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Abstract: Countercurrent flow limitation (CCFL) refers to an important class of gravity-induced
hydrodynamic processes that impose a serious restriction on the operation of gas–liquid two-phase
systems. In a nuclear power plant, CCFL may occur in the liquid level measurement system where
an orifice is applied in the pipeline, which may introduce error into the level measurement system.
CCFL can occur in horizontal, vertical, inclined, and even much more complicated geometric patterns,
and the hot-leg channel flow passage has been widely investigated; however, a pipeline with variable
cross-sections, including an orifice, has not yet been investigated. An experimental investigation has
been conducted in order to identify the phenomenon, pattern, and mechanism of CCFL onset in this
type of geometry. Both visual and quantified experiments were carried out. A high-speed camera
was applied to capture the flow pattern. Visual experiments were implemented at atmospheric
pressure, while quantified pressurizer experiments were implemented at higher pressures. It was
determined that if the condensate drainage is low and the liquid level is also low, with a stable
stratified flow upstream of the orifice, there is no oscillation of the differential pressure. However, at
higher condensate drainage levels, when the liquid level increases, a stratified wavy flow occurs. One
of these waves can suddenly rise upstream of the orifice to choke it, which subsequently gives rise
to differential pressure across the orifice, with periodic variation. This pattern alternately features
stratified flow, stratified wavy flow, and slug flow, which indicates the occurrence of CCFL. The CCFL
occurring under these experimental conditions can be expressed as a Wallis type correlation, where
the coefficients m and C are 0.682 and 0.601, respectively.

Keywords: countercurrent flow limitation; orifice; mechanism; condensation; visualization; experiment

1. Introduction

Gas–liquid two-phase countercurrent flow occurs widely in practical applications
of industrial systems such as nuclear reactors, steam generators, oil and gas pipelines,
refrigeration equipment, reflux condensers, packed columns, heat pipes, etc. If the liquid
and gas are flowing in opposite directions, the flow is called countercurrent flow (CCF).
For a certain range of gas and liquid flow rates, the countercurrent flow is stratified flow. If
the gas flow rate increases to a certain value, the liquid flow is stopped and is subsequently
taken over by the gas, partially or completely flowing in the opposite direction. This
phenomenon is known as countercurrent flow limitation (CCFL), or the onset of flooding.

In nuclear power plants, it is necessary to accurately measure and control the liquid
level of the pressurizer. The pressurizer’s measurement system is shown in Figure 1. One
port of the liquid level measuring device (MN) is connected to the liquid domain in the
pressurizer, and the measured pressure is P1. The other port is connected to the condenser
(C), and the measured pressure is P2. The condenser is connected to the steam space of
the pressurizer via the orifice (A), valve (B), and the connection pipelines. The measured
pressures P1 and P2 are then calculated to obtain the liquid level in the pressurizer. The
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accuracy of the pressurizer liquid level measurement should be guaranteed, both in the
steady and transient states.
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CCFL refers to an important class of gravity-induced hydrodynamic processes that 
impose a serious restriction on the operation of gas–liquid two-phase systems. Some ex-
amples in which CCFL determines what we can and cannot be done include the following: 
(a) the “reflux” phenomenon in vertically oriented condenser channels with bottom-up 
vapor flow, and (b) the emergency coolant injection into nuclear reactor cores following 
accidents inducing a loss of coolant [1]. 

The Wallis correlation is the most widely used method of evaluation, and it can be 
written as [2]: 
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Figure 1. Pressurizer liquid level measurement system.

The orifice is applied to prevent the measurement system from overpressurizing
during an accident. Its details are shown in Figure 2.
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ment, the water volume in the pressurizer is about 0.3 m3, or 300 kg. Thus, even though 
the condensate will drain out of the pressurizer with a flow rate of about 0.54 kg/h, this 
flow rate is still lower compared to that of the water in the pressurizer. The water level 
will drop very slowly, and the vapor generated in the pressurizer will continuously flow 
to the condenser. The pressure in the pressurizer was measured by a Rosemount type 
3051CD class 0.1 pressure transducer with a range from 0 to 5 bar. 

Before each experimental case, the whole system, including the pressurizer, the con-
denser, the pipeline, and the transducers, was filled with water until all the vent valves 
overflowed in order to remove the air. Then, all the air vent valves were closed, except for 
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crease the temperature of the water in the pressurizer. The valve on top of the pressurizer 
was opened to continuously vent the non-condensable air until the pressure in the pres-
surizer was a little higher than the atmospheric pressure. The water level of the pressur-
izer was then gradually decreased using a drainage valve. The temperatures of the vapor 
and the water in the pressurizer were measured with T-type thermocouples with an ac-
curacy of ±0.5 K. When the measured temperature is equal to the corresponding saturated 
temperature of the pressure in the pressurizer, it means that the air has been entirely 

Figure 2. Details of the orifice.

