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Introduction: The direct-contact condensation (DCC) of steam under water
injection is the basic thermodynamic process of the bubble deaerator. In order
to understand the complex coupling behavior of strong turbulence and fast
phase-change heat transfer involved in the process.

Methods: This study uses a visualized method and convective heat transfer
model.

Results: Since the contact area is affected by steam injection flow and sub-
cooled degree is affected simultaneously, the trend of the condensation heat-
transfer coefficient depends on the degree of their respective effects
under each condition, and the maximum variation of the coefficient exceeds
104 W/m?°C. Moreover, they still effect the period of steam plume, and the
maximum variation of the period was beyond 80 ms.

Discussion: Calculated the average condensation heat transfer coefficient and
then produces the variation law of heat transfer coefficient under various
conditions in one steam plume evolution period.

KEYWORDS

direct-contact condensation, low-sub-cooled flow fields, condensation heat transfer
coefficient, two-phase flow, plume visualization

1 Introduction

The bubble deaerator, as one of the deoxygenation equipment, has been wildly used in
nuclear power plants. In order to extract the non-condensable gases that have dissolved
inside the water, letting the superheated steam have direct contact with sub-cooled water
is the main process of this equipment, and the water will be heated to the saturate
temperature by the thermal energy generated from steam bubble collapse. The advantages
of this process are zero-heat resistance and efficient heat transfer. However, the
disadvantages still obviously are as follows: the high temperature difference between
the superheated steam and sub-cooled water will cause the steam to condense rapidly near
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the nozzle and collapse after necking, and the jet noise will be
radiated out due to the high-speed shear layer and strong
turbulent region generated by steam bubble breakage.
Therefore, the study of the condensation heat transfer
characteristics on steam underwater injection plays an
important role in understanding the heat transfer and noise
mechanism of steam injection, and provides theoretical support
for intensifying heat transfer and noise suppression.

The gas-liquid interfacial characteristic of the steam
underwater injection is a fundamental basis for the study of
DCC between steam and sub-cooled water. In this study, it
affects the heat

complication of the

determines the heat transfer area which
the
phenomenon, many scholars, based on the experimental

transfer coefficient. Due to
investigations  they conducted, presented the steam
condensation diagram. In the 1980s Chan and Lee (1982);
Fukuda and Saitoh (1982); Izuo et al. (1983); and Izuo et al.
(1980) carried out pioneering research in this field, and various
experimental condensation regime maps were drawn. Since the
2000s, Petrovic de With et al. (2007) presented a new three-
dimensional condensation regime diagram because the two-
dimensional diagram failed to predict regimes accurately if a
different injector size was considered. de With (2009) presented a
new two-dimensional steam plume penetration length diagram
in order to predict the steam plume heat-transfer interface area in
different conditions instead of repetitive experimental study, and
he validated the diagram against experiments. Through the
investigated flow regime maps, the experimental condition of
this study could be settled in a proper range.

Due to the intense mass and energy exchange between steam
and sub-cooled water, it is difficult to study its heat and mass
transfer characteristics. Therefore, plenty of scholars have
carried out experimental studies in DCC. In the 1970s,
Cumo et al. (1977) studied the condensation heat transfer of
conical steam jets by experimental investigation. Furthermore,
the experimental analysis of conical, ellipsoidal, and divergent
steam jets by Chun et al. (1996) showed that when the mass flux
of steam increased or the temperature of water decreased, the
average heat transfer coefficient increased. Xu et al. (2022b)
carried out both experimental and numerical studies of DCC in
sub-cooled water pipe flow, based on the experimental data and
numerical solutions, they found that mass transfer reaches the
maximum at the phase interface with a steam volume fraction
of 0.60. Yang et al.
investigation to study the thermal hydraulic characteristics

(2019) conducted an experimental

of DCC in an unstable condensation regime, and according
to the experimental results at various boundary conditions,
they presented a unified correlation of the heat transfer
coefficient which identified the bubbling frequency in the
unstable condensation regime. Kwidzinski (2021) analyzed
the heat and mass transfers in the mixing chamber of
steam-water injector; he found that the two-phase flow
parameters outlet

of the mixing chamber depending
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predominantly on the inlet water-vapor temperature
difference.

