flow, flash-
boiling combined flow, and boiling flow. The flow drift and insta-
bility in open natural circulation systemwere analyzed bymeans of
theoretical analysis. Although the phenomena and characteristics
of different flowmodes were described inmore detail, there was no
systematic explanation of the mechanism of flow modes trans-
formation with power. Moreover, the parameter range of each flow
instability was not given, and the analysis of the flow pattern
transition boundary was missing.

At present, there have been many researches on natural circu-
lation systems, and more comprehensive understanding of the
starting characteristics, the flow instability and the generation
mechanism of natural circulation systems has been obtained
[9e13]. However, due to the different application backgrounds of
natural circulation systems, their structures and operating param-
eters are different, which in turn makes the flow characteristics of
different systems are also different. For example, HOU Xiaofan et al.
[9] has carried on the experiment and analysis research to the open
natural circulation loop. Experimental result showed six different
flow modes occur in the loop. There into the mode of steady
flashing flow is newly discovered, and it cannot be formed spon-
taneously in their experiment. However, in our paper, several
spontaneous and stable flash flows occur in the experiment. And
for some natural circulation systems, when the exit position of the
rising section is higher than the liquid level in the system's cold
source (cooling tank), the system will require greater driving force
to achieve natural circulation. This is an important factor that af-
fects the type of flow, and none of the studies mentioned above
consider this. This situation may exist in the passive cooling system
at the end of the accident, so it is necessary to study its flow
characteristics.

In China, researchers have proposed a passive cooling system
based on open heat pipes for residual heat discharge from the
containment vessel. In this study, experiments on flow character-
istics of natural circulation in an open loop which based on the
above system scheme were conducted. The influence of the inlet
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subcooled, the heating power and whether the cooling tank liquid
level overflows the outlet of the rising section on the flow state is
investigated, and the flow phenomena and mechanisms of the
system are analyzed. Finally, the natural circulation patterns
generated by the experiment are classified, and the flow instability
boundary map is drawn.

2. Experimental system and methods

2.1. Experimental system

The experimental device(Fig. 1) consists of the heating system,
the natural circulation loop and the data acquisition system, etc.

The heating system includes the steam boiler, the pressure
vessel, the drain tank. The high-temperature saturated steam pro-
duced by the boiler is injected into the vessel through the pipe
connected to the pressure vessel, so that the high-temperature and
high-pressure environment is generated in the vessel.

The natural circulation loop is composed of the heating section,
the riser, the downcomer, the horizontal section, the cooling tank.
The loop pipe and the header at both ends of the heating section are
wrapped by insulation material. The layout of the loop pipeline is
shown in Fig. 1b. There are three types of heating sections,
including a single heat transfer tube, three heat transfer tubes, and
seven heat transfer tubes. The heat transfer tubes are made of
stainless steel tubes, with the length of 1.4 m, outer diameter of
19.0 mm, and thickness of 2.0 mm. For the second heating section,
the heat transfer tubes are arranged in an equilateral triangle with a
spacing of 38 mm; For the third heating section, the heat transfer
tubes are arranged in a regular hexagon with a spacing of 38 mm.
And in order to distribute the flow evenly in each pipe, the central
pipe is blocked so that the fluid cannot flow through it. The
arrangement of tube bundles and their effect are shown in Fig. 2.
The height difference between the heating section and the cooling
tank is about 4.5 m. The cooling tank is connected to the atmo-
sphere through a steam discharge pipe, and the air space in the
cooling tank is always maintained at normal pressure. The cooling
water flows out from the high-level cooling tank and is heated by
saturated steam in the containment after entering the heating
section. Under the action of the driving force generated by the
difference in the density of the cold and hot fluids, the fluid flows
back to the cooling tank through the riser, where the outlet of the
riser in the cooling tank faces upward.

