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ABSTRACT

The phenomenon of direct contact condensation of steam into pools with subcooled water is of great
interest for various industrial applications, allowing rapid condensation of steam by providing high heat
transfer and mass exchange capacity. For the nuclear industry it is of great interest to understand steam
condensation in the presence of non-condensable (NC) gases from the point of view of passive safety
of nuclear power plants. Currently there are several experimental studies related to steam and non-
condensable gas discharges in pools, but work is still in progress to obtain a wider range of information.
The objective of the present study is to characterize the horizontal jet behavior in the transition zone,
when initially steam is being discharged and then a small fraction of air is injected. An abrupt change
in behavior is observed when a jet dominated totally by momentum forces experiences the impulse of
buoyancy forces induced by the non-condensable gases. This phenomenon is due to the deterioration
of heat transfer caused by the presence of air. This fact limits condensation by direct contact and
modifies the trajectory of the submerged gases. Direct visualization techniques using a high-speed
camera and image processing methods are used to characterize this jet behavior. Different tests have
been performed by varying the steam flow rate, pool water temperature and nozzle diameter. In each of
the tests, the air flow rate required for the transition zone to occur was determined. The processing of
the obtained images is performed by means of a multi-step subroutine in MATLAB. Experimental
results showed that the water temperature and nozzle diameter play an important role in the transition
zone from the pure jet to the steam-air mixture jet.

Keywords: non-condensable gas, steam, direct contact condensation, jets, two-phase flow, digital
image processing.

1 INTRODUCTION
Direct contact condensation of a steam jet discharged into a water pool allows a high capacity
for mass, momentum, and energy exchange from steam to water. In the industry this
phenomenon is widely used, an example is the pressure suppression pool, which provides a
heat sink during the actuation of the safety-relief valves, condensing the steam that may be
released in the drywell during a leak or loss-of-coolant accident (LOCA), causing a rapid
decrease in pressure [1]-[3].

Previous research to characterize the behavior of the steam jet has been divided into three
main areas: evaluation of the shape and steam plume length, estimation of the mean heat
transfer coefficient, and the development of map characterizing the condensation regime. As
a summary of the contribution of these investigations, they have defined three different steam
plume shapes (i.e., conical, ellipsoidal, and divergent shapes). Kerney et al. [4] development
a correlation for estimating the steam plume penetration length considering a constant
Stanton number (for choked injector flows), based on the effect of injector diameter, flow
rate and pool temperature. Many researchers [5]-[7] built on the results obtained by Kerney
and extended the ranges of experiments by considering different working fluids, flow rates
and pressures. Based on pool water temperature and steam mass velocity, different regime
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maps were developed for low steam mass flow [8] and high steam mass flows [7]. There are
several maps of steam condensation regimes in the literature. One of the most important [9]
has six defined regions leading to six defined regions (i.e., Chugging (C), Transition
Chugging (TC), Oscillatory Condensation (CO), Bubble Oscillatory Condensation (BCO),
Stable Condensation (SC), Interfacial Oscillatory Condensation (IOC) and Non-apparent
Condensation (NC)).

The measurement techniques for the study of the interface behavior are quite complex, as
the interface has a highly unstable behavior. Visualization-based techniques are widely used
in the study of different phenomena associated with two-phase flow. It is possible to study
the trajectory of the jet, its contour, its breakup in the form of bubbles and the behavior of
these bubbles. These techniques can be divided into two main groups: direct visualization
techniques [10]-[24] and advanced visualization techniques [2], [25], [26]. The first is the
most used and usually involves cameras incorporating charge-coupled devices (CCD) and
illumination systems and the second is more complex experimentally, where laser systems
are usually used as the illumination source.

As show above, previous studies have focused on the behavior of the jet discharged only
of steam and very few researchers have studied steam and non-condensable gas discharges
due to their complexity. In this work we will focus on characterizing the behavior that occurs
when steam is discharged into subcooled water through a nozzle and a quantity of NC gas
appears and how it affects the behavior of the jet.

