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Introduction: Bubbling deaeration is widely applied in marine steam power system,
and direct contact condensation (DCC) of steam injected into water under low sub-
cooled water is the thermodynamic foundation of this technology. The deaeration
process involves complex thermal and hydraulic behaviors, such as violent
turbulence, interfacial mass transfer, and multiphase flow etc., which induce
significant pressure fluctuation and radiated noise. In this paper, the two-phase
flow regimes and acoustic characteristics of DCC of steam injected into water were
studied for sub-cooled temperature ranging from 3℃ to 17℃.

Methods: Using high-speed camera to capture the dynamic plume shape, four
typical plumes are found: external chug with encapsulating bubble, oscillating
bubble jet, conical and cylindrical jet and cap jet; The underwater acoustic signal
is measured synchronously, and the acoustic spectrum is obtained by Fast Fourier
transform (FFT).

Results and Discussion: Combined with the plume image, the component sources
of the acoustic signal are analyzed. It is found that the first dominant frequency and
the second dominant frequency of the acoustic are caused by the evolution of the jet
main steam zone and the downstream large steam column respectively; By analyzing
the influence of injection parameters on acoustic signal, it is found that steam flow
and sub-cooled temperatures have a great influence on acoustic root mean square
value and spectrum characteristics. With the decrease of sub-cooled temperature,
the main frequency of injection noise signal gradually moves to low frequency. Low
frequency noise dominates the radiated noise when the flow field approaches the
saturation temperature.
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1 Introduction

Deep deaeration of feedwater is required during operation of a marine nuclear power plant
to restrain corrosion of pipelines and equipment. In order to save the cabin space, the hot-well
bubbling deaeration scheme of the condenser is often adopted. The heated steam enters the low-
super-condensate space of the hot-well by spraying it underwater and heats it to near-saturation
temperature, which promotes the precipitation of dissolved oxygen in condensate. Due to the
high temperature and speed difference, the steam has strong expansion and contraction in sub-
cooled water. Due to the severe speed shear and the growth, rupture, and aggregation of steam
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bubbles, a large noise is generated, which affects the ship’s sound-
hiding ability and the physical and mental health of the staff (Yong
et al., 2020). Therefore, studying the heat transfer characteristics and
noise of steam–water direct contact condensation is necessary.

Many scholars have carried out research on the shape and
distribution law of steam jet plumes, and Kerney et al. (1972) are
the first batch of scholars to carry out research on the steam jet. They
carried out the research on the characteristics of steam plumes from
the effects of plume penetration length, condensation driving
potential, and steam flow. Chan and Lee (1982) were among the
first scholars to establish a two-phase flow pattern diagram based on
ambient water temperature and steam flow. After that, Chun et al.
(1996) observed six jet forms: chugging, the transition region from
chugging to condensation oscillation, condensation oscillation,
bubbling condensation oscillation, stable condensation, and
interracial oscillation condensation. Kim et al. (2004) found that
conical jets appeared at low mass flow rates and low water
temperatures. With the increase in mass velocity and water
temperature, an ellipsoidal jet appears. Wu et al. (2009a), Wu et al.
(2009b), and Wu et al. (2015) carried out sonic and supersonic jets,
observed seven typical steam plumes, including
expansion–contraction type and double expansion–contraction
type, and found that unstable jets are prone to occur at high
ambient water temperature and low steam inlet velocity. YUE et al.
(2019) studied the pressure oscillation generated by the subsonic jet. It
was found that under different flow conditions, the jet is divided into a
stable condensation zone (SC), condensation oscillation zone (CO),
chugging transition zone (TC), and chugging zone (C).

Li et al. (2019), Qiu et al. (2017), Alden et al. (2020), Wang et al.
(2019), and others have carried out research on the pressure oscillation
of pure steam jets. It is found that the pressure oscillation of low water
temperature is caused by the rupture of the steam bubble. It propagates
with a wave of stable dominant frequency, and the intensity decreases
gradually with the propagation process and decreases sharply in the
radial distance of the nozzle. Qiu et al. (2021) and Qiu et al. (2014) also
found that the pressure oscillation propagates as a wave with a stable
dominant frequency under low mass flow, and the intensity decreases
gradually with the propagation process. The attenuation is intense at
the radial distance of the nozzle, and the wave energy attenuates by
90% at the radial distance of 100 mm from the nozzle, which is
consistent with the conclusion obtained by previous scholars.
Chong et al. (2015) carried out research on the second dominant
frequency of steam jets on this basis. It is found that the second
dominant frequency gradually decreases with the increase in water
temperature and inlet steam flow, and its energy and amplitude decay
sharply at the radial position.

