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Abstract
In practical engineering applications, the phenomenon of submerged steam jets
under high back pressure conditions (>0.1 MPa) exists. However, most cur-
rent research on condensation flow patterns and their boundaries for submerged
steam jets is conducted under atmospheric pressure conditions (0.1 MPa). The
applicability of condensation flow patterns and related prediction formulas de-
rived under atmospheric pressure to high back pressure conditions remains to
be validated. Based on experimental research, the condensation patterns of
submerged steam jets under different back pressure conditions are identified,
the condensation behavior of the jets under different back pressure conditions
is clarified by comparing and analyzing the visual images and dynamic pressure
characteristics of different condensation flow patterns, and the influence law of
back pressure and other parameters on condensation flow pattern boundaries
is elucidated. This study fills the research gap in submerged steam jets under
high back pressure conditions, which has significant scientific research signifi-
cance and engineering application value.
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Abstract: In practical engineering applications, the phenomenon of steam un-
derwater immersion jet under high back pressure conditions (>0.1 MPa) exists.
However, most current research on steam immersion jet condensation flow pat-
terns and their boundaries is conducted under atmospheric pressure conditions
(0.1 MPa). The applicability of condensation flow patterns and related predic-
tion formulas derived under atmospheric pressure to high back pressure condi-
tions remains to be validated. Based on experimental research, the condensation
pattern of steam underwater immersion jet under different back pressure condi-
tions is identified, and the condensation behavior of the jet under different back
pressure conditions is clarified by comparing and analyzing the visual images
and dynamic pressure characteristics of different condensation flow patterns.
The influence law of parameters such as back pressure on the condensation flow
pattern boundary is also determined. This study fills the gap in the research
of steam underwater immersion jet under high back pressure conditions, which
has important scientific research significance and engineering application value.

Keywords: Steam Immersion Jet; Condensation Flow Pattern; Flow Pattern
Boundary; Back Pressure; Dynamic Pressure Characteristics

1. INTRODUCTION
The vapor-liquid interface structure of the steam underwater immersion jet is
affected by the coupling of flow and heat transfer processes, and the accurate
identification and classification of the vapor-liquid interface structure is the basis
for the study of steam jet characteristics [1-6].

Under the condition that the back pressure of the pool is atmospheric pressure
(0.1 MPa), Arinobu [7] divided the condensate flow pattern into six regions (I-
VII) by observing the structure of the vapor-liquid interface and the measured
pressure oscillation characteristics. In region I, due to the small mass flow rate
of steam and the high supercooling degree of pool water, the steam is completely
condensed in the nozzle, and the steam-liquid interface oscillates in the nozzle,
with a coupling relationship between the pressure oscillation and the interface
oscillation. In Zone II, steam intermittently enters the pool from the nozzle, a
process accompanied by the back-up of the pool water. In Zone VI, the conden-
sation is further weakened, the bubble volume becomes larger, and some of the
steam cannot be condensed and escapes from the water surface. Chan and Lee
[8] carried out similar experiments using a nozzle with a larger nozzle diameter,
and they divided the flow pattern into bubble-wrapped chugging and bubble-
detached chugging according to the position of the steam mass flow velocity
below 80 kg/(m2・s). Under the condition that the steam mass flow velocity is
higher than 80 kg/(m2・s), it is divided into ellipsoidal bubble, ellipsoidal jet,
and conical jet according to the shape of the steam cavity.

In the flow pattern given by Nariai and Aya [9], the boundaries of the chugging
flow pattern are in good agreement with those in the Arinobu [7] flow pattern,
but there are some differences between the boundaries of other flow patterns.
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Cho et al. [10] identified six condensation flow patterns in a wide range of steam
mass flow velocities, namely chugging flow pattern, transient chugging flow pat-
tern, condensation oscillation flow pattern, bubbling condensation oscillation
flow pattern, stable condensation flow pattern, and interface oscillation con-
densation flow pattern. The transient chugging flow pattern is similar to the
phenomenon observed in the Nariai and Aya [9] experiments, and the transient
chugging flow pattern is called a small chugging in the flow pattern diagram of
Nariai and Aya [9].

