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1. Introduction

Direct contact steam condensation is a common mode of two-phase energy transfer in industrial fluid
heating applications and power plant pressure relief systems. Its ability to introduce all of the available
energy within the steam directly into the process fluid rather than having to cross the conductive boundary
associated with conventional heat exchangers is a distinct advantage. The direct introduction of steam
also overcomes the fouling and clogging associated with the buildup of baked on substances that can

degrade the performance of conventional heat exchangers.

Under many operating conditions the steam condensation is stable and introduces no safety concerns.
However, there are process conditions where the steam condensation becomes unstable, introducing
pressure oscillations associated with the expansion and contraction of the steam plume. These pressure
oscillations generate loud acoustic noise, which is unpleasant and can reach levels beyond proper safety
guidelines. These pressure oscillations can even reach a level where they induce stresses that pose a risk

to the surrounding structure and equipment.

Much research has been devoted to characterizing this ‘switch’ from stable to unstable behavior.
Many researchers have categorized steam injection into distinct regimes, such as condensation oscillation
or chugging, based on process parameters such as steam mass flux and liquid subcooling. Despite these
many efforts, a completely unified regime ‘map’ has not been found. Regime maps in the literature do not
agree quantitatively with each other or with the work done in the Multiphase Flow Visualization and
Analysis Lab at the University of Wisconsin - Madison. It is also noted that the literature is largely
focused on these process parameters and does not generally provide much detail regarding the geometry
of the injection nozzle. The literature includes a wide range of nozzle diameters and injection
environments, but no articles have been found that test the stability of a 0.096” diameter nozzle injected
vertically into a crossflow of water, the injection environment presented here. There is also scant

literature on the stability effect of geometric alterations to the nozzle design.



This thesis focuses on the conditions that lead to injection instability and the impact of geometric
variations of the nozzle on stability. Better equipment design and the ability to optimize the injection
process are important outcomes that are enabled by the work described in this thesis. While process
conditions may be adjusted during operation, the proper starting geometry sets the playing field for the
transition to instability. This work shows that small variations in geometry can cause changes in the

transition threshold for instability that are large compared to process parameters involved.



2. Background

Since the 1970s, research into direct contact condensation has been devoted to understanding
condensation regimes [1-20], steam jet patterns and penetration lengths [12, 15-16, 21-23], heat transfer
coefficients [8, 13-14, 22, 24], and pressure oscillations introduced by the steam condensation [1-5, 17,
20, 24-36], all of which are interrelated. The injection environments that have been studied range from
stagnant pools of liquid to parallel flow or crossflow liquid channels, and the nozzle that have been
studied range from horizontal to vertical to angled and from orifice holes to de Laval nozzles. The
majority of published research focuses on horizontal and vertical downward injection into a stagnant pool
of liquid. Safety cooling systems in boiling water reactors require that the nuclear reactor reject large
amounts of heat through steam vents into pools of water; hence, the bulk of research in steam injection is
centered around this application. Other applications of direct contact condensation include industrial
process heating systems, which involve the more complex injection environments associated with a

flowing liquid channel. This application and environment is the focus of this thesis.

Previous work on direct contact condensation in the Multiphase Flow Visualization and Analysis Lab
(MFVAL) at UW-Madison include a study on jet penetration length and the temperature distribution
associated with steam that is being vertically injected into a crossflow of water [37], and experiments on
condensation stability as a function of the process parameters of liquid temperature, injection pressure
ratio, and liquid flow rate [38]. The former study is not discussed in this work, but the latter study
provides the foundation for this work. The work presented here is focused on understanding geometric
changes to the injection nozzle and the effect on the condensation mode and propagation into the injection

environment.

This background section serves to elaborate on two main distinctions in the literature: previously
proposed ‘regime maps’ and frequency distributions associated with the steam plume activity. There is no

literature that describes a proper study of geometric effects on nozzle stability. It is noted, however, that



many different nozzle geometries have been used in the various literature studies. These large variations
in nozzle size and/or shape may explain the discrepancies in some of the conclusions that are found in the
literature. As noted in the previous work in the MFVAL and also shown in the present work, quantitative
results from the literature do not agree with each other or the experimental findings from the MFVAL;

however, gqualitative trends still hold across the nozzle geometries.

2.1 Literature Condensation Regimes

Literature commonly reports the findings of direct contact condensation in the form of ‘regime maps’
that discretely demarcate steam plume behaviors based on visual observations of the plume as it is being
injected. This map serves as an indication of when the plume should either remain stable or unstable
based on process conditions. The most common process conditions used in the literature are steam mass
flux and liquid water temperature (or the degree of subcooling of the liquid water). These have been
chosen to represent the driving force for the steam injection process (in the steam mass flux) and the
driving force for the condensation process (the degree of subcooling); these are the two forces that are
believed to have the most influence on the stability of the steam plume. Other regime parameters include
the water Reynolds number for injection into a moving flow [13, 15, 17], the nozzle pressure ratio [12],

and the ambient (outlet of nozzle) pressure [16, 20].

Appendix A shows a comprehensive breakdown of regime maps that have been developed through
the years, including their regime parameters, the identified condensation regimes, injection environment,
steam jet orientation, nozzle diameter, water temperature, and steam mass flux. It is clearly seen that the
regime maps include a wide range of nozzle diameters, water temperatures, and steam mass fluxes and
have been measured in different environments. To date, no single, universal regime map is available that

covers the entire range of conditions and environments encountered in the literature.

Arinobu [1] created one of the first regime maps of direct contact steam condensation in a pool of

subcooled water, shown in Fig. 1. Labeling by number, they classified regimes by location where the



steam condenses in relation to the injector (i.e. inside the nozzle or outside) and the oscillations of the
steam plume interface. Regimes Il and IV were given special names of chugging and condensation
oscillation, respectively. Chugging was defined as the steam pushing out of the injector, collapsing, water
rushing into the injector to fill the void left by this collapse, and the steam continuing the cycle by
pushing out of the injector. Condensation oscillation was named for the periodic pressure oscillations
observed in the water as the steam-water interface oscillated violently outside of the injector. These two
regimes have shown up continuously in research and are some of the most common methods used to

characterize the steam plume stability.
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Figure 1. Regime map proposed by Arinobu [1] that demarcated plume phenomena by number.
Regions Il and 1V are one of the first unique regime names in chugging and condensation oscillation,
respectively. The other regions do not have formal names. Steam fully condenses in the injection pipe in
region |. Steam no longer condenses in the pipe in region I1l. The pipe is surround by a steam bubble in

region V, and the steam no longer condenses in region VI.



Chan and Lee [2] presented a more comprehensive regime map with additional regimes included; for
example, ellipsoidal jet, oscillatory cone jet, oscillatory bubble, external chugging, and internal chugging.
The criteria for regime classification are the location of the steam condensation relative to the injector and
the location of bubble detachment along the steam plume. While they discuss similar regime structures

under similar process conditions, the demarcation of these regimes is different than that of Arinobu [1].
For example, the transition to chugging occurs around 75 % rather than 20 % . The closest regime

descriptions to condensation oscillation are oscillatory cone jet and ellipsoidal jet, and this transition

occurs around 125 % rather than 50 %. A greater emphasis was placed on bubble formation,

producing a wider range of regimes with very descriptive names. Many subsequent researchers cite Chan
and Lee as one of the first regime maps, but the differences between Chan and Lee and Arinobu highlight
the challenge of quantitively defining regime transitions. It is important to note that the nozzle diameter
used in the study of Chan and Lee is almost double (51 mm) that of those used by Arinobu (16.1, 27.6
mm).
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Figure 2. A more comprehensive regime map proposed by Chan and Lee [2]. More descriptive regime

names are given with a greater emphasis on bubbling, jetting, and chugging classification.