For conducting further experiments and reducing the
repetitive experiments, many scholars also carried out
numerical studies in DCC. Gulawani et al. (2006) used the
two-resistance thermal phase-change model to simulate the
DCC of a steam jet; this model considered both the heat
transfers from the ambient water to the steam-water
interface and from the steam region to the steam-water
interface. Li et al. (2015) used the Volume of Fluid (VOF)
multiphase model and Large Eddy Simulation (LES) turbulent
model to investigate DCC; comparing the simulation solution
and the experimental data, they were in good agreement in
steam plume evolution, and the steam plume can be divided
into four stages. Pesetti et al. (2020) investigated the DCC
phenomenon in a vacuum vessel pressure-suppression system
of nuclear fusion plants. Through the adoption and assessment
of suitable numerical codes, it was able to precisely simulate
low-pressure steam injection and sub-cooled water’s initial
thermodynamic parameters. Lu et al. (2021) investigated the
DCC characteristic through a double-hole nozzle under
different conditions; the experimental data indicate that the
heat transfer coefficient of the double-hole steam jet is closely
related to the sub-cooled water temperature and steam mass
flux. Li et al. (2022) used Lee mass transfer model to investigate
the interfacial characteristics, with reference to experiment
data they obtained; it was demonstrated that the mass transfer
rate caused velocity fluctuations at the steam-water interface,
and these velocity fluctuations promoted bubble deformation.
Xu et al. (2022a) conducted CFD research using the Eulerian
two-fluid model on the DCC phenomenon; based on the
simulation solution, they discovered the correlation between
steam plume’s Ma number and the total pressure at the nozzle
outlet.

After entering the sub-cooled water through the discharge
nozzle, the steam jet will violently transfer heat and mass to the
surrounding sub-cooled water, accompanied by the kinetic
energy carried by itself. Thus, the phenomenon of fluid and
pressure oscillations will be introduced, that also produce
noise. In the 1970s, Kadlec and Miiller (1976), through full-
scale containment tests conducted for Marviken NPP in
Sweden, indicated that steam jet condensation had an
important influence on the pressure oscillation. Li et al.
(2019) and Li et al. (2020) carried out experimental studies
on pressure oscillation in pure steam injection and steam-air
mixture injection. The experimental result showed that in pure
steam injection, the pressure oscillation intensity in sub-
cooled water increases first, then decreases rapidly, and
then increases slowly; in a mix injection, the presence of air
can reduce the pressure oscillation intensity when bubble
resonance does not occur,. Datta et al. (2021) carried out
an experimental investigation of the DCC phenomenon in a
horizontal pipe; considering the experimental data, they found
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that pressure peaks are attributed to the rapid collapse of vapor
bubbles when the corresponding locations become filled with
(2021)
investigated DCC in a steam-water condensing injector;

sub-cooled water. Miwa et al. experimentally
they used supersonic steam and a sub-cooled water jet, and
based on the experimental data, they established a one-
predict the
distribution. Li et al. (2021b), in order to relieve the

drawback of this process, carried out an experimental study

dimensional model to axial pressure

on it, and finally designed three types of sprayers to reduce the
pressure oscillation in high-steam mass flow rate. Liu et al.
(2022) carried out an experimental study of condensation
oscillation induced by steam injected through a vertical
blow down pipe and found that the vessel pressure has a
significant effect on the condensation oscillations.

For avoiding greater damage generated by intense pressure
oscillation of the steam jet on the experimental facility,
scholars conducted numerical investigations on this.
Pttikangas et al. (2010) noted that the difficulty of DCC lies
in the calculation of the interface area and heat transfer
coefficient. The VOF model was suitable for simulating
large bubbles of non-condensable gas in the early discharge
stage of a pressure suppression pool. Zhou et al. (2021) took
numerical investigations of DCC in a vertical pipe with the
presence of non-condensable gas and revealed that the steam
plume static pressure peak is affected by the squeezing effect of
water flow. Li et al. (2021a) also carried out a CFD study of
DCC in this aspect and found six large chugging stages in
steam-water flow which may cause oscillations.