Most of the scholars’condensation pattern diagrams are based on the experimen-
tal data of the open pool, and the back pressure of the pool is maintained at the
atmospheric environmental pressure. A few scholars have carried out relevant
studies on the condensation pattern under non-atmospheric pressure conditions.
Among them, Mazed et al. [11] studied the condensation behavior of the steam
jet under the condition that the back pressure of the pressure suppression box is
17.01~27.22 kPa (absolute pressure) in the context of the vacuum chamber over-
pressure protection system in the International Thermonuclear Experimental
Reactor, and established the condensation flow pattern in a small steam mass
velocity range, but the chugging flow pattern was not found. This may be due to
the change of the supercooling degree of the pool and the flow rate of the steam
outlet after the pressure suppression pool was vacuumed, which in turn affects
the condensation process of the steam jet. Lee et al. [12] also used a closed pool
to simulate a core make-up tank (CMT) to study the jet condensation process
that occurs when a large amount of steam is introduced into the CMT from the
regulator’s pressure balance line during the loss of coolant accident (LOCA).
Although they established the corresponding flow pattern, the back pressure
was increasing during the experiment, and the effect of back pressure on the
condensation flow pattern was not explained.

In view of the large differences between the condensation flow patterns estab-
lished by different scholars, Zhao and Hibiki [13] redefined many different con-
densate flow patterns according to the flow pattern characteristics, and sum-
marized them as chugging flow patterns, hemispherical bubble oscillation flow
patterns, condensation oscillation flow patterns, and stable condensation incom-
plete condensation flow patterns. However, the result is that there are still large
differences between the condensation flow patterns of different scholars. Based
on this, it may be that the definition of the condensate pattern boundary is too
subjective, or that the condensate pattern conversion is affected by a combina-
tion of factors. Liang and Griffith [14] took whether the pool water enters the
nozzle as the critical point of chugging occurrence, and made a variety of ideal
assumptions about the process. They derived the judgment criterion for chug-
ging occurrence based on the principle of conservation of mass and energy, but
compared with the experimental data, it was found that the deviation between
the predicted value and the experimental value was too large when the super-
cooling degree was low. Based on the balance between the amount of steam
supplied and the amount of condensation passing through the bubble surface,
they deduced the boundary between the condensing oscillatory flow pattern
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and the stable condensation flow pattern. It should be pointed out that the
derivation process of Liang and Griffith [14] is based on the vertical upward jet
condensation process of steam in co-directional flowing water, and it remains to
be verified whether the condensation of steam jet under other conditions needs
to be verified.

In summary, most of the existing studies on steam jet condensation modes and
flow pattern boundaries are carried out under the condition that the back pres-
sure is atmospheric pressure, and there is a lack of research under the condition
of high back pressure [15-20]. Therefore, in this study, an experimental setup
for steam jet under high back pressure conditions is built, and the condensa-
tion patterns of steam underwater immersion jets under different back pressure
conditions are identified. The condensation behavior of the jets under different
back pressure conditions is studied through visualization images and dynamic
pressure characteristics of different condensation patterns, and the influence
of parameters such as back pressure and nozzle diameter on the boundary of
condensate flow patterns is determined.

2. EXPERIMENTAL SETUP
Fig. 2.1 [FIGURE:2.1] shows the experimental setup, which is mainly composed
of six parts: steam supply system, visual pressure pool, nozzle assembly, pool
water level adjustment system, pool back pressure control system, and data
measurement and acquisition system [21-23].

The steam supply system provides saturated steam to meet the conditions re-
quired for the experiment. The steam used in the experiment is produced by
an electrically heated steam boiler and fed into a pool through steam pipes and
valves. The electrically heated steam boiler has a rated power of 700 kW and a
rated steam production capacity of 1000 kg/h, and can supply saturated steam
with a rated pressure of 1 MPa.

The visual pressure pool is used to simulate the environment of the suppressed
pool under different back pressure conditions. The visual pressure pool is made
of 304 stainless steel, with a maximum pressure of 1 MPa, and a safety valve is
set at the top to prevent overpressure. The wall thickness of the pool is 8 mm,
the inner diameter is 1200 mm, and the height is 2000 mm. A manhole with a
diameter of 500 mm is reserved on the side of the pool to facilitate personnel to
enter and exit for installation and maintenance of related measuring instruments.
Quartz glass windows with a diameter of 200 mm are reserved at the upper
part of the surface of the side wall of the pool for visualization and high-speed
photography arrangement in the experiment.

The nozzle assembly is used to investigate the effect of the nozzle diameter on
the condensation characteristics of the jet. The nozzle assembly consists of two
stainless steel nozzles in different sizes, with an inner diameter of 28 mm and
38 mm. The wall thickness of the 28 mm diameter nozzle is 2 mm, and the wall
thickness of the 38 mm diameter nozzle is 38 mm. Each nozzle has a length of
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650 mm. The outlet of the nozzle is vertically downward along the central axis
of the pressure pool, the outlet is 1250 mm from the bottom of the pool, and
the inlet is connected with the steam pipe by a flange for easy replacement. The
outlet immersion depth of the nozzle is 300 mm.