Numerous researchers have subsequently proposed other regime maps with their own unique regime

names. The regime map of Cho et al. [9] is one that is often cited. Cho et al. proposed six regime names
across 0-100°C water temperature and 45-450 % steam mass flux for horizontal injection into a stagnant

pool. Chugging (C) occurs at steam mass fluxes and water temperatures that are similar to those observed
by Chan and Lee [2] and is defined in a manner that is consistent with Arinobu [1]. Condensation
oscillation (CO) is also defined in a manner that is consistent with Arinobu [1] and the lower transition to
this regime occurs under similar process conditions to those observed by Chan and Lee [2]. Transition
chugging (TC) serves as an intermediary between these two regimes. Bubble condensation oscillation
(BCO) involves large steam bubbles breaking off from the steam plume and either condensing or
escaping to the free surface of the water. Interface oscillation condensation (IOC) is a regime that is
described as being similar to that of CO but with the steam-water interface oscillating violently. Stable
condensation (SC) is for the first time described in this regime map, as well as that of Chun et al. [8].
Steam is quietly condensed with no violent oscillations in the liquid water. The trends of Cho et al. [9]
echo other researchers in that higher mass fluxes and lower water temperatures produce more stable
regimes. It should also be noted that the nozzle diameters used by Cho et al. [9] are not the same as those
used by Chan and Lee [2] (5, 10, 15, and 20 mm vs 51 mm), yet these two regime maps are better aligned
than Cho et al. is with Arinobu [1] even those these use similar nozzle diameters (5, 10, 15, and 20 mm vs

16.1, 27.6 mm).
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Figure 3. Regime map proposed by Cho et al. [9]. Higher mass fluxes introduce the stable
condensation (SC), middle mass fluxes introduce condensation oscillation (CO), and low mass fluxes

initiate chugging (C).

Recently research focus has shifted to steam injection into a flowing liquid environment. The
water Reynolds number is usually given as a third parameter in regime maps associated with this situation
in order to characterize the more complex process. Xu et al. [16] provides the experimental facility (3 mm

diameter nozzle injected into a crossflow of water) and process conditions (20-70°C water temperature

and 0-900 % steam mass flux) that is closest to the work presented here; however, Xu et al. describe
regime maps (for example, Fig. 4) that differ dramatically from those observed in this work. The regimes
that are described include hemisphere, conical, and expansion-contraction, which are all derivatives of a
stable regime definition; no instability was noted in their work at all. This result may be due to the use of
water pressures and a nozzle injection orientation that are different from the work presented here. The
regime map presented in Fig. 4 for instance only presents nozzle outlet pressures that are at least 100 kPa

less than that used in this work, and the inlet pressure is not given for the regime map, thereby calling into

guestion what the pressure ratio across the nozzle is for comparison. The orientation used by Xu et al. is



horizontal steam injection, rather than the vertical injection used in this work. These differences highlight

the complexity of the stability problem and the difficulty of directly comparing regime maps.
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Figure 4. Regime map proposed by Xu et al. [16]. One of few regime maps presented in terms of
steam mass flux and outlet pressure, the regimes presented here do not follow literature or experimental
expectations. Data taken at a constant Reynolds number of 29,473 and process water temperature of

30°C.

Only one regime map was found in the literature that explicitly considered nozzle injection
diameter. Petrovic De With et al. [11] combined three regime maps from previous researchers [2,6,7] with
differing nozzle diameters each injecting into a stagnant pool into a single regime map that is based on
injector nozzle diameter, steam mass flux, and degree of subcooling, as shown in Fig. 5 and Fig. 6. The
data suggests that high steam mass fluxes introduce only jetting phenomena and no instability in the
steam plume. Differences in nozzle diameter mostly affect the bubbling and chugging regimes, with

higher diameter nozzles transitioning to instability at higher mass fluxes.
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Figure 5. Combined regime map proposed by Petrovic de With et al. [11]
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Figure 6. Side profile of regime map by Petrovic de With et al. [11]. This view more clearly demonstrates

the effect of nozzle diameter on bubbling and chugging stabilities.

In 2018, Zhao and Hibiki [19] attempted to consolidate the many regimes that have been
presented in the literature into a unified naming convention. They proposed that the regimes be called

10



chugging, hemispherical bubble oscillation, condensation oscillation, stable condensation, steam escape,
and no condensation. Transition boundaries between these regimes were created based on a comparison
of previous regime maps, empirical correlations, and an analytical model proposed by Liang and Griffith
[7]. Yet discrepancies between maps, correlations, and models were still observed, due to differences in
test section design and the dependence on secondary parameters that might affect stability. As a result, the

authors were unable to generate a completely unified regime map.

2.2 Literature Oscillation Frequencies

In addition to classifying condensation regimes, researchers have focused on determining the
characteristics of the pressure oscillations introduced by the steam plume. These pressure oscillations have
a significant impact on the noise level generated during the injection process as well as the potential of
damage to injection and process equipment. Simpson and Chan [24] were among the first to perform
experiments in a stagnant pool. They investigated the pressure oscillation profiles through a range of
injection diameters from 6.35 to 22.2 mm, pool temperatures from 25 to 64°C, and steam mass fluxes from
147 to 333 kg/m?s. Pressure oscillations at frequencies in the range of 100-500 Hz were observed, with
higher frequencies occurring at lower pool temperatures and smaller diameters. Pressure oscillation
amplitude increased with increasing pool temperatures, tube diameters, and steam mass flux.

Qiu et al. [27] defined two dominant frequencies generally found during steam injection, which they
referred to as the first and second dominant frequency. These were attributed to the periodic variation of
the main steam plume, and the generation and disappearance of steam bubbles, respectively. They likewise

showed that these frequencies decreased as the pool temperature increased, as shown in Fig. 7.
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Figure 7. Dominant plume frequencies as a function of pool temperature. The first dominant
frequency is the oscillation of the steam plume while the second dominant frequency is the generation and
disappearance of bubbles.

Qiu et al. [31] subsequently investigated the propagation of pressure oscillations into the surrounding
fluid. They found that oscillation amplitude increased along the plume length and attenuated with increasing
distance from the steam plume end, becoming attenuated by 90% at a dimensionless distance (distance/exit
diameter) of 100. Hong et al. [26] investigated the dominant frequency associated with condensation
oscillation (related to the oscillation of the steam plume during condensation) and found it to be within the
range of 50-500 Hz, decreasing with increased pool temperature and steam mass fluxes above a specific
threshold. Like Qiu et al. [27], Chong et al. [29] found a second dominant frequency generated by steam
bubble oscillations on the order of 600-1400 Hz. Tang et al. [33] identified dominant frequencies on the
order of 150-300 Hz that were due to the periodic variation of the steam plume and frequencies greater than
7000 Hz that were related to the collapse of microbubbles from the steam plume in a subcooled pool. The
frequencies reported in these works vary by flow regime, steam injection environment, and nozzle geometry
and are noticeably different from the ones reported here.

12



Researchers have combined pressure oscillation measurements with high-speed imaging to help with
the identification of flow regimes. Xu et al. [32] measured the pressure variation for chugging, condensation
oscillation I, condensation oscillation 1, and stable steam condensation regimes while also obtaining high
speed videos of these phenomena. This work allowed these regimes to be identified with a combination of
visual and pressure fluctuation data. Chugging was characterized by high amplitude and low frequency
pressure pulses, condensation oscillation I exhibited organized pressure oscillations on the order of 50 kPa,
condensation oscillation Il exhibited more disorganized oscillations around 25 kPa, and stable condensation
had low-amplitude oscillations. More studies of this type are required to improve the identification of the

different regimes of direct-contact condensation.
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3. Materials and Methods

3.1 Test Facility

@ Test Section
— 0. Steam
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e — @ oler
R,

Deaerator

Tank L

-

Expansion ,
Tank Steam Flow Meter % )

memm Steam
mmmm Distilled Water

w— Water

Figure 8. Experimental apparatus schematic showing major piping and components.