In the measurement process, the vapor condenses in the condenser, and the condensate
attempts to flow back to the pressurizer by gravity, while the vapor attempts to rise, leading
to a countercurrent flow configuration. The rising vapor can seriously reduce the rate of
liquid backflow, or even completely block it; thus, countercurrent flow limitation (CCFL)
occurs. Once CCFL happens in the liquid level measurement system, the condensate
drainage capacity is restricted, and a liquid column emerges in the pipeline between
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the orifice and the condenser, which may introduce error into the level measurement
system. Therefore, CCFL represents a major issue that must be considered in the design
and operation of the pressurizer liquid level measurement system.

CCFL refers to an important class of gravity-induced hydrodynamic processes that
impose a serious restriction on the operation of gas–liquid two-phase systems. Some
examples in which CCFL determines what we can and cannot be done include the following:
(a) the “reflux” phenomenon in vertically oriented condenser channels with bottom-up
vapor flow, and (b) the emergency coolant injection into nuclear reactor cores following
accidents inducing a loss of coolant [1].

The Wallis correlation is the most widely used method of evaluation, and it can be
written as [2]:

j∗1/2
G + mj∗1/2

L = C, (1)

where

j∗G =

√
ρG

∆ρgD
jG, (2)

j∗L =

√
ρL

∆ρgD
jL. (3)

The identification of the CCFL onset mechanism and the corresponding CCFL onset
correlation is the first important step in studying the CCFL phenomenon. Over several
decades, a number of researchers have carried out experimental and theoretical studies
considering two-phase countercurrent flow to explore the CCFL mechanism and CCFL char-
acteristics. The earliest work was performed by Wallis [2], which later became the reference
standard for many other researchers. Extensive relevant experiments have been conducted
using vertical channels, horizontal channels, inclined channels, and other complex channels,
including the PWR hot leg and the surge line.

Bankoff and Lee [3] reviewed the flooding studies using vertical and inclined channels.
They suggested that more experiments are needed to investigate the effect of the important
parameters. For vertical channels, horizontal channels, and inclined channels, a series of
experimental and theoretical studies have been performed to instigate the geometric and
the fluid properties effect of CCFL [4–12]. In particular, the possible occurrence of CCFL in
the hot leg of a PWR during SBLOCA or LOCA accidents is of special interest for nuclear
safety research; therefore, large numbers of experimental investigations and numerical
studies have been carried out on these topics in recent years [13–19].

Some researchers also conducted countercurrent flow experiments in a channel with
flow obstructions to evaluate the influence of the obstructions on CCFL [20–24]. Sun [20]
carried out two-phase countercurrent flow experiments in a BWR bundle model. He
obtained the CCFL data for vertical orifices, and empirical flooding correlations were
proposed based on these data. Murase et al. [21] also conducted CCFL experiments in the
test facility of a boiling system simulating a BWR core. Celata et al. [22] performed air–
water experiments with a transparent circular duct test section, inside which the orifices are
inserted, to test the effect of obstructions on the flooding phenomenon. The results indicated
that the obstruction advances the flooding phenomenon. Kawaji et al. [23] experimentally
investigated the countercurrent flooding in pipes containing multiple elbows and an
orifice. They found that the orifice placed in the horizontal section generally lowered
flooding gas velocities, with the greatest effect noted for the smallest orifice tested. Later,
Teyssedou et al. [24] presented experimental data regarding air–water countercurrent slug
flow in vertical-to-horizontal pipes containing orifice type obstructions to characterize
slug flow occurring due to the hydrodynamic interaction between an elbow and an orifice
located in a horizontal pipe. They stated that the position of the orifice does not affect the
onset of flooding and slugging.

It can be seen that the orifices or obstructions employed in previous experimental
investigations comprised constant diameters, and there are no CCFL experimental investi-
gations carried out in a channel with a variable cross-section orifice. The orifice employed
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in this study is used to prevent the measurement system from overpressurizing in the
event of an accident. Moreover, most of the studies regarding CCFL used air–water as test
fluids, whereas relatively fewer studies dealt with steam–water. Therefore, it is necessary
to investigate the effect of an orifice with variable cross-sections on steam–water CCFL in
the pressurizer liquid level measurement pipeline.