The noise around the steam plume has the same frequency and
amplitude as the pressure oscillation, but the noise is more sensitive to
high-frequency oscillations, and the noise is a direct problem faced by
the ship’s sound-hiding ability. Therefore, Ma and Hu (2000), Hu and
Ma (2000), and Ma et al. (1997) studied the mechanism and
influencing factors of steam injection noise. It was found that with
the increase in water temperature, the A-weighted peak noise level first
increased and then decreased, and a peak was reached at 70°C. The
high-frequency component of injection noise accounted for a large
proportion when the water temperature was low, and the low-
frequency noise component increased when the water temperature
was high. By analyzing the change law of bubble diameter, it is found
that the change speed of bubble diameter is directly related to the

generation of noise. It is found that turbulent noise is the secondary
sound source of steam injection noise. When the undercooling is low,
the A-weighted peak noise level basically remains unchanged, and the
smaller nozzle hole spacing can effectively reduce the injection noise.
Yang et al. (2017) studied the mechanism of noise and oscillation in
the limited channel and found that steam water parameters are an
important factor affecting the pressure oscillation.With the increase in
inlet flow, the pressure oscillation intensity in the stable area is
basically unchanged, and the pressure oscillation intensity increases
greatly in the unstable area.

At present, the research mainly focuses on steam injection under
medium and high sub-cooling and lacks research on acoustic
characteristics under low sub-cooling and its internal relationship
with the jet plume. We use visualization and synchronous
measurement noise to analyze the internal relationship between
steam plume behavior and noise, which provides a reference for
understanding the mechanism of steam injection condensation
noise and noise control.

2 Experimental system

The experimental system is mainly composed of a steam supply
system, auxiliary branch condensation system, low sub-cooling
experimental water tank, and parameter measurement system. The
experimental system is shown in Figure 1. After the steam is generated
from the steam generator, 1) it is divided into two branches after passing
through the surge tank 3) and the pressure-reducing valve 4), the main
steam branch, and the auxiliary steam branch. In the main steam branch,
the steam enters thewater tank through the nozzle 8), after passing through
the pressure transmitter 6) and temperature transmitter 7), and acts as
underwater injection, and condensation and collapse occur in the water
tank. The negative pressure of the water tank is pumped through the
vacuum pump 16), and the negative pressure value reaches −0.05MPa; in
the auxiliary steam branch, the steam is cooled by the vortex flowmeter 5)
and the steam cooler 11) and then enters the condensate storage tank 10)
for storage. The auxiliary branch condensation system mainly cools the
steam overflowing from the water surface in the experimental water tank,
the steam in the steam cooler and condensate storage tank, and the
ambient water in the cooling water tank. The steam flow of themain steam
branch and the steam flow of the auxiliary branch were measured,
respectively, and subtracted to obtain the small steam flow into the
injection tank so as to solve the problem of inaccurate measurement of
small steam flow. The electric tracing belt is arranged in the pipeline to
prevent steam condensation in the pipeline. The experimental parameters
are shown in Table 1.

During the experiment, the steam flow injected into the water tank
is controlled by the steam-regulating valve. The steam parameters
entering the water tank through the pressure transmitter and
temperature transmitter in front of the water tank were measured.
The front and back of the water tank are provided with visual
windows, and the back is provided with an LED light plate to
provide a light source; a FASTCAM Mini WX100 high-definition
camera is adopted with a shooting speed of 2500 FPS and a resolution
of 2048 × 2048 pixel window to capture the evolution characteristics of
steam plumes. The underwater steam injection noise is synchronously
measured using the hydrophone 9) and transmitted to the computer
through the data acquisition system. Through the aforementioned
methods, the dynamic characteristics of the steam plume are obtained,
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the spectrum characteristics of the noise signal are analyzed, the
variation law of noise with injection parameters is obtained, and
the internal relationship between noise and the steam plume evolution
and injection parameters is further revealed.