Other scholars also tried to investigate the mechanism of
DCC or reduce the pressure oscillation using various methods.
Chen et al. (2019) carried out a visualized study on DCC in
convergent nozzle over a wide range of operating conditions,
discussing in detail the steam plume shape, penetration length,
and average heat-transfer coefficient, by means of fitting
measured data, they presented empirical correlations for
dimensionless penetration length and average heat transfer
coefficient as a function of dimensionless steam mass flux and
condensation driving potential. Zhu et al. (2021) experimentally
studied DCC in core make-up tank (CMT) in AP-series nuclear
power plants, in order to reveal that the CMT behavior was
affected by different factors including pressure, non-condensable
gas, and thermal resistance. Wang et al. (2021a) experimentally
studied the temperature and pressure oscillation induced by DCC
in a porous injector, and through the experimental data, they
found that the porous inner-structure suppressed the pressure
oscillation by increasing the viscous resistance and inertia
resistance of the steam-water flow.

Through the aforementioned literature review and the other
review articles (Wang et al., 2021b), it was found that the current
research on the phase-change heat transfer of steam
condensation is still mainly focused on the flow field of
medium and high sub-cooled degrees, and there have been
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the
because of the weak cooling capacity of ambient water.

few studies under low-sub-cooled-degree condition,
Currently, the steam jet plume form becomes instability, and
the identification of the gas-liquid interface becomes difficult.
Therefore, the aim of this study is to enhance our understanding
of the heat transfer characteristics of steam-water direct-contact
condensation under low sub-cooled degree and analyze the
variation law of heat transfer coefficient with different
injection and ambient water parameters, and finally, to obtain
the thermodynamic behavior of the steam injection process

under a low-sub-cooled flow field.

2 Experimental facility

The experimental facility is shown in Figure 1. It mainly
consists of a steam generator, main and auxiliary steam
branches, one low-sub-cooled visualize water tank, with a
size of 1,500 mm x 600 mm x 1,000 mm, a high-speed
camera, several pressure, temperature gauges, and two
vortex flow meters mounted on the pipeline; the range of
10-240 kg/(m*s). The
superheated steam generated by the steam generator enters

steam injection mass flux is
the steam pipeline after passing through the surge tank. The
main steam branch is connected to the water tank, and steam
enters the water tank through the steam nozzle with a diameter
of 6 mm installed at the end of the pipeline. The high-speed
camera will record the condensation-collapse behavior under
steam injection conditions. The auxiliary steam pipeline
controls the flow rate of steam injected into the water tank
via the valve installed on the pipeline. The diverted steam
enters the condensing tank and then flows back to the steam
generator after condensing.

The actual steam volume flow rate injected into the water
tank can be calculated by subtracting the steam flow rate of the
main and auxiliary steam branches. This method effectively
restricts the issue of the low flow rate affected by the opening
of the valve on a single pipe. An auxiliary electric heating band
is wrapped on the main steam branch. In order to compensate
the heat dissipation to the environment when steam passes
through the pipeline, this device will start before the beginning
of the experiment to ensure that the steam passing through the
flow meter and then entering the water tank is in a saturate
state, the steam pressure at nozzle inlet is at a range of
0.1-0.2 MPa (absolute pressure). The water tank was also
equipped with a backlight panel, a cooling heat exchanger,
some thermocouple for measuring the water temperature near
the nozzle, and a hydrophone for measuring the noise of steam
bubble collapse. An air extractor was connected with the air
extraction hole set on the water tank, operating pressure
(absolute pressure) of the water tank is 0.05 MPa, lower
than the atmospheric pressure to reduce the saturate
temperature from 100°C to 81°C, so that the water can
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TABLE 1 Main parameters of the experimental measuring instrument.

Measurement device

Schematic of the experimental system. (A) Experimental facility schematic. (B) Photograph of the facility.

Uncertainty

Thermocouple T 0-350°C +0.64°C
‘ Pressure gauge PT-895A ‘ 0-0.6 MPa +0.003 MPa ‘
’ Temperature gauge WZPT-211 ‘ 0-200"C +0.5°C ‘
‘ Vortex flow meter VEM1091G ‘ 15.8-110 m’/h +0.942 m’/h ‘

TABLE 2 Experimental conditions.