The pressurizer liquid level measurement pipeline consists of a condenser on the top,
a horizontal pipe between the valve and the condenser, the valve, an inclined pipe between
the valve and the orifice, the orifice, and the horizontal pipe between the orifice and the
pressurizer, as shown in Figure 1. The piping is complicated, particularly regarding the
diameter of the pipe, which is not constant due to the existence of the orifice, as shown in
Figure 2. The CCFL phenomenon has not yet been reported for this piping setup. The aim
of this paper is to investigate the steam–water CCFL phenomena, pattern, and mechanism
of the above-mentioned pressurizer liquid level measurement piping system.

2. Experimental Setup and Procedure

The experimental system consists of an oil heating system, a pressurizer, a standard
pipeline, a test pipeline, pressure difference transducers, and a condensate measuring
cylinder (Figure 3). The inner diameter of the stainless steel pressurizer is 600 mm, and
the height is 2400 mm, with a total volume of 0.68 m3. The height of the pressure tapping
point T-A is 1050 mm from the bottom of the pressurizer. The fluid in the pressurizer
was kept in a stable two-phase state using the oil heating system. The diameter of the
horizontal standard (S) pipeline is 20 mm. The geometry of the test pipeline is the same
as the prototype of the pressurizer liquid level measurement system shown in Figure 1.
The inner diameter of the pipe between the pressurizer and the orifice is 18.88 mm, and
the inner diameter between the orifice and the condenser is 23.9 mm. The orifice’s inner
diameter is 9.38 mm. The condenser is a tube, with one end connected to the test pipe, and
the other closed. The inner diameter of the condenser tube is 66.6 mm, and the length is
330 mm. The condenser was cooled by a fan on the outer surface. The experiment begins
when the water level in the pressurizer drops down in this location. At the beginning of
the experiment, the water volume in the pressurizer is about 0.3 m3, or 300 kg. Thus, even
though the condensate will drain out of the pressurizer with a flow rate of about 0.54 kg/h,
this flow rate is still lower compared to that of the water in the pressurizer. The water level
will drop very slowly, and the vapor generated in the pressurizer will continuously flow to
the condenser. The pressure in the pressurizer was measured by a Rosemount type 3051CD
class 0.1 pressure transducer with a range from 0 to 5 bar.

Before each experimental case, the whole system, including the pressurizer, the con-
denser, the pipeline, and the transducers, was filled with water until all the vent valves
overflowed in order to remove the air. Then, all the air vent valves were closed, except for
the one on the top of the pressurizer, and the oil heating system was switched on to increase
the temperature of the water in the pressurizer. The valve on top of the pressurizer was
opened to continuously vent the non-condensable air until the pressure in the pressurizer
was a little higher than the atmospheric pressure. The water level of the pressurizer was
then gradually decreased using a drainage valve. The temperatures of the vapor and the
water in the pressurizer were measured with T-type thermocouples with an accuracy of
±0.5 K. When the measured temperature is equal to the corresponding saturated tempera-
ture of the pressure in the pressurizer, it means that the air has been entirely vented; the
valve was then closed. Steam and water occupied the upper and the bottom regimes of
the pressurizer, respectively. The pressure of the whole system was kept higher than the
atmospheric pressure to avoid air leakage. There was also a vent valve on the highest point
of the condenser to exhaust the non-condensable gas, if necessary.
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Figure 3. Experimental system.

The schematic to identify any water accumulation in the test pipe and to determine
whether CCFL occurs is shown in Figure 4. The elevation of the condenser (T-C) is 96 mm
higher than the orifice (T-A). DPS indicates the pressure difference between the standard
pipeline (S) and the common pressure pipe, DPT indicates the pressure difference between
the test pipeline (T) and the common pressure pipe, and DPST indicates the pressure
difference between the standard pipeline and the test pipeline. The pressure difference of
DPT, DPS and DPST are evaluated using a Rosemount type 3051CD class 0.1 transducer.
Their measurement ranges are 0~20 kPa, 0~20 kPa, and 0~2 kPa, respectively.
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During the experiment, the condenser was cooled with a rotational speed-adjustable
fan. The air velocity outlet of the fan was measured with an anemoscope. The pressure
in the condenser decreased due to steam condensation. Steam flowed from the pressur-
izer to the condenser under the pressure difference. In contrast, the condensate flowed
countercurrently to the steam.