2 EXPERIMENTAL MATERIAL AND METHODS
2.1 Experimental facility

The experimental installation allows the discharge of jets of steam and air mixture into a pool
with subcooled water by using two lines. The pool is rectangular with dimensions (length x
width X height) of 1,500 mm % 500 mm x 600 mm and all its walls are made of glass which
allows optical measurements. The water used for both the pool and to generate steam is
treated by a reverse osmosis process where all impurities and dissolved lime are removed.
The water level in the pool is maintained at 500 mm and the rest of the pool height (100 mm)
is considered as free surface. Fig. 1 shows in detail a schematic diagram of the two lines
(steam and air), each of the equipment present in the installation, and the geometrical
characteristics of the discharge pool.
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Figure 1: Schematic diagram of the experimental facility [27].
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Saturated steam is obtained by an electric steam generator operating at a pressure of
6 bar. The steam volumetric flow is measured by a rotameter with an operating range of
20 to 110 I/min and a flowmeter with an operating range of 50 to 400 1/min. Downstream, a
thermocouple and a pressure sensor record the parameters before the mixing zone.

The air supply line is fed by a screw air compressor with a capacity of 1,420 I/min and
10 bars of maximum operating pressure. The air is stabilized in a gas tank (boiler), which
allows a better control of the discharge conditions by means of a globe valve and a precision
valve. Downstream, a flowmeter allows to know the air flow rate to be discharged. Two
heaters in parallel of 120 V and 500 W are installed to maintain the air temperature above the
steam temperature upstream of the mixing zone to avoid condensation of the steam. The
power of each heater is controlled by a power module, a closed-loop PID control system and
a thermocouple used as set point. As in the steam line, a thermocouple and a pressure sensor
are installed upstream of the mixing zone. To guarantee that air is perfectly mixed with the
steam, the mixing line is sufficiently long enough before discharge.

To know the jet discharge parameters, a pressure sensor and a thermocouple are placed
before the nozzle outlet. All sensors are connected to a National Instruments data acquisition
system (Model 6259 16-bit) driven by Labview Software to monitor and control data
acquisition.

The hoses are made of a flexible material that withstands temperatures up to 232°C and
a pressure of 18 bar, additionally they are thermally insulated to avoid losses in the arecas
where the working fluids are not at room temperature.

The jet behavior is recorded by a high-speed camera (PCO.1200 hs model) with a
shooting frequency of 636 frames per second (fps) at high resolution (1,280 x 1,024 pixel).
To provide the necessary light for the high-speed camera, an LED light panel with
dimensions 1,200 mm x 600 mm was placed at the back of the pool. Fig. 2 shows a photo
taken of experimental facility.

Figure 2: Experimental facility [27].

2.2 Test matrix

For this test matrix, five interchangeable stainless-steel nozzles were used. For each steam
flow rate, it was analyzed what would be the percentage of air in which it would change from
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a jet dominated only by the force of the momentum to a jet where buoyancy forces dominated,
and a continuous curved jet would appear. The test matrix used is summarized in Table 1.

Table 1: Summary of experimental initial conditions.

Parameters Value
Nozzle diameter 2—6 mm
Steam volumetric flux 30-20 I/min
Water temperature 25-60°C

2.3 Image analysis method

To capture the change of the jet behavior where initially there is steam until the necessary air
flow is obtained where it is determined that it is a continuous jet, it is necessary to make a
series of images at different percentages of air flow using the direct visualization technique
by means of a high-speed camera (CCD). The method of analysis of the images has several
steps. First, a background image showing only the nozzle is recorded to determine the number
of pixels per millimeter as a function of the external diameter of the nozzle. Then, the
discharge is recorded for each of the initial conditions defined for that nozzle. All images had
a resolution of 1,024 x 1,280 pixels. According to the setting parameters defined in the
camera software and the size of the RAM memory, the maximum number of images in each
of the recordings of the jet discharge was 1,200 images.