Because the experimental results are inevitably affected by the
measurement error and system error, it is necessary to analyze the
uncertainty of the experimental results. The measurement range of the
vortex flowmeter used in the experimental system is 15–110 m3/h, the
accuracy level is 1.0, and the noise frequency range measured using the
hydrophone is 20 Hz–100 kHz. According to Moffat’s uncertainty
analysis (Moffat, 1988), the uncertainty of flow, noise signal, and
temperature measured in this experiment are 1%, 0.6 Db, and 0.5℃
respectively.

3 Results and discussion

3.1 Typical plume evolution

As shown in Figure 2A, this working condition is a typical external
chug with an encapsulating bubble. At the beginning of the jet, the
bubble shape is regular and spherical. With the jet, the bubble size

gradually increases, and some jets have bubble-coated nozzles. When
the bubble diameter increases to the maximum value (15 ms), the
diameter is slightly larger than the nozzle diameter. Due to the shear
action between high-speed steam and water and the pressure
difference inside and outside the bubble, the necking process
begins. The bubble leaves the continuous steam area, and the
steam bubble covering the nozzle leaves the nozzle under the dual
action of steam jet velocity potential and steam condensation
potential. Due to the high steam condensation potential of ambient
water, the necking separated steam bubble collapses quickly, and the
pressure at the position where the bubble collapses decreases sharply.
Ambient water is directly poured back into the nozzle (22 ms),
resulting in the condensation of steam in the nozzle, and no steam
is ejected from the nozzle (22–23.5 ms). Then, under the action of jet
velocity potential, the steam bubble appears again in the nozzle, with
an irregular hemispherical shape, starting the external chug behavior
in the next cycle. In the whole process of external chug, the steam
bubble experiences growth, necking, separation, and collapse. During
the stagnation condensation process in the tube, it can be found that
the typical characteristics of external chug are a long bubble growth
cycle (9 ms) but a very short collapse time (2 ms). Figure 2B shows the
oscillating bubble jet. In the initial stage of the jet, the bubble presents a
hemispherical shape and regular shape. As the jet progresses, the
bubble size gradually increases (2–4 ms). Under the dual influence of
steam flow and ambient water, the phenomenon of covering the nozzle
appears (6–8 ms). With the promotion of subsequent steam and the
condensation of ambient water, the bubble gradually moves forward.
The phenomenon of covering the nozzle gradually disappears
(9–13 ms). The bubble shape transits from spherical to elliptical
(8–15 ms), and the gas–liquid interface is relatively stable. The
necking phenomenon occurs in the middle of the jet. The
ellipsoidal bubble is separated from the nozzle and gradually
separated from the continuous steam area, becoming an isolated
bubble (20–20.5 ms), which is gradually condensed and collapsed
under the cooling of the ambient water. It takes a short time
(6.5 ms) from the beginning of necking to the completion of
collapsing. During necking, there is a small oscillation at the

FIGURE 1
Experimental system.

TABLE 1 Experimental parameters.

Parameter Value

Size of experimental water tank, mm 1500 × 600 × 1000

Nozzle diameter, mm 6

Steam mass flow rate, kg/(m2 · s) 10–240

Saturation temperature, °C 81

Sub-cooling of ambient water, °C 3–17

Tank pressure, MPa 0.05 (absolute pressure)

Inlet steam pressure, MPa 0.1–0.2 (absolute pressure)
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necking position, and then necking is completed quickly (19–20 ms)
under the cooling action of the ambient water. After necking, the
volume of steam bubble near the nozzle gradually increases, and the
shape changes from conical to hemispherical and finally becomes oval.
The growth time of steam bubbles is long, and the speed is slow in the
process of the steam jet. However, the collapse time is longer than the
external chug, about 1/2 of the growth cycle.