First, an orifice made of silica glass was applied to observe the countercurrent flow
pattern in the orifice and to investigate the mechanism of CCFL occurrence using a Phantom
V411 high-speed camera. At this period, the pressure in the pressurizer was 1.1 bar (a). As
shown in Figure 4, the standard pressure tapping tube S is a horizontal pipe with an inner
diameter of 16 mm. The height between the pressurizer level and the pressure difference
transducers is Hw, the height between the standard pressure tapping tube S is HS, and the
height between the condenser and the pressure difference transducers is HT , which is equal
to HS. The pressure difference of DPS can then be indicated as

∆PS = ρW,SgHS − ρW,CgHw (4)

where ρW,S and ρW,C are the water density in the standard pipeline and the common
pressure pipe, respectively. The pressure difference of DPT can be indicated as

∆PT = ρW,T gHT − ρW,CgHw − ρW,TABgHTAB (5)

where ρW,T is the water density in the test pipe, and ρW,TAB and HTAB are the water density
and the liquid column accumulated in the test pipe between points T-A and T-B. The tube
between the condenser and the pressure difference transducer DPT, and the tube between
S-B and DPS are close and are insulated together; as a result, ρW,S = ρW,T . Considering
HT = HS, The pressure difference DPST can be obtained from Equations (4) and (5)

∆PST = ρW,TABgHTAB (6)

From Equation (6), we find that if no CCFL occurs in the test pipe, HTAB = 0, ∆PST = 0,
and ∆PT = ∆PS. Whereas, if CCFL occurs in the test pipe, the condensate will accumulate
in the test pipe between point T-A and T-B, HTAB > 0, ∆PST > 0, and ∆PT > ∆PS. Thus,
whether or not CCFL occurs can be identified with the pressure differences.

Second, an orifice made of stainless steel was applied to quantitatively determine
the CCFL of the test pipeline in different operating conditions, i.e., the pressures in the
pressurizer were 1.1, 1.5, 2.0, 2.5, and 3.0 bar. The condensate drained from the test pipeline
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was measured with a specially designed measuring cylinder, shown in Figure 5. The
condensate from the condenser was drained to the receiver inside the pressurizer and
then to the measurement cylinder through the connection tube. Therefore, the condensate
drainage flow rate could be measured through the scale on the cylinder and/or a pressure
difference transducer attached to the cylinder. When the system was stable, the steam and
the condensate mass flows were identical.
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The instruments employed in this experiment are shown in Table 1. The types and
specifications of these instruments are also listed. In this experiment, the uncertainty of the
drainage mass flow rate mainly depends on the accuracy of the diameter of the measure-
ment cylinder, the saturated temperature, the water level difference in the measurement
cylinder, and the duration of the experiment. The maximum uncertainty of the drainage
mass flow rate in the experiments is 1.64%.

Table 1. Instruments for the experiment.

Item Instrument Type Specification

Pressure difference between the
standard pipeline and the

common pressure pipe, DPS
Pressure transducer Rosemount type 3051CD 0~20 kPa, 0.1%

measurement accuracy

Pressure difference between the
test pipeline and the common

pressure pipe, DPT
Pressure transducer Rosemount type 3051CD 0~20 kPa, 0.1%

measurement accuracy

Pressure difference between the
standard pipeline and the test

pipeline, DPST
Pressure transducer Rosemount type 3051CD 0~20 kPa, 0.1%

measurement accuracy

Saturated steam temperature Thermocouple T-type ±0.5 K measurement accuracy
Saturated water temperature Thermocouple T-type ±0.5 K measurement accuracy

Ambient temperature Thermocouple T-type ±0.5 K measurement accuracy
Water level of the

measurement cylinder Measurement cylinder - D = 35.4 mm, 1 mm
measurement accuracy
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3. Results and Discussion
3.1. Visualizations

During the visualization tests, vapor and condensate flowed countercurrently. The
flow rates of the liquid phase and the vapor phase were identical. The condensate drainage
increases as the fan air velocity increases up to about 1.8 m/s. The pressure difference
DPST showed no oscillation when the fan cooling air velocity was less than 1.8 m/s. The
cases recorded are listed in Table 2. For case 2 and 3, when the air velocities were 1.8 m/s,
the pressure difference DPST did not show any oscillation. However, for case 4, when
the air velocity was the same, the system experienced a transition process from stable to
oscillation. This means the condition of the system reaches a critical point when the air
velocity is 1.8 m/s. Under this condition, even an unperceivable disturbance of air velocity
or ambient temperature would cause the system to lose stability. When the air velocity was
higher than 1.8 m/s, oscillation always occurred quickly. The condensate drainage was
almost constant, even at a higher air velocity, once oscillation occurred.

Table 2. Visualization experiments.