The processing of these images is performed by means of a MATLAB script. The image
of the jet discharge is cropped to the same size as the background image, eliminating the part
that is not interesting for our study. The image in grayscale is then binarized using a specified
threshold. Next, a function performs the median filtering of the image, where each output
pixel contains the median value in a 3 by 3 neighborhood around the corresponding pixel.
Because there are areas of the gas jet composed of some shades is applied a function for fills
the holes in the input binary image. In this syntax, a hole is a set of background pixels that
cannot be reached by filling in the background from the image edge (see Fig. 3(d)).
Subsequently, the adjustment (morphological) operation is applied to remove small bubbles
from the image, for these operations two functions are used; the first erodes the binary image
and the second dilates the binary image, these functions use a disk-shaped structuring element
with aradius r = 6 (see Fig. 3(e)). Finally, a function that returns a binary image that contains
only the perimeter pixels of objects in the input image. A pixel is part of the perimeter if it is
nonzero, and it is connected to at least one zero-valued pixel (see Fig. 3(f)).
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Detected perimeter (f)

Figure 3: Steps used in the routine implemented in MATLAB to detect the jet boundary.
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3 EXPERIMENTAL RESULTS AND DISCUSSION

Discharges in the form of steam jets are characterized by a practically horizontal trajectory
until their extinction, behavior caused by the phenomenon of direct condensation due to the
presence of water around them. While the incondensable jets present a typical curved shape,
due to the balance between inertial forces and buoyancy forces. Taking these two behaviors
as a premise, the present work aims to analyze how the transition between these two
structures takes place. For this purpose, a progressively larger amount of non-condensable
gases is introduced to a pure steam jet (Fig. 4). The main objective of this study is to
determine the experimental conditions under which the transition takes place, i.c., the shape
changes from a pure steam jet to a continuous jet that reaches the free sheet. Direct
visualization techniques have been used to carry out this study.

Fig. 4 shows the jet behavior in each of the cases with different air fractions (V,), taking
one of the 1,200 subsequent images of each discharge series. At the first moment, when only
steam was discharged (i.e., Vs = 1 and V, = 0), the jet was barely perceptible because
everything was condensing, and the momentum force predominated up to its extinction. At
the beginning of the air discharge, after the air-line pressure was sufficient for the air flow to
be perceptible in the jet behavior, it was possible to appreciate how some bubbles rose
randomly, appearing the buoyancy phenomenon. Then, as the air volumetric fraction was
increased, it can be seen how the behavior of the discharge changed from isolated bubbles to
a defined steam/air-water interface.

Fig. 4 also shows how the behavior of the discharge goes from a steam condensation
regime, in this case of study it was SC regime, to a regime of isolated air bubbles appearing
and detaching from the jet and finally reaching the air jet regime where the buoyancy force
dominates, which is because the disturbances move across the phase boundary faster than
they can accumulate as noted by Liang et al. [28]. An important finding is that the transition
to continuous buoyant jet does not always take place in the same way; for low flows, the
transition is quite abrupt while for high flows it is more progressive.

=0V, =1(a) ,=0.28,V_=0.72 (b) ,=0.31,V_=0.69 (c)
,=0.34,V_=0.66 (d) ,=0.4,V_=06(e) V=1V, =0(f)

Figure 4: Images obtained for 3 mm diameter with different air volume fractions (V,) to
determine the range where the transition could occur, starting from steam
volume fraction (V) of 1.
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3.1 Image of variable spatial intensity and contours

A summation method was applied to the images processed in MATLAB, in which each
processed image was added to the last one until 1,200 images in each series were reached,
obtaining an image with varying spatial intensity (defined by the number of images in each
subsequent image series). The colors indicate how many times in all images a certain place
in the field of view is occupied by gas or water. As can be seen in Fig. 5, the steam where it
can be captured the most is just after the nozzle exit, the trace after that cannot be captured
due to the condensation that prevents having a defined interface between the steam and the
gas. Then with the increase of the air fraction the rigidity of the steam plume weakens and
brings about that the volume of steam bubbles separated from the steam plume increases,
which agrees with the previous results of Zhao et al. [29].
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Figure 5:  Images of variable spatial intensity obtained for 3 mm diameter with different
air volume fractions.