In order to observe the flow characteristics of fluid in the natural
circulation loop, temperature and pressure measuring points were
arranged at the inlet and outlet of the heating section and the riser
of the experimental device. The temperature signals are charac-
terized by first-grade T-type thermocouples; All the pressure sig-
nals are characterized by the dynamic pressure sensors with the
accuracy of 0.1; the flowrate of heating steam and the cooling water
are measured by the vortex flowmeter with the accuracy of 0.5 and
the mass flowmeter with the accuracy of 0.2, respectively. The
response status of each instrument is good, and the accuracy has
been specially calibrated. The experimental measurement signals
are collected and stored in real time through the NI data acquisition
system.

2.2. Methods

During the experiment, the cooling water in the cooling tank
was heated to the required temperature by a heater. After that, the
fluid is passed into the natural circulation loop, and the water
volume of the cooling tank is adjusted to make the liquid level
reach the predetermined position. The liquid level of the cooling
tank exists in two states: the liquid level is 20 cm higher than the



Fig. 1. Sketch map of the experimental loop. (1) steam boiler, (2) vortex flowmeter, (3) pressure vessel, (4) heating section, (5) drain tank, (6) mass flowmeter, (7) cooling tank, (8)
riser.

Fig. 2. Schematic diagram of heating section (multiple heat transfer tubes).
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outlet of the riser in the cooling tank, which is called the full liquid
level state; The liquid level is 7 cm lower than the outlet of the riser
in the cooling tank, which is called the non-full liquid level state.
The fluid flowing through the heating section is constantly heated
by the high temperature gas (steam and air mixture gas) in the
pressure vessel. The steam is constantly condensed, and the
condensed water is collected by the drain tank below the pressure
vessel. The fluid circulates naturally under the drive of the density
difference between the cold and hot sections.

In the pressure vessel, high temperature steam is continuously
provided by the boiler to maintain a certain temperature and
pressure environment, and the pressure is maintained within the
range of 0.25e0.6 MPa. When the temperature and pressure reach
the target value and remain stable, the temperature, pressure and
natural circulation flow changes of each measuring point of the
system are collected in real time under this condition. The heating
power of the system is adjusted by different temperature and
pressure environment in the pressure vessel and changing the heat
exchange area by replacing the heating section.

The heating power can be calculated by the enthalpy drop of the
steam eventually condensed outside the heating section:

Q ¼Msðhs �hlÞ (1)

where Ms is the heating steam flowrate recorded by the vortex
flowmeter, hs represents the steam specific enthalpy under tem-
perature and pressure in the pressure vessel, and hl represents the
specific enthalpy of condensed water under corresponding
conditions.

The Nsub represents the degree of subcooled at the inlet of the
heating section, which can be expressed by the following formula:
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Nsub ¼
ðhf � hinÞðvg � vf Þ

vf hfg
(2)

where hf is the saturated water enthalpy at the pressure of heating
section inlet, hin represents the actual water enthalpy at the inlet of
the heating section, vg is the specific volume of saturated steam at
the pressure of heating section inlet, vf is the specific volume of
saturated water at the pressure of heating section inlet, and hfg
represents latent heat of vaporization at the inlet of the heating
section.
3. Results and discussion

3.1. Flow unstable boundary

In the whole range of experimental conditions, there are five
types of flow: single-phase stable flow, flash and geyser coexisting
unstable flow, flash unstable flow, flash stable flow, flash and
boiling coexisting unstable flow. The flow modes of the full level
and non-full level systems are different throughout the experi-
mental range.