The water level control system is used to fill and drain the pool before and
after the experiment and to maintain the required water level during the exper-
iment. The water level control system consists of water supply and drainage
lines at the bottom of the pool and the overflow line inside the pool. In the
preparation phase of the experiment, the water inlet valve is opened and the
initial water level is adjusted. During the experiment, the water level rose due
to the continuous condensation of the steam entering the pool, and in order to
keep the immersion depth of the nozzle constant, an overflow line as shown in
Fig. 2.2 [FIGURE:2.2] is designed inside the pool. In the atmospheric pressure
test, the overflow line valve can be kept open to stabilize the water level, while
under high back pressure conditions, the valve opening needs to be adjusted to
maintain the water level under the condition of ensuring that the back pressure
is stable. At the end of the experiment, the water in the pressure pool can be
drained through the drain valve.

The back pressure control system is used to provide a stable back pressure envi-
ronment for the pool. The air generated by the air compressor enters the visual
pressure pool through the steam inlet pipeline for pressurization. The pressure
is relieved by the pressure relief pipeline connecting the pool gas space and the
external environment. The two work together to adjust the back pressure to
reach the preset initial value of the experiment. In the process of atmospheric
pressure test, the stable back pressure of the pool can be maintained by keeping
the pressure relief pipeline valve normally open. In the process of high back
pressure test, the change of back pressure can be monitored through the data
measurement and acquisition system, so as to manually adjust the opening of
the pressure relief pipeline valve, so that the back pressure environment of the
pool can be kept fluctuating within a certain range.

The data measurement and acquisition system is used to measure, monitor, and
record relevant experimental data. A flowmeter is installed on the steam pipeline
to measure the steam volume flow, and a pressure sensor and a thermocouple are
installed at the specified position downstream of the flowmeter for temperature
and pressure compensation for the measured steam flow. A thermocouple is
arranged near the nozzle for measuring the water temperature of the pool, and
a high-frequency dynamic pressure sensor is installed in the nozzle and in the
pool respectively, which is used for measuring the dynamic pressure generated
by the condensation of the steam jet. The specific measuring point position is
shown in Fig. 2.2 [FIGURE:2.2]. Temperature, pressure, and steam volume
flow data are monitored and recorded with an NI data acquisition system at a
sampling frequency of 20 Hz. The dynamic pressure sampling frequency is set
to 20 kHz, and the sampling time is 20 s.

The parameters of the measuring instrument and the uncertainty of the param-
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eters are shown in Table 2.1 [TABLE:2.1].

Table 2.1 [TABLE:2.1] Measurement instrument parameters and parameter un-
certainty

Measuring instruments Parameters Range Uncertainty
Vortex flowmeter Steam volume

flow rate
0~350
m3/h

-

T-type thermocouple Temperature -
40~350℃

-

Pressure transducer Steam pressure 0~1MPa -
Differential pressure
transducer

Pool back
pressure

0~60kPa -

Dynamic pressure transducer Dynamic
pressure

0~3000kPa -

Differential pressure
transducer

Differential
pressure

0~500kPa -

Table 2.2 [TABLE:2.2] Experimental conditions

Pool back
pressure (MPa)

Nozzle inner
diameter (mm)

Steam mass flow
velocity [kg/(m2・s)]

Water
temperature
(℃)

0.1, 0.2, 0.4 28, 38 10, 15, 20, 25, 30, 40,
50, 60, 70, 80, 90

20~95

0.1, 0.2, 0.4 28, 38 15, 20, 30, 40, 50, 60 20~115
0.1, 0.2, 0.4 28, 38 60, 80 20~128
0.1, 0.2, 0.4 28, 38 10, 15, 20, 30, 40, 50,

60, 70, 80
20~138

3.1 Steam jet condensation flow pattern
Within the experimental parameters studied, four different condensation pat-
terns are observed, named according to their different phase interface charac-
teristics and dynamic pressure characteristics: chugging, non-periodic conden-
sation oscillation, periodic condensation oscillation, and bubbling condensation.
To visually demonstrate the influence of parameters such as steam mass flow
velocity, water temperature, nozzle diameter, and back pressure on the conden-
sate flow pattern partition, the condensate flow pattern of steam jet as shown
in Fig. 3.1 [FIGURE:3.1] and Fig. 3.2 [FIGURE:3.2] is plotted.