Steam mass flux Ge (kg/m?s)

Sub-cooled degree AT (°C)

Steam mass flux Ge (kg/m?s)  Sub-cooled degree AT (°C)

reach the required sub-cooled degree without raising the
temperature to a very high level. That improves the safety
of thermal-hydraulic experiments. The main parameters of
the measuring instruments are shown in Table 1.

During the experiment, the steam status parameters inside
the pipeline are adjusted to satisfy the required working
conditions. A high-speed camera capturing the steam
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plume image simultaneously is arranged near the visual
observation window on the other side of the water tank.
The steam plume images are used to assist the analysis of
the condensation heat transfer mechanism and obtain the
thermodynamic behavior of the steam injection process in
the low-sub-cooled flow field. Each experimental condition of
steam injection can be seen in Table 2.

frontiersin.org


https://www.frontiersin.org/journals/thermal-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fther.2022.1030998

Qian et al.

10.3389/fther.2022.1030998

Actual measurement position in original image

FIGURE 2

Schematic of measurement positions

Schematic of measurement positions around and inside the steam bubble. (A) Actual measurement position in the original image. (B) Schematic

of measurement positions.

3 Data acquisition

This section will introduce the steps to calculate
the heat transfer coefficient, including the convective
heat the  method
the temperature near nozzle, and the area of gas-liquid

transfer model, to obtain

interface.

3.1 Convective heat transfer model and
temperature measurement position

In order to investigate the condensation heat transfer
characteristics of steam underwater injection, many scholars
have carried out experimental studies. Among them, the
convective heat transfer model is developed based on the
conservation of energy transfer through the interface. The
primary hypothesis of this model is that the energy
conservation in a gas-liquid interface, that is, the energy
transfer from steam to the ambient water through the phase
interface is equal to the energy absorbed by the ambient water,
and establishes the thermal balance equation through the
gas-liquid interface as follows:

m(hs - hy) = hA(T. - Ty), 1)

where h; is the heat transfer coefficient. From the formula
mentioned above, we have

_ m(h.—hy)

- A(T.-Ty) @

i

Once the volume flow rate has been obtained, recording the
steam status parameter data by the temperature and pressure
gauge mounted on the pipeline and dividing the specific volume,
the mass flow rate m can be obtained. Dividing the nozzle cross
section area can finally get the steam injection mass flux Ge. Tyis
the ambient water temperature, it is taken as the average value of

Frontiers in Thermal Engineering

05

the two thermocouples on both sides of the steam plume and the
four thermocouples arranged at the four corners of the water tank
(T Tpos Tpzs T Tfs, and Tis). T is the steam plume temperature,
it is taken as the average value of the temperature-measuring
position (Ty;, Tsp, T3, and Tyy) arranged inside the steam plume.
The measurement of the temperature inside the steam plume
requires the thermocouples to enter the steam plume in an
appropriate depth. If they are too deep, the development of
the steam plume will affect them; and if they are too shallow, even
being located in sub-cooled water will result in an inaccurate
temperature measurement. Therefore, the arrangement of
thermocouples near the nozzle is roughly as follows: four
thermocouples at the nozzle outlet are installed at a movable
bracket; the measuring point position can be changed according
to the variation of the steam plume’s penetration length. The
temperature-measuring point is arranged as shown in Figure 2.

The enthalpy value /; of the ambient water is calculated by
using the ambient water temperature, T and the indication of
pressure gauge mounted on the water tank.

3.2 Image process

Identifying the boundary of gas-liquid interface is one of the
necessary steps to obtain the condensation heat transfer
coefficient, the other one is to obtain the gas-liquid heat
exchange area. However, the shape of steam underwater
injection becomes irregular and periodic under the condition
of low sub-cooled degree and low mass flow rate. Therefore, for
the typical steam plume shape, this study uses a high-speed
camera to capture the steam plume image, then analyzes the
steam plume evolution period in different conditions, processes
the steam plume image in each period, and obtains the variation
heat-transfer characteristics. In order to distinguish each period,
the definition of one steam plume evolution period is: the time
the last bubble necking completely leaves the nozzle is the
starting of the period, when the steam plume completely
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11ms 16.5ms

Original image

FIGURE 3

Binarized image

Comparison of the original image and binarized image. (A) Original image. (B) Binarized image.