Fig. 3 shows the flow instability boundary diagram of the system
divided by heat flux density and degree of undercooling. The flow
characteristics of the full liquid level system can be divided into five
parts according to the flow types(Fig. 3a). Under the condition of
high subcooled (Nsub>40), single-phase stable flow occurs in the
system. In the case of low heat flux density (H < 10 Kw/m2) and the
Nsub between 25 and 40, the system produces the flash stable flow
with low natural circulation flow. With the increase of heat flow
density, the flow pattern of the system gradually changes to flash
unstable flow. Under the condition of low subcooled degree
(Nsub<30), with the increase of heat flux density, the cooling water
in the heating section will boil, and the high temperature fluid will
flash in the riser, resulting in the flash and boiling coexisting un-
stable flow state. When the heat flux density increases to the range
of 30e60 kW/m2, the circuit flash is intense and frequent, which
makes the flow of the cooling water circuit increase and the boiling
Fig. 3. Flow instability distribution.(a)full
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phenomenon stops. At this time, the system generates the stable
flash flow with high natural circulation flow will occur in the sys-
tem. When the heat flux density is higher than 60 kW/m2, the
higher heat flux density will produce boiling phenomenon in the
heating section, and the system will be in the unstable flow of
boiling and flash coexistence again.

The flow characteristics of non-full level system can be divided
into three parts according to the flow types(Fig. 3b). Under the
condition of low heat flux or high heat flux and high degree of
undercooling, flash and geyser coexisting unstable flow occurs in
the system. With the decrease of the degree of subcooled and the
increase of the heat flux density, the flow state of boiling and flash
coexists in the system. Under the condition of low degree of sub-
cooled, and the heat flux density is in the range of 30e50 kW/m2,
flash stable flow with high natural circulation flow appears in the
system. By comparing the flow instability boundary diagram of the
full level system with that of the non-full level system under the
same conditions, it is found that the flow instability region of the
non-full level system covers a larger range. And because it is more
difficult to establish natural circulation at the non-full level, boiling
is more likely to occur in the heating section.
3.2. Flow characteristics of full level system

3.2.1. Single-phase stable flow
Under high subcooled conditions, the natural circulation system

is in a single-phase flow state. Fig. 4 shows the parameter evolu-
tions of single-phase stable flow. In the figure, T1, T2, T3 and T4 are
the fluid temperatures at the measured points, while ts_2, ts_3 and
ts_4 are the saturation temperatures at corresponding positions
(T2- ts_2, T3- ts_3, T4- ts_4). The pressure at T3 (or T4) location is
obtained by the value of P2 and the static pressure difference be-
tween T3 (or T4) location and T2 location. It can be seen that the
circulating flow rate is stable at 130 g/s. The outlet temperature T2
of fluid and the temperature T3 and T4 of the riser have not reached
the local saturation temperature, so there is no two-phase flow in
the loop.
level system (b) non-full level system



Fig. 4. Parameter evolutions of single-phase stable flow.

Fig. 5. Parameter evolutions of flash stable flow.
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3.2.2. Flash stable flow
When the circulating fluid has a high temperature, continuous

or weak flash occurs due to the decrease of static pressure during
the flow process in the riser, and the fluid flow in the circulation
loop remains stable is called flash stable flow. When the heat flux
density is low, weaker flashing occurs in the riser; when the heat
flux density is higher, stronger flashing occurs continuously in the
riser.

Fig. 5 shows the parameter evolutions of flash stable flow. Fig. 6
shows the diagram of experimental phenomena of flash stable flow.
It can be seen that the circulating flow is relatively stable, and the
water temperature T2 at the outlet of heating section does not reach
the local saturation temperature ts_2, so it can be judged that there
is no boiling phenomenon in the heat transfer tube.

According to Fig. 5a, the water temperature at the outlet of the
rising section (¼T4) is slightly higher than the saturation temper-
ature at this position (100.5). It can be seen that flash occurred in
the riser(Fig. 6a), but the degree of flash is weak, which has little
influence on the natural circulation flow, and the natural circulation
flow is maintained at 40 g/s. According to Fig. 5b, both temperature
T3 and temperature T4 in the rising stage are higher than their
corresponding saturation temperatures ts_3 and ts_4, indicating that
strong flash occurs in the rising stage, and the fluid is in an over-
heated state when flash occurs. Due to the high temperature and
pressure parameters in the pressure vessel, the circulating fluid
absorbs a large amount of heat and forms a continuous flash pro-
cess in the loop(Fig. 6b). Therefore, the circulating flow in the loop
is relatively stable and maintains around 950 g/s. However,
compared with the weak flash, the stable circulating flow rate still
has a certain low amplitude fluctuation.
Fig. 6. Diagram of experimental phenomena of flash stable flow.
3.2.3. Flash unstable flow
Under the condition of high heat flux density and degree of