Fig. 5(c) and (d) show a more defined plume where a more noticeable curvature is already
present, but as can be seen the steam/air jet does not reach the free surface in all images due
to the pinch-off phenomenon. In addition, the steam/air plume lengthens, and the gas-water
interface expands, which is in agreement with that proposed by Xu [30]. The transition zone
was defined as the spatial intensity image in which there was continuity of the jet from the
nozzle exit to the free surface and the pinch-off did not appear in the whole series of the
processed images (Fig. 5(e)).

To show more clearly where both gas and water are located, the variable spatial intensity
image in Fig. 5 is delimited by filled contour isolines (Fig. 6). These isolines delimit the
different levels, in this case 6 levels were used, representing in yellow the area where the gas
is in most of the images. In these images it can be seen how the large amount of steam that
was at the outlet of the nozzle and formed the steam cavity will be dragged by the air current.
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As can be seen in the figures when we had a considerable amount of air, the gas-water
interface expanded sharply, and the mixture layer thickened. The air layer at the interface
prevented the direct contact condensation by increasing the condensation resistance, which
corroborates the work of Xiaoping et al. [31].

Figure 6: Images of filled contour isolines obtained for 3 mm diameter with different air
volume fractions.

3.2 Dependence of the velocity on air volumetric fraction

For the same nozzle diameter, the influence of velocity on the air volumetric fraction required
to reach the transition was studied. As can be seen in Fig. 7, velocity was not found to
influence the air volume fraction, i.e., there is not most influence of the mass flow rate. This
is believed to be because there are several phenomena that counteract each other and do not
have a predominant one. For example, as the velocity increases, there is a greater initial
expansion (since there is a higher inlet pressure, then a more abrupt expansion has to occurs
to equalize its pressure with that of the surrounding medium), consequently a more
superheated steam, which makes condensation more difficult and facilitates that a smaller
amount of air is able to pull the steam, causing a continuous upward plume to form; but at
the same time, there is a greater expansion angle and a higher degree of turbulence which
causes greater heat transfer, favoring the steam condensation.

3.3 Dependence of the cross-sectional area on air volumetric fraction

An important point that was investigated was how the cross-sectional area for each of the
nozzles affected the air volume fraction. As can be seen in Fig. 8, as the diameter increases
and with it the cross-sectional area, a lower percentage of air is needed to reach the transition,
as shown in the previous section there is not a clear influence of the mass flow rate of steam
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Velocity vs Air Volumetric Fraction
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Figure 7: The effect of velocity on air volumetric fraction for 3 mm diameter nozzle.

discharged. As possible explanation for this tendency could be because when there is a
presence of mixed flows of two gases (steam/non-condensable gases), as the steam condense
in the gas/liquid interface then consequently there is a tendency of the non-condensable to
concentrate in this region, these non-condensable gases deteriorate the heat transfer. Despite
of the major proportion of non-condensable gases in smaller nozzle diameter to reach the
transition the absolute value of this non-condensable gases is higher in the nozzles of bigger
diameter.
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Figure 8: The effect of cross-sectional area on air volumetric fraction for all nozzles
diameters.

4 CONCLUSIONS
The behavior of steam discharge in stagnant water when air is injected into it is
experimentally investigated and it is determined when the transition from steam jet to rising
plume jet occurs. The main conclusions obtained are:

1. The variable spatial intensity image obtained for each of the cases allowed determination
of the range of air volumetric fraction necessary for the transition to occur.
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2. No dependence on increasing velocity was obtained that would bring an abrupt change
in air volume fraction for the same diameter.

3. A dependence between nozzle cross-sectional area and air volume fraction was obtained,
i.e., as the cross-sectional area increased, a smaller air volume fraction was necessary to
obtain the transition, independent of the mass flow rate of steam discharged.

5 FUTURE WORKS

Due to the fact that this work is a first approach to the subject of the transition from pure
steam discharge to rising plume discharge, it will be considered for future work to perform a
greater number of tests to expand the data base, where a greater number of discharge
velocities, various pool water temperatures, nozzle diameters, etc. will be taken into account.
It is also considered to study the contribution of other variables in this phenomenon and to
obtain a correlation of some parameters such as air volume fraction, expansion angle, nozzle
diameter and pool water temperature.
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