TABLE 3 Error calculation result.

Parameter Sources of error

Difference

a (mm/pix) Calibration

Physical distance of reference points I,

Detailed description

Image distance of reference points L,

Sensitivity factor
0.7 (pixels) 0.0000294 (mm/pixel?)

0.02 (mm) 0.00313 (1/pixel)

Camera assembly

Image distortion X;

4.11 (pixels) 0.0000294 (mm/pixel?)

Integrating the aforementioned calculation result, the uncertainty of the interfacial area will be +35 W/m*C.

leaves the nozzle and collapses at the end of this period. The heat
transfer area of the gas-liquid interface is obtained by processing
the steam plume image of one period, and then calculating the
heat transfer coefficient of the underwater jet.

The steam plume image captured by a high-speed camera will
adjust to remove the noise around the steam plume, due to the
environmental disturbances and imperfections of the optical
system, then binaries through threshold segmentation. The
key to this method is to find the appropriate grayscale
threshold, usually according to the grayscale histogram of this
image, and then select Otsu’s method. This algorithm divides
the grayscale value of the image into two parts through the
threshold, giving max variance between the two parts. Image
segmentation will be performed after the global threshold
is obtained. The comparison between the binarized image
obtained by this method and the original image is shown in
Figure 3. The image represents the condition of the sub-cooled
degree AT = 10°C, and the mass flux Ge = 180 kg/m”s.

After obtained the binarized image of the steam plume, it will
be processed to identify the gas-liquid interface area. Assuming
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that the gas-liquid interface is axisymmetric and continuous, it
can be solved by the following equation:

I
A= J 2nrdx. 3)

0

Among them, in Eq. 3, the upper limit of integration [ is the
penetration length of the vapor plume, where dx is the length of
the differential element, and r is the axial radius of the jet. The
captured vapor plume images will be processed to obtain the
boundary pixels at the gas-liquid interface and then fit the upper
and lower interface boundary curves. The distance between the
midpoint of the upper and lower boundary curves and the
injection axis is the jet axial radius r. The penetration length I
is determined by the maximum continuous point’s abscissa of the
gas-liquid interface. The length of the differential element is set
as one pixel, and the actual distance of the pixel is determined by
the outer nozzle’s diameter of 12 mmy; it is occupying 45 pixels on
each image, so the actual distance of one pixel is 0.267 mm, and
the gas-liquid heat exchange area A can be calculated via the
aforementioned parameters.
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variation of the average heat-transfer coefficient.

In the process of calculating the interfacial area, the deviation
of it is mainly caused by device measurement, for this study, the
high-speed camera is the main source of the uncertainty. There
are two parts as the sources of uncertainty: the error caused by
calibration of physical distance, and the image distortion caused
by camera assembly. The error calculation results are shown in
Table 3.

4 Analysis of influencing factors of
condensation heat transfer

There are lots of factors that can affect the condensation
heat-transfer characteristics. The sub-cooled degree and
steam flow rate are the main influencing factors among
them. The sub-cooled degree represents the relative degree
of steam condensation potential, the greater the steam
condensation potential, the stronger cooling capacity of
ambient water. The steam mass flow rate represents the jet
velocity potential and it indicates the degree of turbulence
between the steam generated by the velocity shear stress and
the surrounding water. Therefore, this study mainly analyzes
the of
condensation from these two aspects. Since the jet is in an

heat-transfer  characteristics steam-injection
unstable state, the condensation heat-transfer characteristics
under each condition cannot be represented only by the
average heat-transfer coefficient. Therefore, it is necessary
to analyze not only the average heat-transfer characteristics
in different conditions, but also to analyze the average heat-
transfer characteristics during the steam plume evolution

period.
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4.1 Effects of different steam flow rates