The overall schematic diagram of the experimental apparatus is shown in Fig. 8. Saturated steam is

produced in a 48 kW electric boiler and sent through thermally-insulated pipes to the nozzle inlet, where a
ball valve is used to stop or start steam injection. A deaerator tank is used to feed the boiler to reduce the
amount of air entering the steam line during injection. Steam is occasionally bypassed to this tank in order
to heat the incoming water. During normal operation, steam is injected vertically into the process water
into a test section that allows optical access. Saturation temperature and pressure is controlled based on a
temperature measurement at the exit of the steam boiler, and a resistive heating wire installed on the
outside surface of the steam line provides additional heat to make the steam slightly superheated. Steam

mass flow rate is measured using a Coriolis flow meter on the water process side of the loop that

14



measures the outflux of water to a bladder tank that is being offset by the influx of steam during steady
state operation. Water is pumped around the process water loop using a single speed centrifugal pump.
Process water flow rate is controlled using a bypass valve around the pump and a throttle valve. Water
temperature is controlled by a parallel flow heat exchanger that is cooled using building water. The
temperature setpoint of the process water is maintained through a flow restriction valve on the cold water
side of the heat exchanger. During testing, process water was switched from this building water to a
distilled water supply in order to reduce corrosion and fouling of the test loop. A picture of the test section
is shown in Figs. 9 and 10, and each major component is explained in further details in the following

sections.

Figure 9. Front view of testing facility

15



Figure 10. Rear view of testing facility

3.2 Process Collection and Processing

Process collection is defined as collecting data related to process parameters like water temperature,
pressure, volumetric flow rate, or mass flow rate that are inherent to the operation of the experimental
loop. These values are used to ensure that the system is at steady state and indicate any abnormalities that

may occur during testing.

3.2.1 Steam Generator

An Infinity Fluids 480 V, 48 kW electric boiler is used to supply saturated steam to the experimental
loop. The outlet temperature of the boiler is maintained by a PID temperature controller interfaced with a
type K thermocouple. The accuracy of the thermocouple is £1.0°C, corresponding to a saturation pressure
accuracy of +2.5 psi under normal steam injection conditions. A liquid over-pressure safety valve located

at the base of the boiler opens to drain at 100 psig. The steam generator can produce steam pressures up to

16



95 psig, and an emergency blow off valve set to 125 psig is located at the steam outlet to exhaust excess
steam to a drain stack located behind the experimental loop. A feed pump supplies water from the
deaerator tank to the boiler, and a float switch at the top of the boiler maintains a nearly constant water
level that completely submerges the heating coil by turning the feed pump on and off. An override switch
on the boiler control panel allows manual operation of the feed pump, which is used to supply hot water
from the deaerator tank to the process water loop for testing. A set of yellow ball valves switch the flow
between boiler feed mode and process water feed mode. A gate valve between the boiler feed pump and
the process water loop is used in order to control the pressure output from the pump. Fig. 11 shows the

steam generator, boiler control panel, and feed pump valve system.
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Figure 11. Steam generator system (left), control panel with temperature controller (top right), and

feed pump valve control system (bottom right)
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3.2.2 Steam Supply Line

Fiberglass insulation and aluminum foil covers all steam supply lines to prevent condensation and
heat loss to the ambient environment. Approximately 5 feet of steam line is wrapped in 1.2 KW resistive
heating wire in order to provide additional heating to superheat the steam by about 1-2°C. Insulation from
this point forward is mineral wool due to the increased temperature of the heating wire. The heating wire
is controlled by an additional PID temperature controller interfaced with a type T thermocouple that is in
direct contact with the outer diameter of the steam supply line. The outer temperature is set to 200°C,
about 35°C above steam temperature, in order to provide the 1-2°C of superheating. Ensuring that
superheated vapor is entering the test section allows for thermodynamic property determination using

temperature and pressure.

Because saturation temperature is set by the steam generator, the steam pressure is maintained by
the generator. Steam pressure is measured just before injection using a Baumer high temperature pressure
transmitter (0-1.586 MPa, £0.25% FS). Due to the additional heating from the resistive heat wrap, a type
T thermocouple (£1.0°C) is placed near this pressure transducer to measure the local thermodynamic state
immediately prior to injection. The amount of superheat is calculated as this temperature reading minus

the saturation temperature corresponding to the pressure reading from the transducer.

3.2.3 Process Expansion Tank and Pressure/Mass Flow Measurement

An Amtrol Therm-X-Trol ST-60V expansion tank is connected to the process water loop to maintain
a relatively constant pressure in the test section over time. A compressed air supply with a pressure
regulator controls the pressure inside the expansion tank. A schematic of the expansion tank is shown in
Fig. 12. When the pressure in the experiment decreases below the regulator set point, air is pushed into
the top of the expansion tank, increasing the pressure of the system. When the pressure of the loop rises
above the setpoint or when extra mass is added to the system through steam injection, air is relieved

through the pressure regulator, and the expansion tank holds the excess water. The experimental loop has
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a volume of about 2 gallons. The expansion tank provides an additional volume capacity of 34 gallons,

allowing for steam to be injected into a constant pressure environment for an extended period of time.

vahe - for —
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1

Figure 12. A cross-sectional schematic of the expansion tank used to maintain constant pressure in the

experimental loop

The process water loop pressure immediately before the steam injection point is monitored by an SSI
Technologies P51-100-G pressure transducer with a measurement range of 0-100 psig and an accuracy of

+1% full scale.

The steam mass flow is measured indirectly by measuring the mass flow rate of liquid water
entering the expansion tank. Due to the constant pressure maintained by the expansion tank, the volume
of water contained in the process loop must be relatively constant, and thus mass must also be relatively
constant due to the incompressibility of the liquid water. A CMF010M Emerson micro-motion Coriolis
mass flow meter with an accuracy of £0.1% is installed on the branch leading from the process water line
to the expansion tank, shown in Fig. 13. Any water that is added to the loop through steam injection must
therefore pass through this mass flow meter. This method of measuring the steam mass flow works well
when averaged over long periods of steady state operation of the facility. The mass flow measurement

was validated by Brennan [38].
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Figure 13. Mass flow meter installed on branch of process loop leading to expansion tank

3.2.4 Steam Deaerator Tank

A deaerator tank is installed before the steam boiler to remove dissolved gases from the steam line for
steam injection and initial process water filling. Currently, the water is heated by a branch of the steam
that is generated by the boiler. A thermostatic valve allows steam to be injected into the tank until an
internal temperature of 85°C is reached, at which point the valve will close to prevent boil-off of the tank
water. The tank was previously filled with building water using a solenoid valve and float switch to
maintain water level. During testing, it was found that the initial deaerator tank had significant rust
damage internally. Therefore, a new stainless steel tank was installed, and only distilled water was used in

the loop to prevent further corrosion. Both tanks are shown in Fig. 14.
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Figure 14. Initial (left) and current (right) deaerator tanks. The tanks are wrapped in insulation to

further prevent heat loss to the environment.

Deaerating the water used in this experiment is important for several reasons. Removing oxygen
dissolved in the water limits the amount of corrosion in the steam piping and equipment. Dissolved gases
can obscure video collection and skew data processing. Published literature and studies performed by
Hydro-Thermal Corporation also indicate that the amount of air in the process water has a significant
effect on the stability of the condensation process and the noise. It was found during testing that steam
being injected to the deaerator tank at the same time that steam is being injected into the loop had an
impact on the inlet pressure of the steam. As such, the deaerator tank was heated occasionally between
trials but not maintained at a constant high temperature during operation where data collection was
occurring. This could be improved by insulating the tank and installing cartridge heaters that can maintain

a high temperature independent of steam input.
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3.2.5 Process Water Circulating Pump and Water Flow Measurement

Initially, a Bell & Gossett 90-4T centrifugal pump rated for high temperature was used to provide
circulation within the test section. This pump could produce a flow rate up to 20 gal/min. During testing,
it was found that the interior of the pump had significant corrosion; therefore, it was replaced with a Bell
& Gossett e-90 1.25AAB centrifugal pump. A VFD had to also be installed to slow the pump speed to
prevent cavitation at the outlet of the pump. With this VFD, the maximum flow rate was maintained at 20
gal/min. The flow rate for both pumps is manually controlled by a flow restriction valve and pump bypass

recirculation loop. Both pumps are shown in Fig. 15.