The abscissa and ordinate of the condensate flow pattern are the steam mass
flow velocity and water temperature, respectively, and the chugging flow pattern
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is located in the lower left corner of the condensate flow pattern, correspond-
ing to the lower steam mass flow velocity and water temperature. Chugging
usually occurs when the water temperature is lower than 65 °C, and the water
temperature corresponding to the upper boundary of the chugging flow pattern
decreases gradually with the increase of steam mass flow velocity. As shown in
Fig. 3.1(a), the flow pattern changes from chugging to non-periodic condensa-
tion oscillation at about 65 °C when the steam mass flow velocity is 10 kg/(m2・
s), and decreases to about 47 °C when the steam mass flow velocity increases to
30 kg/(m2・s). The chugging disappears completely when the steam mass flow
velocity is further increased to 40 kg/(m2・s), and the same change pattern is
observed under other higher back pressure conditions. Comparing the distribu-
tion of chugging flow patterns under different back pressure conditions in Fig.
3.1, it can be seen that when the back pressure increases from 0.1 MPa to 0.4
MPa, the steam mass flow velocity needs to increase from 40 kg/(m2・s) to 80
kg/(m2・s) before the chugging phenomenon no longer occurs.

After the water temperature reaches the temperature at the upper boundary
of the chugging flow pattern region, the flow pattern changes to a non-periodic
condensation oscillation if the temperature continues to rise. The non-periodic
condensation oscillation can occur under conditions of different steam mass flow
velocities, while the periodic condensation oscillation only occurs under the con-
dition that the steam mass flow velocity reaches 30 kg/(m2・s) and above. With
the increase of steam mass flow velocity, the water temperature corresponding to
the upper boundary of the periodic condensation oscillation gradually increases,
and the water temperature corresponding to the lower boundary gradually de-
creases, covering a larger range of water temperature. Similar to the effect
of back pressure on chugging flow pattern, under atmospheric pressure condi-
tions, when the steam mass flow velocity reaches 50 kg/(m2・s), the non-periodic
condensation oscillation phenomenon disappears, but with the increase of back
pressure to 0.4 MPa, the non-periodic condensation oscillation phenomenon still
occurs even under the maximum steam mass flow velocity.

There is a transition zone with a temperature variation range of about 2~6 °C at
the upper boundary of the periodic condensation oscillation zone, and it enters
the bubbling condensation zone after crossing this zone. Bubbling condensation
usually starts when the water temperature reaches about 70~80 °C, and lasts
until the water temperature is close to saturation and begins to show incomplete
condensation of steam.

These four flow patterns are also observed in the flow pattern diagram for larger
nozzle diameters shown in Fig. 3.2 [FIGURE:3.2], but as the nozzle diameter
increases, the range of the chugging flow pattern in the flow pattern increases,
while the coverage of the periodic condensation oscillation flow pattern decreases
accordingly.
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3.2.1 Chugging flow pattern
The hallmark feature of the chugging phenomenon is that the pool water is
intermittently sucked in and ejected from the nozzle. As shown in Fig. 3.3(a),
at 0 ms, the steam enters the pool from the nozzle outlet to form a bubble, which
gradually expands and reaches its maximum volume at about 300 ms, followed
by an upward motion under buoyancy that envelops the nozzle mouth. Due to
the low temperature of the pool water and the strong condensation ability when
the chugging occurs, the bubble quickly condenses and collapses within 5 ms,
producing a huge “bang”sound and forming a negative pressure in the nozzle.
As a result, under the action of the pressure difference between the inside and
outside of the nozzle, the pool water began to be sucked into the nozzle at 405
ms. The pool water entering the nozzle is continuously heated by steam, and
the condensation gradually weakens. At the same time, the accumulation of
steam in the nozzle causes the pressure in the nozzle to rise, causing the pool
water entering the nozzle to remain in the nozzle for a period of time and then
be pushed out of the nozzle (1445 ms), and then the steam expands at the nozzle
mouth to form a new bubble and the process cycles.

Comparing the interface change images in Fig. 3.3(a)-(d), it can be seen that
the maximum volume of bubbles that can expand increases when the water
temperature increases, and the residence time of the pool water in the nozzle
is shortened. The retention time in the pool water nozzle can be shortened by
increasing the steam mass flow velocity. Fig. 3.3(c) and (e) show that when
the back pressure increases, the maximum volume of bubbles increases, and the
retention time of the pool water in the nozzle also increases from 70 ms to about
140 ms.