When the ambient water has reached a high sub-cooled
degree, the steam plume evolution will have a short period,
and the steam plume will experience three processes of
periodic  initial growth, necking detachment, and
condensation collapse as the jet progresses. In the initial
growth state, the volume of the steam plume is small, and
so as the heat exchange area between it and the surrounding
water, because of the effect of the jet velocity potential, and the
heat exchange capacity of the steam bubble is stronger than
other stages. With the subsequent push of steam, the shape of
the steam plume changes, the steam bubble grows greater, the
interface area increases, and the heat-transfer capacity
weakens under the same inputted energy. As the bubble
necking and detach away, the reduced bubble volume and
interfacial area lead to an increase in the cooling capacity
toward the end of the jet. But, its heat transfer coefficient
compared with that of initial the growth stage is still relatively
low. When the steam flow rate is high, the initial stage’s
condensation heat transfer coefficient has a higher value
than that of other lower steam flow rate conditions; as for
the effect of jet’s velocity potential, it has a more intense
condensation behavior. When the steam flow rate becomes
low, the change of the heat-transfer coefficient at the end stage
of the jet flow happens smoothly, as affected by the velocity
potential, the growth and collapse conditions of the steam
plume are basically in a state of equilibrium. Figure 4 shows
the variation curve of the condensation heat-transfer
characteristics of ambient water in a high sub-cooled degree

(AT = 11°C).
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of average heat transfer coefficient.

It can be seen from the figure that with the increases of the
steam flow rate, the condensation heat-transfer coefficient shows
a generally upward trend, but when the steam flow rate is at a
medium flow rate, the heat transfer coefficient has a violent
oscillation, which does not show any obvious regularity. The
reason is that, on one hand, the increase of steam flow produces a
more violent turbulence, which is beneficial to the condensation
heat exchange process. On the other hand, the increase of steam
flow leads to an increase in input energy, which is harmful to heat
exchange. The relative degree of the two determines the
condensation steam plume, as the plume shape changes,
which in turn affects the condensation heat transfer process.
The lower the mass flow rates, the higher the cooling capacity of
ambient water; so, the input energy is relatively low, and the
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turbulence enhancement effect of ambient water is greater than
that of the input energy. When the steam flow rate is high, the
turbulent effect increases, and causes condensation which is
greater than the increment of inputted energy, thus leading to
the coefficients generally showing an upward trend, with
oscillations at moderate mass flow rates.

When the sub-cooled degree is reduced to 7°C, as shown in
Figure 5, the change of the condensation heat transfer
coefficient in one period is basically as same as that of
11°C. With the development of the jet, the coefficient first
decreases and then increases, but the maximum of coefficient
reduces from 45,125 to 31,831, and the duration of the jet heat-
transfer period also increases, the maximum period increases
from 24 ms to 71 ms.
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When the sub-cooled degree of the ambient water
continues decreasing to near saturation temperature, as
shown in Figure 6, the steam inject condition at the sub-
cooled degree reduces to 3°C. The oscillation of the heat
transfer coefficient in the low-steam flow rate range becomes
smoother than that of the high sub-cooled degree. The
condensation potential of the jet is roughly the same as
the cooling capacity of the ambient water, resulting in a
small variation in the shape of the steam plume. When the
steam flow rate is high, the condensation heat-transfer
coefficient of the steam jet varies greatly and the duration
of the heat exchange period decreases. The reason is that the
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steam jet velocity potential is in a predominant condition
compared with the cooling capacity of ambient water. With
the increase in jet velocity, the turbulent effect between steam
and ambient water increases, and so the duration of the heat
exchange period decreases.

With the increase of steam flow rate, the condensation heat
transfer coefficient gradually increases; at this time, since the
ambient water is close to the saturation temperature, the cooling
capacity is greatly reduced, and the enhanced condensation effect
caused by turbulence in a predominant role. Therefore, with the

increase of steam flow, the average condensation heat transfer
coefficient increases.
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4.2 Effects of different sub-cooled
degrees

This section will analyze the variation of condensation heat-
transfer characteristics in different sub-cooled conditions and
obtain the condensation heat-transfer characteristics in a low
sub-cooled degree.