Cases Fan Air Velocity Oscillation Drainage Mass Flowrate Ambient Temp.

m/s kg/h K

1 1.7 No 0.537 297.95
2 1.8 No 0.541 298.15
3 1.8 No 0.549 298.95
4 1.8 No-Yes 0.549 298.45
5 1.9 Yes 0.545 298.95
6 2.2 Yes 0.535 298.35
7 2.5 Yes 0.543 300.05
8 2.7 Yes 0.538 298.75
9 3.0 Yes 0.535 298.45

3.1.1. Stable Conditions

Taking case 1 as an example, during the experiment, the fan was switched on at
04:24:00, with an air velocity of 1.7 m/s. The ambient temperature was 297.95 K, and
the pressurizer pressure was 0.1 bar (g), whose corresponding saturated temperature was
376.35 K. The evolution of the differential pressure of DPST, DPS, and DPT is shown in
Figures 6 and 7. The condensate flow rate was measured by the volumetric cylinder at an
interval of 2 min. The liquid in the cylinder must be discharged after the cylinder is full, and
the average flow rate for each cylinder is then calculated. The liquid level in the pressurizer
gradually decreases, and the DPS and DPT continue to rise. The differential pressure DPST
is small, about 5 mm in the water column. There was no significant oscillation throughout
the experimental process, but the differential pressure decreased slightly and then increased
rapidly every 15 min or so.

The above-mentioned phenomena can be interpreted as follows. The condensate
generated in the condenser is quite small. Under the action of surface tension, a meniscus
surface may occur at the location T-B, where the horizontal pipeline changes to an inclined
position. Therefore, the liquid levels in the condenser and the horizontal pipeline will
gradually rise, and until gravity can overcome the capillary force, the condensate will flow
downward. Then, the condensate will gradually accumulate in the horizontal pipeline
again, repeating the next cycle. As a result, differential pressure DPT and DPST vary
periodically. Due to low condensate flow and the long pipeline, drainage of the pipeline
is not intermittent, but continuous, although the condensate flow from the condenser is
intermittent. It exhibits a stable stratified flow throughout the pipeline, including the orifice
(Figure 8). A total of 7 cylinders were measured in this case, and the average drainage
capacity was 0.537 kg/h.
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3.1.2. Unstable Conditions

Taking case 6 as an example, during the experiment, the fan was switched on at
15:31:00, with the air velocity of 2.2 m/s. The ambient temperature was 298.35 K, and
the pressurizer pressure was 0.1 bar (g), whose corresponding saturated temperature was
376.35 K. The evolution of the differential pressure of DPST, DPS, and DPT is shown in
Figures 9 and 10. The pressure difference DPS was stable, while the DPT oscillated with
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a positive value. This meant that the orifice was blocked with liquid condensate, and
flooding occurred.

Energies 2023, 16, 222 10 of 17 
 

 

position. Therefore, the liquid levels in the condenser and the horizontal pipeline will 
gradually rise, and until gravity can overcome the capillary force, the condensate will flow 
downward. Then, the condensate will gradually accumulate in the horizontal pipeline 
again, repeating the next cycle. As a result, differential pressure DPT and DPST vary pe-
riodically. Due to low condensate flow and the long pipeline, drainage of the pipeline is 
not intermittent, but continuous, although the condensate flow from the condenser is in-
termittent. It exhibits a stable stratified flow throughout the pipeline, including the orifice 
(Figure 8). A total of 7 cylinders were measured in this case, and the average drainage 
capacity was 0.537 kg/h. 

 
Figure 8. Countercurrent flow in the orifice. 

3.1.2. Unstable Conditions 
Taking case 6 as an example, during the experiment, the fan was switched on at 

15:31:00, with the air velocity of 2.2 m/s. The ambient temperature was 298.35 K, and the 
pressurizer pressure was 0.1 bar (g), whose corresponding saturated temperature was 
376.35 K. The evolution of the differential pressure of DPST, DPS, and DPT is shown in 
Figures 9 and 10. The pressure difference DPS was stable, while the DPT oscillated with a 
positive value. This meant that the orifice was blocked with liquid condensate, and flood-
ing occurred. 

 
Figure 9. DPS and DPT vs. time. Figure 9. DPS and DPT vs. time.

Energies 2023, 16, 222 11 of 17 
 

 

 
Figure 10. DPS and DPT vs. time. 

The differential pressure DPST, DPS, and DPT are stable until 15:51:42, and a smooth 
stratified flow occurs in the vicinity of the orifice (Figure 11). DPT and DPST fluctuated 
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waves can suddenly rise in the horizontal pipe upstream of the orifice (Figure 12) to form 
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Figure 10. DPS and DPT vs. time.