Figure 15. Initial (left) and current (right) circulation pumps. A bypass loop runs above the pump and

is the main source of flow control.

A Toshiba GF630 electromagnetic flow meter is installed at the outlet of the circulation pump to
measure the process water volumetric flow rate, shown in Fig. 16. Flow meter specifications include a
range of up to 75 gal/min and an accuracy of 0.2%. The lining of the water flow meter limits the
maximum process water loop temperature to approximately 93°C, but the maximum temperature for data

collection is capped at 80°C to prevent possible damage to the loop
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Figure 16. Electromagnetic flow meter used for water volumetric flow rate collection

3.2.6 Process Water Temperature Control and Measurement

Process water loop temperature is maintained by a heat exchanger connected to a lab water supply
line at 12-19°C (depending on the time of year), as shown in Fig. 17. The flow rate of lab water running
through the cold side of the heat exchanger is used to the offset the increase in process water temperature
due to the injected steam. By manipulating this flow rate during steam injection, a pseudo-steady state can
be achieved for the process water temperature. A gate valve is currently used to manually adjust this flow
rate, but this system could be improved by introducing a PID control valve system based on the inlet
water temperature of the test section. Two type E thermocouples with an uncertainty of £1.7°C are
installed at the before and after the visualization test section to determine inlet and outlet process water
temperatures. The outlet thermocouple is located far enough away from the site of steam injection to

provide complete condensation of the steam.
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Figure 17. Heat exchanger used to cool process water. Process water is on the left and cooling water

is on the right.

3.2.7 Process Variable Data Processing

All process conditions (steam temperature, steam pressure, steam mass flow rate, process water
pressure, process water inlet and outlet temperature, process water volumetric flow rate) are acquired at
10 Hz on a NI cDAQ-9178 chassis with a NI 9207 voltage and current module and NI 9211 thermocouple
voltage module for 60 seconds to ensure quasi-steady state. Because the process water temperature is the
most difficult parameter to control, it is the limiting factor for steady state. Thus, steady state for data
collection is defined as the process water temperature changing by less than 0.5°C from the desired

temperature for a period 60 seconds.

A LabVIEW VI was created to visualize, process, and save the process data in a .csv file format.
Offsets in the process data instrumentation are accounted for at the beginning of each day of data

collection by referencing ambient pressure and temperature of the lab. The experimental loop is left open
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to the environment overnight in order to acclimate sensors to ambient conditions by the time these offsets

are taken. Ambient files with these offset values are collected each day for reference.

3.3 Visualization Test Section

A visualization test section is installed in the loop in order to record the steam plume activity during
steam injection, shown in Fig. 18. The section is made of 316 stainless steel and designed for a
continuous 100°C temperature exposure and 100 psig internal pressure. A flow straightener is installed at

the entrance of the test section to improve the uniformity of the flow entering the steam injection site.

Figure 18. CAD model of the visualization test section and the site of steam injection. Superheated steam

is injected vertically through a brass nozzle into a cross of liquid water traveling from left-to-right.

Previous versions of the test section were designed with both front and back windows made of fused
quartz for optical access. In this version the back window is replaced with a stainless steel backplate for
pressure oscillation measurements of the steam plume. The backplate was spray painted black and
allowed to dry for 24 hours before installation in order to prevent reflected light from corrupting plume

visualization. Oscillations induced by the unstable steam plume can still erode this coating over time.
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The test section is designed to allow easy insertion and removal of brass nozzle plugs to test
different nozzle geometries. An example brass plug is shown in Fig. 19. A large diameter entrance section
is included before the nozzle to simulate low velocity entrance conditions. Nozzle dimensions will be

explained in more detail in subsequent sections.

Figure 19. Example of brass nozzle plug, exterior (left) and internal (right) geometry. A large entrance

region is included before the much smaller nozzle injection diameter.

3.4 High Speed Process Collection and Processing

In addition to process conditions maintained throughout the loop, three ‘high speed’ variables are also
collected at the site of steam injection: inlet pressure oscillations, outlet pressure oscillations, and test

section acoustic noise.

3.4.1 High Speed Pressure Oscillation Measurement

Pressure at the inlet and outlet of the nozzle are recorded at a higher speed than other process variables in
order to determine the frequency and amplitude of pressure oscillations associated with the steam plume

oscillations. A Kulite XTME-190LM-35BARA (0-3.5 MPa, +1.0% FS) and XTM-190S-500A (0-3.45
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MPa, +1.0% FS) high speed dynamic pressure transducer is installed before the nozzle plug and in the
backplate of the visualization test section, respectively. They are subsequently referred to as the inlet and
outlet pressure transducers. The transducers are specifically rated for higher pressures than others in the
test section and offset from the steam injection path in order to further protect them from damage
associated with the pressure oscillations induced by steam instability, as shown in Fig. 20. Three pressure
transducers have been overloaded and broken previously, leading to this installation technique. Due to
these precautions associated with their installation, the amplitude values that are recorded should be taken
as a minimum value and may be much higher at the direct site of steam injection. Two Kulite KSC-1

signal conditioners are used to amplify and filter the resultant millivolt outputs from the transducers.

Inlet Pressure f Outlet Pressure

Transducer Superheated Steam In Transducer

Figure 20. Locations of inlet and outlet high speed pressure transducers are offset from steam

injection path to prevent damage from oscillation induced by plume instability

3.4.2 Audio Measurement

Audio data was collected using an Audio-technica AT3526 microphone and Symetrix 302 Dual
Microphone Preamplifier. The microphone is placed approximately 5 inches from the test section to

measure noise produced by the test section, as shown in Fig. 21.
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Figure 21. A microphone is placed behind the test section to record environmental noise produced by

the test section

3.4.3 High Speed Data Processing

Pressure oscillation and audio measurements are collected at 40 kHz for 10 seconds on a NI cDAQ-
9178 chassis with a NI 9215 voltage module. A separate .csv file is created in the LabVIEW collection

program to save these data values.

During testing, it was noted that the inlet pressure transducer was significantly affected by the steam
temperature. To counteract this effect, a special calibration procedure was used for this transducer. A
solid nozzle plug was installed in the test section to introduce steam to the transducer without undergoing
the normal oscillations of steam injection, and saturated steam conditions of 140-166°C were collected

and referenced to the process steam pressure transducer. Additionally, the process water loop was used in
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the calibration process. Process water pressures of 10-80 psig and temperatures of 20, 40 and 50°C were
collected and referenced to the process water pressure transducer. These trials were then fit to a

calibration curve using multiple linear regression with the regress function in MATLAB of the form:
Inlet Pressure = C;V + C,T + C3VT +C,

where V is the output voltage from the pressure transducer and T is the average temperature surrounding
the pressure transducer (taken as the steam process temperature during injection). C, C, Cs, and C, are
calibration constants, found to be 30.6859 psi/V, 66.9238 psi/°C, 0.0184 psi/(V°C), and -0.0138 psi,
respectively. After this calibration, the inlet pressure was found to be accurate to £2.1 psi of nominal
pressure values. Fig. 22 shows an example of uncompensated and compensated inlet pressure

measurements.

Compensated and Uncompensated Kulite Pressure
98 T T T T T T T

Temperature Compensated Kulite
Linear Calibrated Kulite
Process Steam Pressure

Pressure (PSIA)

82

80

Figure 22. Uncompensated (red) and compensated (blue) high speed steam inlet pressure measurements

against process steam pressure measurements (green)
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3.5 High Speed Video Collection and Processing

3.5.1 Video Collection

High speed videos are collected by a Phantom V311 camera using a Phantom Camera Control
software application that is specific to Phantom cameras. A Nikon Micro-Nikkor 55mm macro lens is
installed on the camera to provide the best images. The V311 camera is capable of video outputs of 3
billion pixels/second. Thus, a frame rate of 3250 fps can be collected at a video resolution of 1280 x 800
pixels. Higher frame rates can be achieved at the cost of lower video resolutions. Videos were collected at
80,000 Hz for one second in order to capture at least 10 images per cycle of high frequency steam plume

oscillations. This coincides with a resolution of 128 x 200 pixels.