subcooled, the fluid will flash in the riser due to the decrease of
static pressure, which leads to the periodic fluctuation of cooling
water flow in the circulation loop. This phenomenon is called flash
unstable flow.

Fig. 7 shows the parameter evolutions of flash unsteady flow.
Fig. 8 shows the diagram of experimental phenomena of flash un-
steady flow. According to the characteristics of the periodic fluc-
tuation of natural circulation flow, it can be divided into three
stages: (a) incubation period, (b) flash period and (c) recovery
period. During incubation period, the loop is mainly in a single-
phase natural circulation state. At this time, the flow rate of
1855



Fig. 7. Parameter evolutions of flash unsteady flow.

Fig. 8. Diagram of experimental phenomena of flash unsteady flow.

Fig. 9. Parameter evolutions of flash and boiling coexisting unstable flow (full level).

X. Qi, Z. Zhao, P. Ai et al. Nuclear Engineering and Technology 54 (2022) 1851e1859
natural circulation is low, and the fluid temperature in the riser
gradually increases, until at a certain point in the riser, the fluid first
reaches the local saturation temperature and flashes, and the nat-
ural circulation enters the flash period (Fig. 8a). The emergence of
flash in the riser increases the share of cavitation in the loop, and
the flow potential head and local saturation temperature before the
initial position of flash decrease accordingly. As a result, more fluid
flashes due to reaching the local saturation temperature. The initial
position of flash moves down, and the two-phase fluid in the loop
increases rapidly(Fig. 8b). The emergence and development of flash
leads to the rapid increase of natural circulation driving force and
the circulation flow. However, the increase of mass flowwill cause a
mismatch between the heat taken away by the natural circulation
system and the heat provided by steam condensation. Therefore,
the temperature of the fluid at the outlet of the heating sectionwill
decrease, and the local saturation temperature cannot be reached
even in the riser. The flash evaporation phenomenonwill gradually
stop, and the natural circulation will enter the recovery
period(Fig. 8c).

3.2.4. Flash and boiling coexisting unstable flow (full level)
Under the condition of high heat flux density and low inlet

subcooled of cooling water, the unsteady flow of boiling and flash
coexists easily in the circulating loop. In this process, boiling and
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flash affect the flow state of the loop together, and at the same time
boiling and flash affect each other [8]. The generation of boiling
makes the mass content of steam in the riser increase relatively. In
addition, the flow fluctuation generated will cause the oscillation of
fluid temperature and pressure, which will interrupt the flash and
prevent the flash from appearing and developing in a large range of
time and space. The emergence of flash also inhibits boiling. When
flash occurs, the increase of driving pressure head leads to a higher
average flow rate. The larger the flow rate, the more difficult the
boiling phenomenon is to occur.