In the experiment, two bubble morphologies under the chugging flow pattern
are observed: one is the downward growth type and the other is the upward
envelope type, which generally appear in the early and late stages of bubble
growth, respectively. When the water temperature rises, the bubble becomes
larger and more buoyant, and the maximum distance that can be reached by
the upward envelope bubble increases from only at the outlet of the nozzle to
about double the nozzle diameter. As shown in Fig. 3.3(c), when the steam
mass flow velocity increases to 30 kg/(m2・s), the inertial force on the bubble
is greater, and the upward envelope bubble no longer appears. On this basis,
increasing the back pressure will reduce the flow rate at the outlet of the bubble,
and the upward envelope bubble will reappear.

The dynamic pressure changes in the pool and in the nozzle measured under the
chugging flow pattern are shown in Fig. 3.4. In the chugging flow pattern, the
vapor-liquid interface intermittently moves in and out of the nozzle. When the
vapor-liquid interface is outside the nozzle, the instantaneous condensation of
the bubble at the nozzle will produce a strong pressure pulse in the pool. When
the vapor-liquid interface oscillates up and down in the nozzle, the pool water at
the nozzle is sucked in or sprayed out, and the pressure fluctuation caused in the
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pool is small. Therefore, the dynamic pressure change in the pool presents the
characteristics of weak fluctuations and multiple sharp peaks as shown in Fig.
3.4. Since positive and negative pressures are alternately formed in the nozzle
during the chugging process, the dynamic pressure measured in the nozzle shows
the characteristics of fluctuating up and down in a form similar to a sine wave,
with a frequency of about 1~4 Hz and an amplitude of hundreds of kPa. On the
basis of this large pressure fluctuation at low frequencies, megapascal pressure
pulses also occur, which are caused by condensation-induced water hammer
caused by the backflow of pool water after the rapid condensation of the steam
in the nozzle [24, 25].

In Fig. 3.4, D, G, P, and T represent nozzle diameter, steam mass flow velocity,
back pressure, and water temperature, respectively, and the same is true for
the following paragraphs. In Fig. 3.4, the steam mass flow velocity and water
temperature conditions are the same from top to bottom, but the back pressure
increases sequentially. It can be seen that the peak pressure pulse in the pool
increases from less than 20 kPa to more than 200 kPa with the increase of back
pressure. In the nozzle, the pressure fluctuation amplitude accompanied by the
oscillation of the vapor-liquid interface increased from about 400 kPa at a back
pressure of 0.1 MPa to 600 kPa at a back pressure of 0.4 MPa, and the peak
value of the pressure pulse caused by condensation-induced water hammer also
increased from about 700 kPa to about 1700 kPa with the increase of back
pressure. The frequency of pressure fluctuations tends to decrease with the
increase of back pressure.

3.2.2 Non-periodic condensation oscillation flow pattern
On the basis of the chugging flow pattern, when the water temperature continues
to rise, the condensation ability of the pool water is weakened, the phenomenon
of instantaneous collapse of the whole bubble will no longer occur, and the pool
water will not enter the nozzle. The condensation flow type will be converted
to non-periodic condensation oscillation. As shown in Fig. 3.5, the bubble
gradually expands to a certain volume at the outlet of the nozzle and then
undergoes “necking,”that is, it begins to shrink in the middle of the bubble.
Then the lower half of the bubble breaks away from the original bubble, moves
downward under the action of inertial force, and condenses and annihilates in a
few milliseconds. The surrounding water body quickly fills the space occupied by
the bubble, and the impact produces a sound, while the upper bubble continues
to expand and starts the next round of condensation and oscillation.

The aperiodic condensation oscillation flow pattern is characterized by the ir-
regularity of the occurrence time of condensation oscillation. Taking the case
in Fig. 3.6 as an example, the maximum volume of bubble expansion and the
time interval between two adjacent condensation oscillation when ten consecu-
tive condensation oscillation occur are shown. It can be seen that the maximum
volume of the bubble varies significantly, and the time interval between conden-
sation oscillation varies from a minimum of 11 ms to a maximum of 262 ms,
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which is completely random, and no obvious periodicity is found.