The exposure time of each image is 11.431 microseconds. Thus, a large amount of light is needed to
illuminate the plume in order to allow reasonable images with the Phantom camera. A Dolan-Jenner MI-
150 Fiber-Lite fiber optic illuminator was used to focus light onto the steam plume and provide crisp

images for processing. An image of the camera and fiber optic light is shown in Fig. 23.

Figure 23. The Phantom V311 high speed camera and Dolan-Jenner MI-150 Fiber-Lite fiber optic cable

pointed at the test section for data collection. The fiber optic cable is not turned on.
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It was found during testing that the original images taken by the camera showed signs of streaking.
The current session reference (CSR) option in the PCC software can be used to counteract this effect. The
lens cap is placed on the camera to provide a dark environment in which all pixel intensity values should
be near zero. Taking this image as the reference, any streaks that showed non-zero values were thus

removed after CSR. Image qualities were much better after applying this process.

A camera trigger signal was wired to the same NI 9215 voltage module used for high speed pressure
and audio measurements. While the camera is in the pre-save state in the PCC software, a voltage signal
of 5V is produced by the camera. When video collection is triggered, this voltage drops to ~0.25V. Thus,
pressure and video measurements can be synchronized using this change in voltage. While it was not
possible to trigger camera and other data collection at the same time, this hurdle was overcome by
collecting the process and high speed measurements in LabVIEW and then immediately collecting the
video in the PCC software. The drop in voltage was then parsed through in the 10 second high speed data,
and the time corresponding to this drop was used as the reference to sync video and pressure

measurements.

Each video is output as a 3.908 GB .cine file, a Phantom proprietary file type that contains detailed
information about the video capture, frame rate, exposure time, and other collection parameters. Due to
this, any analysis using this file type is limited to viewing in the PCC software. Conversion to 16-bit .tif
files using the batch convert function in the PCC software allows further analysis of plume images in
MATLAB. Conversion can be run overnight after a day of testing in order for images to be processed the

next day.

3.5.2 Video Processing

MATLARB is used to convert each high speed image into usable plume areas, heights, and widths.
Since images are read as 16-bit greyscale, each pixel can have an intensity between 0 and 65,535. An
intensity value of 0 corresponds to completely black while 65,535 means a completely saturated pixel.

The steam plume captured in each image shows edges that decrease from bright, nearly saturated pixels to
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those of zero intensity, as shown in Fig. 24. Choosing the intensity value that determines the ‘edge’ of the
steam plume for analysis is open to interpretation and somewhat arbitrary. The image consists of the core
steam plume with an outer mixing region of lesser intensity pixels. Determination of how much of this

‘mixing’ region is included determines the size for plume measurements.

While the intensity values of the plume may be interesting to analyze, the plume is binarized in order
to collect the number of pixels that are plume rather than not plume. An intensity filter is used for this
purpose to discard intensity values that fall below a certain threshold. A simple greater than logical

statement is used to calculate steam vs no steam based on this threshold value.

30960

Figure 24. Intensity values shown for a representative steam plume image. Higher values correspond

to brighter pixels.

Because lighting and camera position may change between tests, a percentage threshold value is used
rather than one that is an absolute value. This approach alleviates the bias where images with better
lighting may have larger calculated plume areas. A threshold percentage of 30% is used for the data

reported here. In order to determine the threshold value based on this percentage, the first plume image is
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extracted to determine the minimum and maximum intensity values that are present in the image. The

corresponding absolute threshold value is then:

Threshold value

= Min Image Intensity + 0.3 * (Max Image Intensity — Min Image Intensity)

The converted image will therefore look like the one shown in Fig. 25.

Figure 25. A raw steam plume image before (left) and after (right) thresholding

The MATLAB nnz function then counts the amount of nonzero values in the image. Using the entire
image array, the steam plume area can be computed. Examining only certain rows or columns will result
in plume widths or heights, respectively. These measurements, however, are in terms of pixel number

rather than any physical unit.

In order to compare images between trials on different days, a scaling factor needs to be introduced
based on an artifact of known distance located in the viewing frame. The backplate hole leading to the
outlet pressure transducer which has an inner diameter of 0.188 inches was chosen as this artifact for
testing, as shown in Fig. 26. This reference image is collected at the end of every data collection day and
input into FIJI/ImageJ in order to determine the scaling factor. A circle overlay is fit to the image and
added as a selection for measurement. The Feret diameter, an image processing measure similar to

measuring the diameter of an object physically with a caliper, is then computed from this circle overlay,
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providing the number of pixels corresponding to this inner diameter, shown in Fig. 27. The image scaling
factor is thus this value divided by 0.188 inches. Typical scaling factors obtained this way for different
trials range from 215 to 300 pixels/inch. Plume heights and widths are found by dividing the number of
pixels found by this scaling factor while plume area is found by dividing the number of pixels by this
scaling factor squared. While it is assumed that the plume is quasi-axisymmetric, plume volumes are not

computed.

Figure 26. Hole in the test section backplate leading the outlet pressure transducer. This is usually not

seen when running at higher frame rates.
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Figure 27. The circle overlay placed around the inner diameter in FI1JI (left) and the corresponding

Feret diameter calculated by FIJI (right)

3.6 Power Spectral Density Analysis

The important measured characteristics of plume area and pressure oscillations are the spectral
content, specifically the amplitudes and frequencies at which they occur. This can be traced back to
physical phenomena in the plume that may be tied to large (potentially damaging) amplitudes or to
frequencies close that might be to the natural frequencies of equipment in the process line. The power
spectral density (PSD) of the plume measurements, pressure oscillations, and audio signal is performed
using the pwelch function in MATLAB with default window and overlap values. This function estimates
the mean-square value per frequency of these signals normalized to a single hertz bandwidth, determining
the frequencies that dominate above the noise level of the signal. It is best used to characterize broadband

random signals, allowing signals to be compared independent of spectral resolution.

PSDs are reported using the decibel scale for easy visualization of data. The decibel scale is computed

as.
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P value

dB = 10 *logq, P
ref

where dB is the decibel scale value, Pyqy is the unscaled output value of the PSD, and P, is a

kPa? v? .
~—, and 20 —— for the image area,

in4
reference value for scaling purposes, used here as 10712 % , 106 —

H

pressure oscillation, and audio signal, respectively. The PSD is also adjusted for noise in the signal by
smoothing the spectrum using a 200 point moving average with the ‘rloess’ method in MATLAB. The
‘rloess” method is especially useful in that it removes significant outliers, preventing them from
corrupting the spectrum smoothing method. The spectral resolution for pressure and audio measurement
is 0.1 Hz, and the image spectral resolution is 1 Hz. These resolutions are much smaller than the

separation between of peaks seen in spectrum.

In order to determine if a peak meets significance, the findpeaks function is used in MATLAB with a
minimum prominence value of 3 dB, corresponding to roughly at least a doubling of power in the signal
from the peak to the surrounding values in the PSD. A measure of the prominence of a peak could also be

used to determine whether a peak is a sharp or broadband noise in the signal, but this is not explored here.

3.7 X-ray Scanning of Nozzle Geometry

All nozzles discussed in this work are examined by a 450 kV industrial x-ray system at the University
of Wisconsin — Madison to better understand and visualize the internal geometry of the nozzle. The x-ray
system was built by VJ Technologies (Bohemia, NY) and includes a 1500 W Comet x-ray source, a 1621
Perkin-Elmer scintillation detector, and a rotating stage to facilitate computed tomography scans. The
detector has 2048 x 2048 pixels which are energized over an "integration period"” chosen by the operator.
Several frames are collected before the stage rotates to the next position. Frame averaging reduces noise

from x-ray scatter and thus enhances the clarity of the image.