Figure 2C shows the conical and cylindrical jet, the jet that changes
from the initial conical to ellipsoidal jet (0–2 ms), and then the
cylindrical steam plume appears. The axial jet distance is greatly
increased compared with the external chug and oscillating bubble
jet (3–8 ms), and the radial diameter changes less. With the necking
process, the steam bubble volume near the nozzle changes greatly, and
the radial diameter decreases (8–11 ms). The steam bubble
downstream of the necking changes from a cylindrical plume to an
isolated elliptical bubble (8–12 ms), which gradually condenses and
collapses with the jet. When the steam mass flow rate increases to
70 kg/m2·s (Figure 2D), the shape of the steam plume changes from a
conical and cylindrical jet to a cap jet, and the radial jet diameter
increases greatly, especially when the cap jet appears near the nozzle,
the effect of buoyancy still exists. At the same time, when the necking is
not completed, the downstream steam bubble gradually decreases and

the volume of cap plume near the nozzle gradually increases. When
the downstream cylindrical bubble condenses completely and
disappears, the volume of the cap plume reaches its maximum.

3.2 Research on acoustic characteristics

3.2.1 Time-domain noise signal analysis
As shown in Figure 3, the mean square root of noise increases with

the increase in steam mass flow when the sub-cooled temperature is
11°C. The increase in shear force produced by steam jet velocity
potential leads to an increase in turbulent noise. At a low steam flow
rate, the noise generated by steam injection has a small mean square
root and a large distance between the peak and trough of the noise
signal, which means that the frequency of the noise generated is small
and the evolution period of steam plume is large. Generally speaking,
the larger the vapor evolution period, the longer the bubble growth
time, the larger the volume of the bubble, and the larger the mean
square root value of the noise generated by its rupture. However, due
to the restriction of the flow pattern at a lowmass flow rate, the relative
sound pressure value and frequency of injection noise are small. With
the transition of jet type to a conical and cylindrical jet, the bubbles

FIGURE 2
Four typical steam plume patterns.
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grow violently and break in a larger volume, the gas–liquid interface
area of the steam plume gradually increases, and the noise and sound
pressure produced by the necking and breaking of the steam plume are
larger. At this time, the mixing action caused by the jet is larger, which
enhances the condensation ability of ambient water and leads to a
decrease in cycle time compared with a low mass flow rate.

As shown in Figure 4, when the ambient water temperature
approaches the saturation temperature, the noise sound pressure
signal gradually increases with the increase in the steam mass flow

rate. Since the cooling capacity of ambient water is already low, the
noise of injection mainly comes from the turbulent noise caused by the
shear action between steam jet and water, so the sound pressure signal
of noise increases with the increase in steam flow. When the steam
mass flow rate is 70 kg/m2·s, the phenomenon of ambient water
backfilling of the nozzle occurs, the steam is condensed in the
nozzle, and the noise sound pressure signal basically disappears.
When the steam flow rises to medium mass flow, the noise sound
pressure signal continues to increase due to increased velocity shear.

FIGURE 3
Noise time-domain signal at ΔT = 11°C.

FIGURE 4
Noise time-domain signal at ΔT = 3°C.
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As shown in Figure 5, when the mass flow rate is 70 kg/m2·s, the
general trend of root mean square of noise decreases with the decrease
in sub-cooled temperature. When the sub-cooled temperature is 14°C,
the cooling capacity of ambient water is strong, the process of bubble
growth and cracking is violent, and the mean square root value of
noise is high. When the sub-cooled temperature decreases to 7°C, the
decrease in cooling capacity of ambient water leads to an increase in
the evolution period of the steam plume type and a small change in
pressure caused by bubble collapse, which results in a decrease in the
mean square root value of injection noise. Under the condition that the
mass flow rate is 70 kg/m2·s, the steam jet changes from the surge jet to
cap jet. The mixing action of the steam jet dominates because the
steam plume volume atΔT = 5°C (Figure 5B) is larger than that at ΔT =
7°C (Figure 5C). Therefore, the mean square root value of the
oscillating noise generated by steam injection at ΔT = 5°C is
greater than that at ΔT = 7°C.

As shown in Figure 6, when the steam mass flow rate is increased
to 220 kg/m2·s, the plume shape becomes conical and cylindrical under
this condition. At higher steam flow rates, jet agitation increases
condensation less than the input of steam energy. Therefore, the
degree of condensation collapse of steam in water decreases, and the
root mean square value of the noise signal decreases as sub-cooled
temperature decreases.