When the non-periodic condensation oscillation occurs, the “necking”of the
bubbles at the nozzle also creates a pressure pulse in the pool, but the con-
densation rate is lower than the instantaneous condensation of the bubbles in
the chugging flow pattern, so the pressure pulse value is smaller. As shown in
Fig. 3.7, due to the random nature of the non-periodic condensation oscillation,
intervals between two adjacent dynamic pressure peaks are also varied.

3.2.3 Periodic condensation oscillation pattern
As shown in Fig. 3.8, when the steam mass flow velocity increases above about
30 kg/(m2・s), a “necking”phenomenon with the same characteristics as non-
periodic condensation oscillation occurs. Fig. 3.9 shows the maximum volume
of the bubble expanding to when ten consecutive condensation oscillation occur
under this flow pattern and the time interval between the occurrence of two
adjacent condensation oscillation. It can be seen that unlike the non-periodic
condensation oscillation, the maximum volume that the bubble can reach is
not much different, and the interval between condensation oscillation is mostly
between 25 ms and 35 ms, which has obvious periodicity, so this flow pattern is
called periodic condensation oscillation.

Fig. 3.8 illustrates the phase interface variation of periodic condensation oscilla-
tion flow patterns under different steam mass flow velocities, water temperatures,
and back pressure conditions over a complete period. Comparing Fig. 3.8(a)
and (c), it can be seen that the maximum volume of the bubble increases signif-
icantly when the water temperature rises from 56 °C to 86 °C under the same
steam mass flow rate and the same back pressure, and the condensation oscilla-
tion period is obviously longer under the condition of high water temperature.
As shown in Fig. 3.8(c) and (d), the condensation oscillation period decreases
from 11.5 ms to 7.5 ms as the steam mass flow rate increases from 60 kg/(m2・s)
to 90 kg/(m2・s) under the same water temperature and the same back pressure.
Figs. 3.8(b) and (c) show that the back pressure increases from 0.2 MPa to 0.4
MPa and the condensation oscillation period increases from 11.5 ms to 16.5 ms
at the same steam mass flow rate and the same water temperature.

In the experiment, in addition to the continuous strong condensation oscillation
as shown in Fig. 3.9, there is also an alternating condensation oscillation of
strong and weak under certain experimental conditions. As shown in Fig. 3.10,
although the time interval between the two adjacent “necking”processes is
between 9 ms and 13.5 ms, which is highly periodic, the maximum volume of
the bubble alternates between one large and one small, and the bubble with a
detached tail also alternates between one large and one smaller.

The dynamic pressure changes in the pool and in the nozzle measured under the
periodic condensation oscillation flow pattern are shown in Fig. 3.11, and the
time interval between the two adjacent dynamic pressure pulse peaks is relatively
consistent, which reflects the main characteristics of the periodic condensation
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oscillation flow pattern. Comparing the dynamic pressure curves under different
experimental parameters in Fig. 3.11, it can be seen that with the increase of
water temperature, the condensation rate decreases, the number of pressure
pulse peaks decreases in the same time, and the pressure oscillation frequency
decreases. When the steam mass flow velocity increases from 60 kg/(m2・s) to 90
kg/(m2・s), the pressure oscillation frequency increases, and the peak pressure
pulse also increases. Unlike the effect of the steam mass flow velocity on the
pressure oscillation, the pressure oscillation frequency decreases when the back
pressure increases from 0.2 MPa to 0.4 MPa.

3.2.4 Bubbling condensation flow pattern
When the water temperature rises above about 80 °C, the condensation flow pat-
tern changes to bubbling condensation. At this time, the condensation capacity
of the pool water is further weakened, and the steam forms a large bubble at
the nozzle, and the “necking”phenomenon that appears in the condensation
oscillation flow pattern no longer occurs. As shown in Fig. 3.12, there is only a
slight fluctuation at the vapor-liquid interface, and the bubble as a whole sways
around the nozzle outlet and breaks up along the outer wall of the nozzle into
small bubbles, some of which are condensed by the pool water and the other part
escapes from the water. After entering the bubbling condensation flow pattern,
the sound generated by the bubble oscillation almost disappears, which is obvi-
ously different from the chugging flow pattern and the condensation oscillation
flow pattern.

When bubbling condensation occurs, the vapor-liquid interface only fluctuates in
a slight amplitude, and the whole condensation process is relatively gentle, and
the resulting pressure value is also low. As shown in Fig. 3.13, the amplitude of
the pressure fluctuations measured in the pool and in the nozzle is within $±$4
kPa without pressure pulsation.