The nozzles are positioned between the source and detector such that each pixel on the detector

captures x-rays passing though roughly a 90 x 90 micron area of the nozzle. The voxel size, defined as the
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size of each 3-D volume element in the CT reconstruction, is thus approximately 90 microns. Earlier
studies with components in a similar scan configuration to the steam nozzles revealed CT image

resolution/repeatability to be 120 microns per the ASTM 1695 - E qualification procedure.

Each nozzle scan takes 45 minutes. The full energy and fluence of the x-ray tube is utilized. The x-ray
beam is hardened by an 1/8 inch of copper plates placed in front of the tube's aperture. Beam hardening
shifts the energy spectrum to higher energies, which reduces scatter caused by low-energy x-rays. Each
frame is integrated/captured for 500 ms, and 8 frames are averaged together before the stage moves to the
next position. 800 projections are obtained by rotating the stage 0.45° after averaging eight of the detector

captures.

Fraunhofer Institute's Volex software was used to capture the projections and reconstruct these
projections into a 3-dimensional dataset. At this point, the reconstruction is imported into Volume

Graphics Studio Max 3.4 for viewing, volumetric manipulation, and measurement of internal geometry.

4. Regime Classification

There have been many naming conventions used to describe the different regimes in the pathway of
steam condensation instability. Some are direct definitions of the overall shape of the plume, such as
conical, hemispherical, or cylindrical. Others characterize what is happening to the plume over time, such
as condensation oscillation or chugging. According to the literature, each regime occupies a region of
water temperature and steam mass flux (or other parameters, if they are explored). Changing the
temperature or steam mass flux will thus cause the steam plume to enter a new mode of steam injection.
Typically, higher water temperatures and lower steam mass fluxes result in more unstable regimes.
Synthesizing these definitions and observations and applying them to the plume observed in the
experimental facility leads to four regime definitions proposed here: stable, condensation oscillation,

unstable, and transition. Rather than mapping each regime by water temperature and steam mass flow,
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here the regimes are mapped against water temperature and nozzle pressure ratio (exit pressure/inlet

pressure). Each of these regimes will be described in detail below.

4.1 Stable Condensation Regime

The stable condensation regime typically occurs at low process water temperatures and low nozzle
pressure ratios. This regime is the most desirable one because noise is relatively low due to the low
pressure oscillations as the plume condenses smoothly into the process water. An example of a time trace
of a stable steam plume is shown in Fig. 28. The steam plume tends to form a conical shape with small

fluctuations along the edges. These fluctuations are not considered significant when considering the shape

of the plume.
0ms 1.25ms 2.5ms 3.75ms 5ms

Figure 28. Stable steam plume undergoing direct contact condensation. The shape of the plume does not

change significantly over time.

4.2 Condensation Oscillation Regime

When the steam plume approaches the instability point, the fluctuations within the plume become
greater and the shape of the plume becomes less uniform. This transition can be accomplished by
increasing the process water temperature or by increasing the pressure ratio of the system. These

fluctuations smoothly increase on the path to instability. As such, it is sometimes hard to establish the
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proper and precise boundary between stable condensation and condensation oscillation due to the

somewhat arbitrary definition of what ‘significant fluctuations’ entails.

The boundary between condensation oscillation and the next regime, unstable, is much more distinct,
except in cases where the transition regime comes into play. Later in the condensation oscillation regime,
large waves form along the plume, coalescing into bubbles that do not ‘pinch’ away from the main plume.
Unstable condensation is defined as the condition when these waves finally ‘break’. As such, the
condensation oscillation regime may be described as a plume that is reacting violently to condensation yet

still retaining a single, continuous shape, as shown in Fig. 29.

Figure 29. Steam plume undergoing condensation oscillation. The plume increases in size and does not

maintain a consistent shape. The plume however is still a single, continuous structure.

4.3 Unstable Condensation Regime

The unstable condensation regime is both the most chaotic and most interesting regime. The single,
continuous structures seen in the stable condensation and condensation oscillation regimes finally break
down and diverges into a highly time-varying system involving the rapid formation and breakdown of
bubbles from the main steam plume. Typically, this regime is encountered at high water temperatures

where the degree of subcooling is very low or at high pressure ratios above the critical pressure ratio of
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0.546 for superheated steam. The unstable condensation this regime produces a high and very unpleasant
screeching noise and causes severe pressure oscillations that can pose a safety hazard for workers and
process equipment alike. It is necessary to wear hearing protection in order to collect trials in this regime.

Fig. 30 shows the process of many bubbles forming and collapsing in the unstable regime.

0ms 1.25ms 2.5ms 3.75ms 5ms

Figure 30. Steam plume in the unstable regime. Note that this is not a single bubble, but many

forming and collapsing over this time period.

4.4 Transition Regime

While the steam plume transitions from condensation oscillation to unstable condensation, the plume
will sometimes pull out of the bubbling of the unstable regime and return to the single, severely
fluctuating plume associated with the condensation oscillation regime. This ‘flip-flopping’ as it was
previously described by a previous grad student [38] is the defining trait of the so-called transition
regime. The number of transitions can range from multiple times a second, to just once or twice a second,
to situations where the time between transitions is longer than the second of video captured. It is still
unknown why the plume can go into and out of the unstable regime during this time period. An example

of this switching is shown in Figure 31.
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Figure 31. Steam plume undergoing the transition regime between unstable (left) and condensation
oscillation (right). Note that the time shown is much longer than other examples due to the longer time

between transitions.

4.5 Comparison to Literature Regimes

Many regime definitions have been proposed in the literature, and it is sometimes hard to consolidate
them into a cohesive naming convention. The four definitions proposed above help establish the behavior
observed for the specific nozzles that are used in the experimental facility. In order to better define these
regimes relative to those proposed in the literature, Appendix B explores how literature regime definitions

would map onto these four regimes.

5. Baseline Geometry Analysis — 1S Nozzle

The baseline geometry for the plume stability analysis is a simple straight-bore nozzle with an inner
diameter of 0.096 inch. The length to diameter (L/D) ratio of the nozzle is maintained at 1 in order to
compare results to those found by previous grad student Max Brennan [38]. This set of geometric
parameters are also consistent with those used in the project sponsor’s industrial process heating
applications. This nozzle is referred to as the 1S nozzle for being a ‘straight’ nozzle (S) with a L/D ratio

of 1. A schematic of the nozzle is shown in Fig. 32.
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Figure 32. Schematic of the ‘1S’ nozzle (all dimensions are in inch)

Data was obtained over a range of process water temperatures at a pressure ratio of 0.472 (water
pressure = 25 psig, steam pressure = 70 psig) and a fixed process water flow rate of 15 gpm; data was
collected from 25 to 80°C in increments of 5°C.The nozzle is expected to encounter all of the previously
discussed regimes within this range as the temperature is increased. PSDs of the steam plume area and
outlet pressure suggest that the dominant frequencies associated with the plume shape oscillation depend
on the regime associated with the process. As the temperature of the process water is increased, the

magnitudes of these oscillations increase while the dominant frequencies tend to decrease.