3.2.2 Noise spectrum and visual analysis of the steam
plume

We use FFT to transform the noise signals under different working
conditions from the time domain to the frequency domain. At the

same time, the main frequency and visualization results are compared
and analyzed, and the sources of different components in the noise
spectrum are analyzed to reveal the internal relationship between the
generation of the noise signal and the shape of the steam plume. It
provides support for exploring noise mechanisms and noise control.

As shown in Figure 7A, the distribution of the noise signal in the
frequency domain is obtained through fast Fourier transform, and
three dominant frequencies can be observed, of which the first
dominant frequency is the natural dominant frequency of the
system, and the second and third frequency bands are noise signal
generation. Considering that the natural frequency of the system
remains unchanged, the frequency band slightly larger than the
fixed dominant frequency band in the frequency domain is defined
as the first dominant frequency. The position of the frequency band
slightly larger than the first dominant frequency is defined as the
second dominant frequency, and so on. The center frequency of the
first dominant frequency is 68.5 Hz, and the second dominant
frequency is 142.6 Hz. When sub-cooling is relatively high, the
relative distance between the first dominant frequency and the
second dominant frequency is large; Figure 7B shows the evolution
image of the steam plume under corresponding working conditions.
The steam form at the necking position is divided into two parts. We
define the steam near the nozzle as the main steam area, which is
gradually increased by the promotion and energy supplement of
subsequent steam, and then the necking volume decreases due to
velocity shear. It is defined as the large steam column area downstream
of the necking position, and after necking, it leaves the main steam
area without external energy input. Under the action of jet velocity

FIGURE 5
Noise time-domain signal when Ge = 70 kg/m2·s.

FIGURE 6
Noise time-domain signal when Ge = 220 kg/m2·.
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potential, it continues to move downstream and condenses and
collapses. The cycle starts at the necking start position (0 ms). At
this time, the volume of the downstream large steam column is the
largest, and the volume of the main steam area is the smallest. With the
progress of the jet, the volume of the downstream large steam column
gradually decreases, and the volume of the main steam area gradually
increases. The condensation collapse time of the downstream steam
column is 7 ms, and its evolution frequency is 142.8 Hz. In the noise
frequency-domain analysis, we found that the second dominant
frequency of the noise is 142.6 Hz, which is basically the same.
Therefore, the source of the second dominant frequency is the
evolution behavior of the downstream steam column after necking.
While the time for the steam plume in themain steam area to complete
a cycle is 14 ms and the evolution frequency in the main steam area is
68.9 Hz, in the noise spectrum, the center frequency of the first
dominant frequency is 68.5 Hz, so we believe that the source of the
first dominant frequency of noise is the increase in steam volume
upstream of the necking and necking process.

When the sub-cooled temperature drops (Figure 8A), the second
dominant frequency in the noise spectrum disappears, and the center

frequency of the first dominant frequency is 41.9 Hz. The first
dominant frequency decreases with higher sub-cooling
temperatures. Affected by condensation capacity, the evolution
cycle of the steam plume increases. From the steam plume
evolution image (Figure 8B), it can be seen that the steam
evolution cycle in the mainstream area is between 22 and 24 ms,
and the evolution frequency is in the range of 41.7–45.5 Hz. It is
basically consistent with the evolution frequency in the noise
spectrum. It takes 21 ms for the downstream steam column to
separate from necking to complete collapse, and the evolution
frequency is 47.6 Hz, which is close to the first dominant
frequency. Therefore, we found that with the decrease in sub-
cooled temperature, the second dominant frequency moved to the
first dominant frequency.

When the sub-cooled temperature drops close to the saturation
temperature (Figure 9), the first dominant frequency and the second
dominant frequency in the noise spectrum disappear; at this time, the
condensation capacity of the ambient water is very weak. Also, when
the steam condensation overflows in the form of bubbles, the noise
generated is very small. The bubble necking is not obvious, and it is

FIGURE 7
Ge = 180 kg/m2·s; ΔT = 9°C.