The differential pressure DPST, DPS, and DPT are stable until 15:51:42, and a smooth
stratified flow occurs in the vicinity of the orifice (Figure 11). DPT and DPST fluctuated
slightly from 15:51:42 until 16:00:07, when stratified wavy flow occurs, and one of these
waves can suddenly rise in the horizontal pipe upstream of the orifice (Figure 12) to form
a slug (Figures 13 and 14). If a slug forms, there is a sudden increase in pressure and a
calming of the liquid interface behind the slug. Liquid in the stratified flow is swept up,
and the liquid level in the whole pipeline drops (Figure 15). When the level builds up, the
whole cycle is repeated. The fan was turned off at 23:42:00, and fluctuations disappeared
around 1:02:00.



Energies 2023, 16, 222 11 of 16

Energies 2023, 16, 222 11 of 17 
 

 

 
Figure 10. DPS and DPT vs. time. 

The differential pressure DPST, DPS, and DPT are stable until 15:51:42, and a smooth 
stratified flow occurs in the vicinity of the orifice (Figure 11). DPT and DPST fluctuated 
slightly from 15:51:42 until 16:00:07, when stratified wavy flow occurs, and one of these 
waves can suddenly rise in the horizontal pipe upstream of the orifice (Figure 12) to form 
a slug (Figures 13 and 14). If a slug forms, there is a sudden increase in pressure and a 
calming of the liquid interface behind the slug. Liquid in the stratified flow is swept up, 
and the liquid level in the whole pipeline drops (Figure 15). When the level builds up, the 
whole cycle is repeated. The fan was turned off at 23:42:00, and fluctuations disappeared 
around 1:02:00. 

 
Figure 11. Smooth stratified flow upstream of the orifice. 

 

Figure 12. Stratified wavy flow upstream of the orifice. 

Figure 11. Smooth stratified flow upstream of the orifice.

Energies 2023, 16, 222 11 of 17 
 

 

 
Figure 10. DPS and DPT vs. time. 

The differential pressure DPST, DPS, and DPT are stable until 15:51:42, and a smooth 
stratified flow occurs in the vicinity of the orifice (Figure 11). DPT and DPST fluctuated 
slightly from 15:51:42 until 16:00:07, when stratified wavy flow occurs, and one of these 
waves can suddenly rise in the horizontal pipe upstream of the orifice (Figure 12) to form 
a slug (Figures 13 and 14). If a slug forms, there is a sudden increase in pressure and a 
calming of the liquid interface behind the slug. Liquid in the stratified flow is swept up, 
and the liquid level in the whole pipeline drops (Figure 15). When the level builds up, the 
whole cycle is repeated. The fan was turned off at 23:42:00, and fluctuations disappeared 
around 1:02:00. 

 
Figure 11. Smooth stratified flow upstream of the orifice. 

 

Figure 12. Stratified wavy flow upstream of the orifice. Figure 12. Stratified wavy flow upstream of the orifice.

Energies 2023, 16, 222 12 of 17 
 

 

 

Figure 13. Sudden rise of a wave upstream of the orifice. 

 

Figure 14. Slug flow upstream of the orifice. 

 

Figure 15. Smooth stratified flow upstream of the orifice. 

The mechanism can be explained by comparing the detailed flow pattern with the 
corresponding differential pressures. A cycle from 16:10:31 can be taken as an example. It 
shows that in a stratified flow, the differential pressure DPT is at its minimum, and the 
DPST is at its maximum, i.e., the pressure difference across the orifice is at its maximum 
levels (Figures 16 and 17a). The vapor flowrate is higher throughout the orifice, whereas 
the condensate drainage is lower, leading to an increase in DPT and a decrease in DPST, 
while DPS remians stable (Figures 16 and 17b). As the pressure difference across the ori-
fice decreases, the steam flowrate decreases, and the condensate drainage increases, which 
causes choking (Figure 17c) at the inlet of the orifice and subsequent stratified wavy flow 
(Figure 17d), followed by slug flow (Figure 17e). Meanwhile, the differential pressure DPT 
begins to decrease (Figures 16 and 17f) until it reaches its minimum levels, at which time, 
the stratified flow occurs (Figure 17g). The whole cycle is then repeated. 

Figure 13. Sudden rise of a wave upstream of the orifice.

Energies 2023, 16, 222 12 of 17 
 

 

 

Figure 13. Sudden rise of a wave upstream of the orifice. 

 

Figure 14. Slug flow upstream of the orifice. 

 

Figure 15. Smooth stratified flow upstream of the orifice. 