Between the condensation oscillation flow pattern and the bubbling condensa-
tion flow pattern, there is a flow pattern transition zone with a temperature
range of about 2~8 °C. As shown in Fig. 3.14, condensation oscillation and bub-
bling condensation alternate in this area, and the noise generated by condensa-
tion can be heard increasing and decreasing during the experiment. Therefore,
as shown in Fig. 3.15, the measured dynamic pressure changes are often charac-
terized by a combination of pressure pulse peaks due to condensation oscillation
and relatively gentle pressure fluctuations caused by bubbling condensation.

3.3.1 Chugging flow pattern boundary
Fig. 3.16 illustrates the chugging flow pattern boundaries under different steam
mass flow velocities, water temperatures, and back pressures. With the increase
of the steam mass flow velocity, the water temperature corresponding to the
chugging flow pattern boundary decreases, and the rate of decline is getting
faster and faster. Among them, the boundary of the chugging flow pattern ob-
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tained in this experiment at atmospheric pressure is consistent with the change
trend of the experimental results of Lahey and Moody [26] at the same back
pressure (0.1 MPa). However, due to some differences in the geometric size of
the nozzle selected in this experiment and Lahey and Moody’s experiments,
as well as the flow pattern judgment criteria, there are still some differences
between the upper boundary curve of the chugging flow pattern in this experi-
ment and that of Lahey and Moody. Compared with the experimental results
under different back pressure conditions, the chugging flow pattern boundary is
expanded to the direction of higher steam mass flow velocity with the increase of
back pressure. For example, at atmospheric pressure, the chugging flow pattern
does not occur when the steam mass flow velocity is higher than 30 kg/(m2・s),
but when the back pressure is increased to 0.4 MPa, the chugging phenomenon
can be observed at lower water temperatures, even when the steam mass flow
velocity is as high as 70 kg/(m2・s).

The comparison of the chugging flow pattern boundary is obtained under the
condition that the nozzle diameters are 28 mm and 38 mm, respectively. As
can be seen from Fig. 3.17, the larger the nozzle diameter, the larger the
area occupied by the chugging flow pattern in the flow pattern, which means
that chugging can still occur at higher steam mass flow velocities and water
temperatures.

The chugging phenomenon occurs because the condensation rate of the steam
is greater than the steam flow at the nozzle outlet under the conditions of low
steam mass flow velocity and high pool supercooling. Accordingly, it can be
considered that when the upstream steam supply rate of the nozzle and the
steam condensation rate of the nozzle are balanced, they are at the boundary of
the chugging flow pattern. According to the conservation of mass and energy:

𝜌𝑢𝐴ℎ𝑓𝑔 = ℎ𝐴𝑖Δ𝑇𝑠𝑢𝑏 (3-1)

where 𝜌 is the steam density, kg/m3; 𝑢 is the steam flow rate, m/s; 𝐴 is the cross-
sectional area of the nozzle, m2; ℎ𝑓𝑔 is the latent heat of vaporization, kJ/kg; ℎ is
the condensation heat transfer coefficient of the vapor-liquid interface, kW/(m2・
K); 𝐴𝑖 is the area of the vapor-liquid interface, m2; Δ𝑇𝑠𝑢𝑏 is the degree of
supercooling of pool water, °C.

Suppose that all the heat released by the bubble after condensation in the nozzle
is used to heat the water column with a height of 𝐿 entering the nozzle. And
as shown in Fig. 3.18, it is assumed that the water temperature of the water
column is linearly distributed along the height of the water column. According
to conservation of energy:

𝜌𝑤𝑐𝑝𝑤𝑉𝑤
𝑑𝑇𝑤
𝑑𝑡 = ℎ𝐴𝑖Δ𝑇𝑠𝑢𝑏 (3-2)
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where 𝑉𝑤 is the volume of bubble, m3; 𝑐𝑝𝑤 is the specific heat capacity of water,
kJ/(kg・°C); 𝜌𝑤 is the density of water, kg/m3.

The formula for the height of the water column is obtained from Eq. (3-2):

𝐿 = ℎ𝐴𝑖Δ𝑇𝑠𝑢𝑏𝑡
𝜌𝑤𝑐𝑝𝑤𝐴 (3-3)

According to the assumptions of Liang and Griffith’s [14] transient thermal
conductivity model, a layer of warm water will be formed at the interface pe-
riodically during the expansion and contraction of the vapor-liquid interface,
and the condensation heat transfer coefficient can be estimated by the following
formula:

ℎ = 𝑘𝑤
𝛿 (3-4)

where 𝑘𝑤 is the thermal conductivity of water, W/(m・K).