FIGURE 8
Ge = 180 kg/m2·s; ΔT = 7°C.
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difficult to distinguish between the mainstream area and the
downstream steam column. Therefore, we analyze the first and
second dominant frequencies, which gradually shift to low
frequencies with the decrease in ambient water sub-cooling until
they disappear.

3.2.3 Frequency-domain noise signal analysis
When the sub-cooled temperature decreases to 11°C (Figure 10),

we only find the existence of the first dominant frequency at low steam
flow. With the increase in steam flow, the first and second dominant
frequencies appear. With the increase in steam flow, the first dominant
frequency first increases and then decreases, and the change in the
second dominant frequency is consistent with that of the first
dominant frequency. With the increase in steam flow, the mixing

effect is greater than the increase in input energy, resulting in an
increase in condensation, the evolution period decreases, and the
dominant frequency of noise increases. When the steam flow
continues to increase, the mixing effect is less than the increase in
input energy, and the condensation effect is less than the energy value
introduced by the increase in steam flow, resulting in an increase in the
steam plume evolution cycle, so the dominant frequency decreases in
the noise spectrum.

When the ambient water temperature is close to the saturation
temperature (Figure 11), only the first dominant frequency is observed
in the whole working condition, and the second dominant frequency
does not appear. It can be judged that the steam necking process is not
obvious when it is close to the saturation temperature. The
condensation capacity of the ambient water is weak, the steam is

FIGURE 9
Ge = 160 kg/m2·s; ΔT = 3°C.

FIGURE 10
Noise frequency-domain signal at ΔT = 11°C.
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no longer subjected to large-scale collapse condensation, and the
position resolution between the main steam area and the
downstream steam column is not obvious. The first dominant

frequency first increases and then decreases with the increase in
steam flow. At this time, the main frequency of noise may be
turbulent noise.

FIGURE 11
Noise frequency-domain signal at ΔT = 3°C.

FIGURE 12
Noise frequency-domain signal when Ge = 70 kg/m2·s.

FIGURE 13
Noise frequency-domain signal when Ge = 140 kg/m2·s.
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When the steam mass flow is constant (Figure 12), the
condensation capacity is strong at low steam mass flow rates and
low sub-cooling, and the first and second dominant frequencies exist.
With the decrease in sub-cooling, the first and second dominant
frequencies in the noise spectrum gradually shift and disappear to low
frequencies. The condensation capacity of ambient water plays an
absolutely dominant role at low mass flow rates. When the sub-cooled
temperature is high, the steam condensation potential is high. At this
time, the steam flow is low, the energy it carries is low, and the speed of
steam condensation is fast. With the decrease in sub-cooled
temperature, the condensation capacity decreases, and the steam no
longer condenses and collapses but gradually overflows the water
surface, resulting in low noise sound pressure. At this point, there is
only a little turbulent noise. Therefore, the first and second dominant
frequencies are not observed in the noise spectrum at high water
temperatures.

When the steam mass flow increases to 140 kg/m2·s (Figure 13),
the existence of the first dominant frequency and the second dominant
frequency is observed at the same time under this experimental
working condition. At a lower water temperature, the steam
condensation speed is faster, so that the first and second dominant
frequencies are higher. With the decrease in sub-cooled temperature,
the first dominant frequency and the second dominant frequency
decrease, and the difference between them gradually decreases. It

shows that the evolution time of the main steam zone is gradually close
to the evolution cycle of the downstream steam column. When the
sub-cooled temperature is low, the condensation capacity of the
ambient water decreases, resulting in a further increase in the time
of steam bubble growth, necking separation, and condensation
collapse in the water so that the first main frequency and the
second main frequency reach the minimum value under this
working condition.

When the steam flow increases to 220 kg/m2·s (Figure 14),
consistent with 180 kg/m2·s, the first dominant frequency and the
second dominant frequency only exist at lower water temperature.
With the decrease in sub-cooled temperature, they gradually transfer
to low frequency. At higher water temperatures, the second dominant
frequency disappears, coincides with the first dominant frequency,
and gradually decreases with the increase in water temperature.