The mechanism can be explained by comparing the detailed flow pattern with the 
corresponding differential pressures. A cycle from 16:10:31 can be taken as an example. It 
shows that in a stratified flow, the differential pressure DPT is at its minimum, and the 
DPST is at its maximum, i.e., the pressure difference across the orifice is at its maximum 
levels (Figures 16 and 17a). The vapor flowrate is higher throughout the orifice, whereas 
the condensate drainage is lower, leading to an increase in DPT and a decrease in DPST, 
while DPS remians stable (Figures 16 and 17b). As the pressure difference across the ori-
fice decreases, the steam flowrate decreases, and the condensate drainage increases, which 
causes choking (Figure 17c) at the inlet of the orifice and subsequent stratified wavy flow 
(Figure 17d), followed by slug flow (Figure 17e). Meanwhile, the differential pressure DPT 
begins to decrease (Figures 16 and 17f) until it reaches its minimum levels, at which time, 
the stratified flow occurs (Figure 17g). The whole cycle is then repeated. 

Figure 14. Slug flow upstream of the orifice.



Energies 2023, 16, 222 12 of 16

Energies 2023, 16, 222 12 of 17 
 

 

 

Figure 13. Sudden rise of a wave upstream of the orifice. 

 

Figure 14. Slug flow upstream of the orifice. 

 

Figure 15. Smooth stratified flow upstream of the orifice. 

The mechanism can be explained by comparing the detailed flow pattern with the 
corresponding differential pressures. A cycle from 16:10:31 can be taken as an example. It 
shows that in a stratified flow, the differential pressure DPT is at its minimum, and the 
DPST is at its maximum, i.e., the pressure difference across the orifice is at its maximum 
levels (Figures 16 and 17a). The vapor flowrate is higher throughout the orifice, whereas 
the condensate drainage is lower, leading to an increase in DPT and a decrease in DPST, 
while DPS remians stable (Figures 16 and 17b). As the pressure difference across the ori-
fice decreases, the steam flowrate decreases, and the condensate drainage increases, which 
causes choking (Figure 17c) at the inlet of the orifice and subsequent stratified wavy flow 
(Figure 17d), followed by slug flow (Figure 17e). Meanwhile, the differential pressure DPT 
begins to decrease (Figures 16 and 17f) until it reaches its minimum levels, at which time, 
the stratified flow occurs (Figure 17g). The whole cycle is then repeated. 

Figure 15. Smooth stratified flow upstream of the orifice.

The mechanism can be explained by comparing the detailed flow pattern with the
corresponding differential pressures. A cycle from 16:10:31 can be taken as an example.
It shows that in a stratified flow, the differential pressure DPT is at its minimum, and the
DPST is at its maximum, i.e., the pressure difference across the orifice is at its maximum
levels (Figures 16 and 17a). The vapor flowrate is higher throughout the orifice, whereas
the condensate drainage is lower, leading to an increase in DPT and a decrease in DPST,
while DPS remians stable (Figures 16 and 17b). As the pressure difference across the orifice
decreases, the steam flowrate decreases, and the condensate drainage increases, which
causes choking (Figure 17c) at the inlet of the orifice and subsequent stratified wavy flow
(Figure 17d), followed by slug flow (Figure 17e). Meanwhile, the differential pressure DPT
begins to decrease (Figures 16 and 17f) until it reaches its minimum levels, at which time,
the stratified flow occurs (Figure 17g). The whole cycle is then repeated.
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16:10:33.450; (d) time: 16:10:33.821; (e) time: 16:10:34.070; (f) time: 16:10:34.444; and (g) time: 
16:10:34.996. 

The PSD (power spectral density) of differential pressure DPT fluctuation is shown 
in Figure 18. The peaks of PSD are observed at frequencies of 0.1148 and 0.1551, meaning 
that the time period is about 6.4~8.7 s. A total of 14 cylinders were measured in this case, 
and the average drainage capacity was 0.535 kg/h. 

Figure 16. DPS, DPT, and DPST vs. time in one cycle.