Fig. 9 shows the parameter evolutions of flash and boiling
coexisting unstable flow. Fig. 10 shows the diagram of experimental
phenomena of flash and boiling coexisting unstable flow. According
to the characteristics of periodic fluctuation of natural circulation
flow, it can be divided into (a) incubation period, (b) boiling period,
(c) strong flash period and (d) recovery period. In the whole cycle,
the T4 in the riser is higher than the local saturation temperature
ts_4, and there is always flash in the riser(Fig. 10a). In the incubation
period, the loop is in a low-speed flow state, and the temperature of
the fluid in the heating section and the rising section gradually
increases. When the fluid in the heating section reaches the local
saturation temperature, the boiling phenomenon occurs, and the
system enters the boiling period(Fig.10b). The emergence of boiling
leads to the rise of pressure in the heating section and the circu-
lation flow dropped suddenly. At the same time, due to the
appearance of two phases, the natural circulation driving force
increases, and the natural circulation flow increases accordingly.
The high-temperature fluid flows upward in the riser, and with the
decrease of the hydrostatic pressure, the fluid in a certain part of
the riser first reaches the local saturation temperature and strong
flash occurs, and then enters the strong flash period(Fig. 10c). With
the initial position of flash moving down, the two phases in the
loop increase rapidly, and the circulation flow also increases
rapidly. Due to the increase of the natural circulation flow, the
temperature of the fluid in the heat transfer tube is reduced, boiling
stops and flash is weakened. The natural circulation flow also drops
rapidly and enters the recovery period(Fig. 10d).

3.3. Flow characteristics of non-full level system

3.3.1. Flash and geyser coexisting unstable flow
Boiling occurs in the heat transfer tube, but the bubbles gener-

ated are condensed by the cooling water in the loop, thus causing
periodic oscillations in the circulating flow. This phenomenon is



Fig. 10. Diagram of experimental phenomena of flash and boiling coexisting unstable flow (full level).
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called geyser flow. The generation of geysers is closely related to
subcooled boiling. In non-full level systems, flash is accompanied
by geysers, resulting in unstable flows of flash and geyser coexis-
tence. The phenomenon is found under the condition of low heat
flux density and high subcooled degree at non-full liquid level
system.

Fig. 11 shows the parameter evolutions of flash and geyser
coexisting unstable flow. Fig.12 shows the diagram of experimental
phenomena of geyser flow. According to the characteristics of
Fig. 11. Parameter evolutions of flash and geyser coexisting unstable flow.
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periodic fluctuation of natural circulation flow, it can be divided
into (a) geyser period and (b) flash period. In the (a) geyser period,
it can be seen that the flow oscillation period and amplitude in this
state are relatively regular, which is different from the classical
geyser flow with irregular low-amplitude oscillation. The water
temperature T2 at the outlet of the heat transfer pipe is lower than
the local saturation temperature ts_2, and the water temperature T3
and T4 at the riser are also lower than the local saturation tem-
perature ts_3 and ts_4. The measured values of T4 and P2 are used to
estimate the mass void fraction at the exit of the riser, and the cross
section void fraction is always zero. Therefore, no flash in the riser
occurred at this stage. Because the outlet of riser is higher than the
fluid level of the cooling tank and the heat flux density is low, it is
difficult for the driving force in the loop to overcome the resistance
and form a natural circulation in the single-phase phase, so the
fluid is in a static state (the natural circulation flow rate is zero as
shown in Fig. 12a). With the continuous warming of the fluid in the
heat transfer tube, eventually lead to fluid boiling and
bubbles(Fig. 12b). The appearance of bubbles will result in a sudden
increase in the driving force in the loop, and the natural circulation
flow will increase accordingly. However, the increase of natural
circulation flow makes the boiling in the heat transfer tube disap-
pear, coupled with the condensation and annihilation of bubbles in
the loop, the driving force decreases again, and the circulation flow
decreases accordingly(Fig.12b). Under the action of inertia, the flow
of the loop generated several small oscillations, and the reverse
flow occurred, and then the flow returned to zero. Until the heat
transfer tube again produced two phases, the formation of the next
geyser flow phenomenon. The water temperature in the riser rises



Fig. 12. Diagram of experimental phenomena of flash and geyser coexisting unstable flow.

Fig. 13. Parameter evolutions induced by boiling and flashing (non-full level).
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gradually with the generation of the geyser. When the water
temperature reaches the local saturation temperature somewhere
in the rising section, flash evaporation occurs in the rising tube.
Then the system enters the flash phase(Fig. 12c). With the gener-
ation of the flash, the two phases in the loop increase rapidly, and
the circulation flow also increases rapidly. Due to the increase of the
natural circulation flow, the temperature of the fluid in the heat
transfer tube is reduced and flash stops. Then the loop enters the
geyser phase again, and so on.