In conclusion, we find that the influence of steam flow and sub-
cooled temperature on the noise spectrum is interactive. When the
sub-cooled temperature remains unchanged, the first dominant
frequency and the second dominant frequency of noise exist at
higher sub-cooled temperatures and first increase and then
decrease with the increase in steam flow. At lower sub-cooled
temperatures, only the first dominant frequency exists, and the
changing trend of the dominant frequency is consistent with that
of low water temperature. The sub-cooled temperature has a great

FIGURE 14
Noise frequency-domain signal when Ge = 220 kg/m2·s.

FIGURE 15
Root mean square value of noise.
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influence on the noise spectrum. When the steam flow is at a low level
and remains unchanged, the dominant frequency only exists at the
lower water temperature, and the dominant frequency is not found at
the higher water temperature. With the increase in steam flow to
medium steam flow, it is observed that both the first dominant
frequency and the second dominant frequency exist in the
spectrum, and both the first dominant frequency and the second
dominant frequency decrease with the decrease in sub-cooled
temperature. When the steam mass flow rate increases to a higher
flow rate, the first dominant frequency and the second dominant
frequency only exist at the lower water temperature and gradually
transfer to the low frequency with the increase in the ambient water
temperature. When it is close to the saturation temperature, the
spectrum ranges of the first dominant frequency and the second
dominant frequency gradually coincide.

3.2.4 Influence of injection parameters on noise
amplitude

In order to analyze the variation law of the noise time-domain
signal, the root mean square of the noise sound pressure is defined as
follows:

p′ � 1
N

∑N
i�1

pi − pavg( )2⎡⎣ ⎤⎦ 1
2

,

where p′ is the root mean square value of noise sound pressure, Pa; N
is the number of sampling points; and pavg is the average value of noise
sound pressure.

When the sub-cooled temperature remains unchanged (Figure 15A),
the root mean square of noise generally shows an upward trend with the
increase in steam flow. At low mass flow, the root mean square of noise is
small due to theweak shear effect of steam andwater velocity and the small
volume of bubble growth and rupture.With the increase in steam flow, the
rootmean square of steam injection noise increases greatly. This is because
the bubble volume is much larger than that in the small flow area and the
noise caused by periodic bubble growth and condensation collapse
increases. Also, the turbulent noise caused by the velocity shear effect
between steam and water also increases. When the steam mass flow rate
remains unchanged (Figure 15B), it is found that the root mean square of
the noise signal gradually decreases with the decrease in sub-cooling.When
the sub-cooled temperature is relatively high, the condensation of ambient
water is relatively strong, resulting in the violent growth and rupture
process of steam bubbles. Therefore, the noise amplitude is high, and when
the ambient water temperature is close to the saturation temperature, the
signal amplitude decreases to the lowest. At this time, the condensation
capacity of ambient water is less affected, and the turbulent noise caused by
velocity shear between steam and ambient water is dominant. Therefore,
when the steam flow remains unchanged, the root mean square value of
noise changes less near the saturation temperature.

4 Conclusion

This paper studies the condensation characteristics and noise
characteristics of underwater steam injection under low sub-cooling
and analyzes the influence of injection parameters on jet flow patterns
and noise characteristics. The noise spectrum signal and visual image
are combined to analyze the noise mechanism in the process of steam
plume evolution. The conclusions are as follows:

(1) Using a high-speed camera to capture the plume shape, it is found
that there are four typical plumes under low sub-cooling: an
external chug with an encapsulating bubble, an oscillating bubble
jet, a conical and cylindrical jet, and a cap jet;

(2) The noise signal is collected using the hydrophone, and the
influence of injection parameters on the noise amplitude is
analyzed. It is found that the root mean square of noise
generally shows an upward trend with the increase in steam
flow, and the root mean square of the noise signal gradually
decreases with the decrease in sub-cooling;

(3) Using FFT to analyze the noise spectrum and combined with the
visual image, it is found that the first dominant frequency in the noise
spectrum is the periodic evolution of themain steam area upstreamof
necking, and the second dominant frequency is the collapse of large
bubbles downstream of necking. The change of the dominant noise
frequency is affected by steam flow and sub-cooling.

The change law of dominant frequency of the same sub-cooling
(steam mass flow) is different in different flow ranges (sub-cooled).
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