Because it is at the boundary of the chugging flow pattern, the vapor-liquid
interface is in a critical state when it is about to enter the nozzle, so the area
of the vapor-liquid interface is approximately equal to the cross-sectional area
of the nozzle:

𝐴𝑖 = 𝜋𝐷2

4 (3-5)

where 𝐷 is the inner diameter of the nozzle, m.

Assuming that the volume of the bubble and the diameter of the nozzle conform
to the following form:

𝑉𝑏 = 𝑐𝐷3 (3-6)

Simultaneous equations (3-1), (3-3), (3-4), (3-5) and (3-6), the following rela-
tionship is obtained:

𝑘Re Pr Ja−1 = 𝑓(geometry) (3-7)

Where:

Re = 𝜌𝑢𝐷
𝜇 (3-8)

Pr = 𝑐𝑝𝑤𝜇
𝑘𝑤

(3-9)
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Ja = 𝑐𝑝𝑤Δ𝑇𝑠𝑢𝑏
ℎ𝑓𝑔

(3-10)

Considering the difference between the assumption of the bubble volume and
the actual situation and the effect of back pressure on the boundary of the
chugging flow pattern, the back pressure correction term is added to Eq. (3-7).
Then, the experimental data are used to fit the coefficients of Eq. (3-7) and
the exponential term of the interface oscillation or bubbling condensation and
other flow patterns. As can be seen from Fig. 3.19, for more than 90% of
the experimental data points located on the boundary between chugging and
condensation oscillation, the judgment error of Eq. (3-11) is within $±$10%.

That is, if the parameters meet the conditions of Eq. (3-11), the condensation
flow pattern is in the chugging region, otherwise it is condensation oscillation
or bubbling condensation and other flow patterns.

3.3.2 Periodic condensation oscillation pattern boundary
Fig. 3.20 shows the upper and lower boundaries of the periodic condensation
oscillation flow pattern under different back pressure conditions, and it can
be seen that the area occupied by the periodic condensation oscillation in the
flow pattern diagram gradually decreases with the increase of back pressure
under the two nozzle diameter conditions, especially the lower boundary of the
periodic condensation oscillation flow pattern. This is because chugging and
non-periodic condensation oscillation can occur at higher water temperatures
as the back pressure increases.

Fig. 3.21 shows the upper and lower boundaries of the periodic condensation
oscillation flow pattern under different nozzle diameters. Similar to the effect of
back pressure, the larger the nozzle diameter, the more likely it is to chug, and
the condensation process tends to be unstable, making it difficult to form peri-
odic condensation oscillation, so the range of periodic condensation oscillation
also decreases with the increase of nozzle diameter.

3.3.3 Boundary of bubbling condensation flow pattern re-
gion
Fig. 3.22 and Fig. 3.23 show that in the low steam mass flow velocity region,
bubbling condensation generally starts when the water temperature reaches
70~80 °C, and the water temperature at the lower boundary of the bubble flow
pattern increases gradually with the increase of the steam mass flow velocity,
but the back pressure and nozzle diameter have no obvious influence on the
water temperature of the flow pattern transition.
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4. CONCLUSIONS
Based on the experimental setup, the study of steam condensation patterns
under different back pressures is carried out, and the phase interface character-
istics and dynamic pressure characteristics of different condensation patterns are
mainly compared and analyzed. The boundaries between different condensation
patterns are summarized, and the main conclusions are as follows:

(1) Under different back pressure conditions and different nozzle diameters,
the condensation patterns of steam jet are established, which mainly in-
clude four typical condensation patterns with phase interface and dynamic
pressure characteristics, namely chugging, non-periodic condensation os-
cillation, periodic condensation oscillation, and bubbling condensation.

(2) Under the condition of higher back pressure, chugging is more likely to
occur, and the boundary range of chugging flow pattern is broadened.
The water temperature corresponding to the boundary of the chugging
flow pattern decreases gradually with the increase of steam mass flow
velocity, and gradually increases with the increase of nozzle diameter.

(3) Based on the principle of conservation of energy, the judgment formula of
the chugging flow pattern boundary is given, and the results show that
the relative deviation between the predicted value and the measured value
of more than 90% in the experiment is within $±$10%.

(4) With the increase of back pressure and nozzle diameter, the range of peri-
odic condensation oscillation flow pattern decreases, but the influence of
back pressure and nozzle diameter on the boundary of bubbling conden-
sation flow pattern is not obvious.
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