When the steam flow rate is in 160 kg/m?s, the heat-transfer
characteristic curve is shown in Figure 7, and the trend of the heat
transfer coefficient in one period is as same as the variation of
different steam flow rates in the previous section. As the flow is
going on, the heat-transfer coefficient decreases first and then
increases, and at the same time, the heat-transfer coefficient in
this period tends to smoothen with the decrease of the sub-cooled
degree. Due to the decrease of the cooling capacity of the ambient
water, the variation of the steam plume shape in one period is
relatively small. From the overall trend of the average condensation
heat-transfer coefficient (Figure 7B), it can be found that the average
condensation heat-transfer coefficient also gradually decreases with
the decrease of ambient water sub-cooled degree. This is because
with the temperature of the ambient water decreases, the
condensation potential also decreases gradually, but the jet
velocity potential remains. As the sub-cooled degree of ambient
water decreases, the condensation capacity decreases, resulting in a
gradual decrease of the average condensation heat-transfer
coefficient. At the end of the heat exchange period when the
sub-cooled degree is 10°C, the average condensation heat-transfer
coefficient increases slightly, that is because of a slight change in the

shape of the steam plume caused by the jet velocity potential.
Increasing the steam flow rate to 180 kg/m?*s, as shown in
Figure 8, the variation of the heat transfer coefficient in one
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period is still as same as the condition described previously.
When the sub-cooled degree of the ambient water is relatively
high, there is a relatively complete cycle process of the growth
and collapse of the steam plume, the heat transfer coefficient
varies greatly in one plume growth cycle. However, when the sub-
cooled degree is low, the cooling capacity of the ambient water
becomes weaker, which results in a slight variation in the steam
plume shape, and the heat transfer coefficient in its period also
varies slightly. The overall trend of the average heat-transfer
coefficient decreases gradually with the decrease of the sub-
cooled degree, and the slight increase of the heat transfer
coefficient at the intermediate temperature is also caused by
the oscillation phenomenon of the steam plume shape in one
cycle.

Continuing to increase the steam flow to 200 kg/m™s, as shown
in Figure 9, the variation of the heat-transfer coefficient and average
heat transfer coefficient in one period are basically the same as those
of 180 kg/m*-s. Comparing the heat-transfer coefficients at different
flow rates, it can be found that with the increase of steam flow, the
overall trend of the average heat-transfer coefficient is to increase
gradually with the increase of steam flow rate.

5 Conclusion

This experimental study, having used visualization
technology to capture the injection pattern of steam in low-
sub-cooled water, analyzed the condensation heat-transfer
characteristics of the direct-contact condensation of steam and
obtained the average condensation heat-transfer coefficient in

different conditions. The conclusions are as follows:

frontiersin.org


https://www.frontiersin.org/journals/thermal-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fther.2022.1030998

Qian et al.

(1) When the sub-cooled degree of the ambient water remains,
the change of the steam flow rate has no obvious influence on
the heat transfer capacity in a high sub-cooled degree
environment, for example, in a sub-cooled temperature of
11°C, the range of the heat-transfer coefficient varies from
5,737 W/m*°C to 45,125 W/m*°C, comparing with that of
3°C, which varies from 3,576 W/m?°C to 30,998 W/m?"C.
The trend of the heat-transfer coefficient depends on the
relative degree of energy introduced by the steam flow rate
and the condensation capacity caused by turbulence;

(2) The increase of steam flow in the low-sub-cooled environment
is beneficial for heat exchange. Since the condensation capacity
of ambient water is greatly reduced, the turbulence effect caused
by the steam jet gradually in a predominant role in depending
the heat-transfer coefficient, though the maximum coefficient
reduces, the increases have 11,145 W/m?°C, in the condition of
3°C sub-cooled temperature;

(3) When the steam flow rate remains, the effect of the ambient
water’s sub-cooled degree on the condensation heat-transfer
process is certain; that is, with the decrease in the ambient water
sub-cooled degree (for example, from 11°C to 3°C), the
condensation heat-transfer capacity decreases. However, due
to the impact on the steam plume shape, the heat-transfer
characteristics at some conditions do not obey the overall trend.
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