5.1 Stable Regime

The 1S nozzle remains within the stable regime from 25°C until about 50°C. Due to the fact that the
stable regime is classified by minimal fluctuations in the steam plume, the dominant frequencies in this
regime do not exhibit sharp peaks and have more of a broadband structure in the 5000-7000 Hz range for
the steam plume area; the center of this frequency band lies between about 5400-6650 Hz. These stable
plume oscillations are mostly associated with variations in the width of the plume near its tip as well as
fluctuations in the plume height. These frequencies likewise shown up in the outlet pressure PSD with the
same relative intensity as the oscillations of the plume. An example of the steam plume area and outlet

PSD is shown in Fig. 33.
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Figure 33. Steam plume oscillations (top) and resultant outlet pressure oscillations (bottom) of a

stable steam plume

5.2 Condensation Oscillation Regime

When the process water approaches about 50°C, the plume fluctuations start to increase in intensity
and reduce in frequency, as shown in Fig. 34. These fluctuations are typically between 3600-4500 Hz and
can be attributed to the more severe fluctuations noticed in the steam plume as it contracts and expands
during the condensation process, here called the primary plume width oscillations. Another peak of higher
frequency shows up starting around 60°C and is centered around 7800-8400 Hz; these peaks are related to

fluctuations closer to the tip of the plume, here called the secondary plume width oscillations. When
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looking at the outlet pressure PSD, these primary plume width oscillation frequencies likewise show up

with a sharp intensity, but the secondary plume width oscillations do not show up with the same intensity.
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Figure 34. Steam plume oscillations (top) and resultant outlet pressure oscillations (bottom) within

the condensation oscillation regime

5.3 Transition Regime

Once the process water reaches approximately 70°C, the steam plume undergoes the ‘switching’ from
condensation oscillation to unstable and back that is characteristic of the transition regime. The spectral
content of the outlet pressure and steam plum area becomes very rich at this point, as shown in Fig. 35.
Since two regimes show up, some features of both show up in the power spectral density plots. Major

frequencies found in this regime include 1070 — 1470 Hz, 1890 — 2960 Hz, and 3480 — 3740 Hz.

44



Frequencies between 1000 — 3000 Hz can be attributed to the formation and destruction of bubbles while

the plume is unstable. The 1070 — 1470 Hz frequencies are attributed to the formation of so-called ‘double

bubbles’ in which one bubble formation is rapidly followed by a successive bubble that absorbs the first

bubble and then breaks down. The higher frequency of 1890 — 2960 Hz is caused by the formation and

breakdown of a single bubble on the video screen. Frequencies of roughly 3500 - 4000 Hz remain and are

associated with the primary plume width oscillations associated with the condensation oscillation regime.

Examination of the associated outlet pressure measurement shows pressure oscillations at the outlet of the

nozzle that are near the bubble formation and breakage frequency of 1900 Hz and the primary plume

oscillations of 4000 Hz involved with the transition regime.
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Figure 35. Steam plume oscillations (top) and resultant outlet pressure oscillations (bottom) within the

transition regime
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5.4 Pathway to Instability

Figures 36 and 37 show the pathway to instability of the 1S nozzle as the process water temperature is
increased. High frequencies are observed when the plume is stable, but these frequencies shift lower and
lower as the next regime is approached. Likewise, peak amplitudes and broadband noise increase
continuously as instability is approached. It can be inferred from this trend that, as the steam condensation
becomes more unstable, the plume area fluctuations grow and the frequencies associated with this

oscillation will decrease until they reach unstable values.
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Figure 36. Map of major 1S plume area frequencies as a function of process water temperature. The
dominant frequency of the stable and condensation oscillation regime decreases until a burst of

frequencies appear in the transition regime.
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Figure 37. Waterfall plot of the 1S plume area PSD as a function of water temperature at a pressure ratio
of 0.472 (water pressure = 25 psig, steam pressure = 70 psig). Green is the stable regime, yellow is the
condensation oscillation regime, and purple is the transition regime. Frequencies follow a decreasing

trend while amplitudes increase as water temperature is increased.

5.5 Oscillation Frequencies as Compared to Literature

Other researchers have attempted to circumvent the problem of differing injection parameters and
environments by proposing predictive correlations for the dominant frequencies encountered during the
condensation process. These predictive correlations are compared to the measured plume oscillation
frequencies for the 1S nozzle, described in the previous section. Researchers have provided predictive
correlations for the frequencies generated by plume oscillations, referred to as the first dominant
frequency [27], as follows:

Damasio et al. [25]:

St = 0.001196 - (]a)l.084—9 . (Re)0.9389 . (We)—0.767 (1)
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Simpson & Chan [24]:

St =0.011-(Ja)*7% - (Re)"?° (2)
Arinobu [1]:

f o800V Je AT 3)
- de hfg

where St is the density weighted Strouhal number, fd.p;/(psV), fis the plume oscillation frequency, d. is

the exit diameter of the injection nozzle, p, is the density of the water, ps is the density of the steam, and V
is the exit velocity of the nozzle. Ja is the Jacob number, p;c,AT/ (pshfg), p1and ps are defined previously,

Cp is the heat capacity of the water, AT is the degree of subcooling of the water, and hy is the latent heat of
vaporization of the water. Re is the steam Reynolds number, p,Vd,/u, where ps, V, and d. are defined
previously and p is the viscosity of the steam. We is the Weber number, p,V?d, /o, where ps, V, and d. are
defined previously and o is the surface tension of the water.

Experimentally measured plume oscillation frequencies (connected by solid lines) and the associated
predicted frequencies (connected by dashed lines) at the same test conditions are shown in Fig. 38 as a

function of water temperature. All predictions fall well below the experimental results.
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Figure 38. Comparison of experimental and predictive frequencies of plume width oscillations (data
are connected by solid lines while predictions are connected by dashed lines)
Correlations have also been suggested for the bubble formation and breakdown frequency, referred to
as the second dominant frequency [27]:
Qiu etal. [27]:

St =22%107% (Ja)°%* - (Re)>'? - (We) 2% (4)

Chong et al. [29]:

fe—t |30 (5)
T 2R, | o,

Chen et al. [30]:

St=22x% 107 . (]a)O.44 . (Re)—l.Zl . (We)—0.14— . 8_0'61 (6)

where the parameters St, Ja, Re, and We are defined as previously, with f now being the bubbling frequency.

€ is additionally the absolute pressure ratio, P;/P;, P; is the water pressure, P; is the steam pressure, n is the
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polytropic index (here taken to be isentropic), and R, is the initial bubble radius (here taken to be the largest

bubble radius).

As shown in Fig. 39, the predictions of Qiu et al. [27] and Chong et al. [29] are consistent with

experimentally measured frequencies, but the prediction from Chen et al. [30] differs significantly. The

correlations tend to match the “double-bubble” frequency more closely than the frequency associated with

a single bubble formation and breakdown. It is unclear, however, if these predictions are meant to match

this double bubble frequency, since this phenomenon was not mentioned by the authors.
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Figure 39. Comparison of experimental and predictive frequencies of bubbling frequencies

Table 1 summarizes the testing environments that were used to develop the correlations. Notice that

all predictions were performed in stagnant pools with nozzle diameters larger than the one under study

and at smaller steam mass fluxes. This change in environment could be a source of error in the

predictions.
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Table 1. Comparison of injection environments for predictive correlations in the literature. The last row is

the injection environment for results reported in this thesis.

.. Steam Mass
Injection Steam Jet Nozzle Water Temp
Authors . ) i . Flux
Environment | Orientation |Diameter [mm] [C]
[kg/m*s]
Vertical
Arinobu[1] |  Stagnant ertica 16.1,27.6 2092 5-100
downward
D ioet Vertical
amasioe Stagnant ertica 6,8,10,12 25-75 0-250
al.[25] downward
Si & Vertical
'mpson Stagnant ertica 6.35,15.9, 22.2 25-65 147-333
Chan [24] downward
ietal.
Q“E;ﬂa Stagnant Horizontal 8 20-70 186-865
Ch tal.
or[‘fge] @ Stagnant Horizontal 8.1 20-60 400-800
CD Nozzle: D, =38,
Chenetal. )
30] Stagnant Horizontal D.=8,8.8,10.4, 20-65 400-800
12
Alden Crossflow Vertical upward 2.4 25-80 600-1000

6. Length/Diameter Ratio Study — 1S, 2S, 3S Nozzles

To compare the effect of nozzle geometry on plume stability, an initial study of L/D ratios of 1, 2 and

3 was carried out using straight nozzles. The results suggest that a L/D ratio of 2 is the best in terms of

stability. Image scans of the internal geometry of the nozzle also highlight slight differences between

nozzles that may also affect the pathway to instability.