3.3.2. Flash and boiling coexisting unstable flow (non-full level)
The unsteady flow characteristics of boiling and flash coexisting

in non-full liquid level system are different from those in full liquid
level system, and the fluctuation forms of natural circulation flow
include short period of lowwave peak and long period of highwave
peak. Fig. 13 shows parameter evolutions induced by boiling and
flashing. According to the characteristics of periodic fluctuation of
natural circulation flow, it can be divided into (a) intermittent
boiling period, (b) flash period and (c) recovery period. Because the
liquid level in the cooling tank is lower than the outlet of the riser,
when the fluid in the loop is in a single phase, the driving force is
difficult to overcome the resistance of the loop, and the natural
circulation flow is zero at this time. As the fluid in the heat transfer
tube continues to rise in temperature until boiling occurs, the
circulating flow presents periodic fluctuations, and intermittent
boiling occurs at this stage. Under the similar degree of
1858
undercooling, the period of flash(G in Fig. 11) in this stage will
gradually become shorter until it disappears with the increase of
heat flux density. More information about cycle changes can be
found in Table 1. Each flow fluctuation will increase the tempera-
ture of the water in the pipe between the outlet of the heating



Table 1
Statistical table of flow fluctuation cycle under flash and boiling coexisting unstable flow.

Number heat flux density Nsub Number of boiling times in one cycle Boiling cycle t Flash cycle G

1 0.96 33.0 12 34 495
2 50 30.3 10 17 231
3 91.9 31.6 5 27 193
4 21.2 26.9 3 27 131
5 45.3 26.6 1 e 60
6 72.7 28.5 1 e 59
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section and the riser. When the water temperature in the riser
approaches the local saturation temperature, with the occurrence
of intermittent boiling, flash occurs in the rising section and enters
the flash period, and the natural circulation flow further increases.
The increase of the natural circulation flow leads to the decrease of
the temperature of the fluid in the heat transfer tube, the boiling
stops, the weakening of the flash and the rapid decline of the
natural circulation flow, entering the recovery period.

Under the condition of high heat flux density and low inlet
subcooled, continuous flash occurs in the ascending section, flash
stable flow occurs in the system, and the fluid maintains a natural
circulation with high flow rate. The flash of non-full level system is
a stable flow phenomenon and its mechanism is the same as that of
full level system, so it is not repeated.

4. Conclusions

The flow characteristics of the open natural circulation system
were studied experimentally under the temperature of cooling
water inlet from 80 to 99.5 �C, and the flow characteristics of the
system were analyzed under two different arrangement modes of
cooling tank level at the relative position of the riser outlet. And the
conclusions are as follows:

- Within the scope of the experiment, single-phase stable flow,
flash stable flow (high flow rate and low flow rate), flash un-
stable flow, boiling and flash coexist occurs in the system with
full liquid level of the cooling tank. Flash and geyser coexisting
unstable flow, flash stable flow (high flow rate), flash and boiling
coexisting unstable flow occurs in the non-full level system of
the cooling tank.

- Flash and geyser coexisting unstable flow occurs in non-full
liquid level system. In this state, the geyser flow oscillation
period and amplitude are relatively regular, which is different
from the classical geyser flow with irregular low-amplitude
oscillation. It is a newly discovered flow pattern.

- By comprehensively comparing the experimental results and
the calculation results, it is found that the two-phase unstable
flow is mainly characterized by boiling and flash, which deter-
mine the behavior of open natural circulation respectively or
jointly.

- The unsteady flow boundary of the system is given. Compared
with the full liquid level system, the non-full liquid level system
is more prone to boiling phenomenon, and the range of heat flux
density and the inlet subcooled corresponding to the occurrence
of unstable flow are larger.
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