The PSD (power spectral density) of differential pressure DPT fluctuation is shown in
Figure 18. The peaks of PSD are observed at frequencies of 0.1148 and 0.1551, meaning that
the time period is about 6.4~8.7 s. A total of 14 cylinders were measured in this case, and
the average drainage capacity was 0.535 kg/h.
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Figure 17. Flow pattern in the horizontal pipe at (a) time: 16:10:31.020; (b) time: 16:10:32.400;
(c) time: 16:10:33.450; (d) time: 16:10:33.821; (e) time: 16:10:34.070; (f) time: 16:10:34.444; and (g) time:
16:10:34.996.
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3.2. CCFL

The CCFL in our study is also known as the onset of flooding. In our experiments,
CCFL only occurred in the orifice. The occurrence of CCFL can be judged with the pres-
sure differences DPS, DPT, and DPST. If oscillation occur with the pressure differences
of DPT and DPST, it means the orifice is periodically blocked by the condensate, and
CCFL occurs. In order to determine the CCFL of the piping system, we carried out ex-
periments using a stainless steel orifice under variant pressurizer pressures of 1.1 bar (a),
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1.25 bar (a), 1.5 bar (a), 2.0 bar (a), 2.5 bar (a), and 3.0 bar (a), respectively. The results are
shown in Table 3.

Table 3. CCFL.

Cases Cooling Fan Air
Velocity

Pressurizer
Pressure

Drainage
(CCFL) Ambient Temp.

m/s Bar (a) kg/h K

10 1.8 1.1 0.542 298.95
11 1.9 1.25 0.600 295.85
12 1.6 1.5 0.630 297.15
13 1.3 2.0 0.681 297.55
14 1.4 2.5 0.741 295.65
15 1.8 3.0 0.841 295.95

Linear regression through the measured points was used to calculate the coefficients
m and C in the Wallis correlation. The coefficients are 0.682 and 0.601, respectively, for the
measured parameter ranges. Therefore, the CCFL correlation is:

j∗1/2
G + 0.682j∗1/2

L = 0.601 (7)

The comparison of Equation (7) with the CCFL datapoints is shown in Figure 19.
According to this correlation, under the operating conditions of the pressurizer at which
the pressure is 155 bar (a), the corresponding saturated temperature is 617.95 K, the CCFL
velocity of vapor in the orifice is 0.0925 m/s, and the condensate drainage flowrate is
2.95 kg/h. The condensate generation in the condenser and the pipeline should not increase
beyond the flowrate. Otherwise, CCFL will occur.
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4. Conclusions

An experimental facility was constructed in order to investigate CCFL in a pipeline
with an orifice. Both visual and quantified experiments were carried out. The visual
experiments were implemented at atmospheric pressure, while the quantified experiments
were implemented at higher pressures produced by the pressurizer. The mechanism of
CCFL in the pipeline with the orifice was investigated, and the Wallis CCFL correlation
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was applied by deriving the related coefficients from the present experimental data. As a
result, the following conclusions were obtained, based on experimental parameter ranges.

1 If the condensate drainage is low, the liquid level is low, with a stable stratified flow in
the orifice, and there is no differential pressure oscillation. However, when a higher
condensate is generated in the condenser, the liquid level increases to some extent,
and the stratified wavy flow occurs. When the steam flowrate decreases and the
condensate drainage increases, the inlet of the orifice is choked by the water flow,
which subsequently gives rise to differential pressure across the orifice, with periodic
variation. The pattern alternately features stratified flow, stratified wavy flow, and
slug flow, which indicates the occurrence of CCFL.

2 The CCFL for the orifice geometry, as described in the manuscript, can be expressed as
a Wallis correlation, where m and C are 0.682 and 0.601, respectively.

3 Assuming the correlation obtained for the experimental test conditions is still valid
and applicable for the operating conditions of the pressurizer, where the pressure is
155 bar (a), and the corresponding saturated temperature is 617.95 K, when CCFL
occurs, the condensate drainage flowrate is estimated to be 2.95 kg/h.

Author Contributions: Conceptualization, D.Z. and N.W.; methodology, D.Z., C.X. and Z.W.; vali-
dation, D.Z., C.X. and X.Z.; formal analysis, D.Z., C.X. and X.Z.; investigation, D.Z., Y.L. and X.C.;
resources, Z.W. and N.W.; data curation, D.Z., X.Z. and Y.L.; writing—original draft preparation, D.Z.,
C.X. and N.W.; writing—review and editing, D.Z., Z.W. and N.W.; visualization, D.Z., X.C. and N.W.;
supervision, N.W.; project administration, N.W. All authors have read and agreed to the published
version of the manuscript.
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Nomenclature
General Symbols:
D inner diameter of pipe, m
g acceleration of gravity, m/s2

j superficial velocity, m/s
j* dimensionless superficial velocity
P pressure, Pa
H heigth, m
Greek alphabet”
ρ density, kg/m3

∆ pressure difference, Pa
Subscripts:
G gas
L liquid
W water
S standard pipeline
T test pipeline
ST the difference between the standard pipeline and the test pipeline
C condenser
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