6.1 2S Nozzle

A simple straight-bore nozzle with an inner diameter of 0.096 inch was tested that has a length to

diameter (L/D) ratio of 2 (i.e., it has the same diameter as the 1S nozzle but the straight section is twice as

long). This nozzle is referred to as the 2S nozzle for being a ‘straight’ nozzle with a L/D ratio of 2. A

schematic of the nozzle is shown in Fig. 40.
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Figure 40. Schematic of the ‘2S’ nozzle (all dimensions are in inch)

The process water temperature was varied from 25-80°C in increments of 5°C at a fixed pressure
ratio of 0.472 (water pressure = 30 psig, steam pressure = 80 psig) and water flow rate of 15 gpm. The
observed trends are similar to those found in the plume frequency for the 1S nozzle. High frequency
stable plume oscillations fall to medium frequency condensation oscillation peaks before many peaks are
found in the transition regime. However, the point at which these transitions occur happened later (i.e., at
higher temperatures) in the test. Condensation oscillation becomes noticeable around 60°C, and the
transition regime is not observed until around 80°C. The amplitude of these peaks and level of broadband
noise of the plume area likewise increases as the process water temperature is increased. It is noted that a
frequency around 3000 Hz is present in the nozzle as it approaches instability, but this frequency does not
last once the condensation oscillation regime is reached. Figs. 41 and 42 show this pathway to instability

for amplitude and frequency peaks for the 2S nozzle.
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Figure 41. Map of major 2S plume area frequencies as a function of process water temperature. The
dominant frequencies follow two decreasing ‘pathways’ to the transition regime with an additional

dominant frequency holding around 3000 Hz throughout the stable regime.
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Figure 42. Waterfall plot of the 2S plume area PSD as a function of water temperature at a pressure
ratio of 0.472 (water pressure = 30 psig, steam pressure = 80 psig). Green is the stable regime, yellow is
the condensation oscillation regime, and purple is the transition regime. There is not a lot of activity
observed in the PSDs until near the transition regime at high temperature, at which point the broadband

structure of the spectrum rises quickly.

6.2 3S Nozzle

The 3S nozzle keeps the same simple straight-bore nozzle geometry with an inner diameter of 0.096
inch, but the length to diameter (L/D) ratio of the nozzle is increased to 3. This nozzle is referred to as the
3S nozzle because it is a ‘straight’ nozzle (S) with an L/D ratio of 3. A schematic of the nozzle is shown

in Fig. 43.
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Figure 43. Schematic of the ‘3S’ nozzle (all dimensions are in inch)

A test was carried out in which the process water temperature is increased from 25-80°C in
increments of 5°C at a fixed pressure ratio of 0.472 (water pressure = 30 psig, steam pressure = 80 psig)
and water flow rate of 15 gpm. In general, more activity is observed in the 3S nozzle than in the 1S or 2S
nozzles. The high frequencies normally encountered in the stable regime are accompanied by lower
frequencies of around 3000 and 1000 Hz, though they are all caused by changes in the plume width and
height. The condensation oscillation regime, appearing at 55°C, and the transition regime, appearing at
65°C, are present for a smaller temperature range in the process water. The fully unstable regime is also
present within the 3S nozzle, appearing at 70°C; this fully unstable regime was not observed in any of the
other nozzles within this study. There are multiple frequency ‘paths’ found during the test as the
temperature increases; each of these paths decrease in frequency and increase in amplitude as the
instability is approached. This is a trend that was not found in the 1S and only partially observed in the 2S
nozzle. Figures 44 and 45 show this pathway to instability for amplitude and frequency peaks for the 3S
nozzle. It should be noted that the instability occurs most rapidly and early through the temperature sweep

in the 3S nozzle.

55



80 * * -

* ¥ K * *
70 * * * * *
* * * * * %
—~ 60
Q
E_ e Stable
Condense Oscil
© L
t 50 * - * I Transition
% % * * I Unstable
= 40 # *
* +
30 - ¥ * %
* +
20
o

9000 r

1
o
o
o
0

5000
6000
7000

1000
2000 r
3000
4000
10000 -

Plume Area Oscillation Frequency (Hz)

Figure 44. Map of major 3S plume area frequencies as a function of process water temperature. There
are multiple frequency pathways as the process water is increased, culminating in fully unstable

frequencies around 1000-3000 Hz and 5000 Hz.

56



LA \ |

B 60 L RN
— - Land W ".“ [N \1”\
@ 50 t N WJ‘\ M
o k TV \Mmﬁ‘?w*\\\%
3 o i PR AN
@ 40 \’\"\‘"J*\II IL\\“«
] _* * “\ \_\ \‘1\“'
s 30 e K¥ AV AN
@ ~ * < | W,
S B e N W O
o 20 Ay AR K N VR A * S
S 10 - R <.
= 9O = %" A M <

S O = vk _ 70

N T _ <65

L S N .60
S & T C < 58
(DQ) Q Tuo = 45
& & < 440
S <
S & < o5 3
o QQQ 20 Water Temp (C)
N

Frequency (Hz)

Figure 45. Waterfall plot of the 3S plume area PSD as a function of water temperature at a pressure ratio
of 0.472 (water pressure = 30 psig, steam pressure = 80 psig). Green is the stable regime, yellow is the
condensation oscillation regime, purple is the transition regime, and red is the unstable regime. A short

condensation oscillation and transition regime precedes the fully unstable regime.

6.3 1S Nozzle

The 2S and 3S nozzles were run at the same pressure ratio (0.472) as the 1S nozzle but at a different
pressure differential (30/80 vs 25/70, respectively). In order to ensure that this pressure differential
change would not skew results, a temperature sweep was performed on the 1S nozzle at the same
conditions as the 2S and 3S nozzles (PR = 0.472, water pressure = 30 psig, steam pressure = 80 psig,

water flow rate = 15 gpm).

The observed trends are similar to those found previously for the 1S nozzle. Condensation is stable at

low temperatures. The condensation oscillation regime is observed to begin around 50°C. The transition

57



regime where the plume begins to break down into bubbles occurs around 70°C. These regime changes

are consistent with the previous temperature sweep.

Frequency data shown in Figs. 46 and 47 also aligns with the trend of the previous 1S nozzle
temperature sweep. High frequency stable plume oscillations fall to medium frequency condensation
oscillation peaks before many peaks are found in the transition regime. However, an additional frequency
peak around 3000 Hz is also observed through the stable and condensation oscillation regimes, and the

amplitudes of the peaks in the condensation oscillation regime are more muted than previously.
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Figure 46. Map of major 1S plume area frequencies as a function of process water temperature at a
pressure ratio of 0.472 (water pressure = 30 psig, steam pressure = 80 psig). While a frequency pathway
can be observed running from 7000 to 2000 Hz as temperature is increased, an additional frequency is

observed around 3000 Hz.

58



—_— |l‘1 \ _*!.' I|I
m Wy N
E 60 - " “\ s ".\ \‘-1_
V' R

O R T R ERaIY
@ 50 TNUR Nk Y
o W ol ™\,
(] * \ \I_-\.-\ ., ~—
E 40 * * h\\'% ..ﬂ'—'ﬂ.' \'V\\i\‘\..
< _ * it MW
b} 30 ~ . #* * * -\A.\,-\-"“)E‘ -\‘\"'u'\_ .\\,-/. -.\7*‘
e 3 S n .
=] ik * Ny e
E 20 * Wl
g 10 - et ¥ S
=2 9 = L <

O S * P, < 70

r’lS) Q)Q gy . g 65
S N - \ < 60
R\ N L < 55
TS > <" 40
O T T35
S TS 25 30
§ & 20 Water Temp (C)

Frequency (Hz)

Figure 47. Waterfall plot of the 1S plume area PSD as a function of water temperature at a pressure ratio
of 0.472 (water pressure = 30 psig, steam pressure = 80 psig). Green is the stable regime, yellow is the
condensation oscillation regime, and purple is the transition regime. Peaks found within the condensation

oscillation regime are more muted than the previous temperature sweep of the 1S nozzle.

While regime changes may occur at the roughly the same temperatures, it should be noted that the
frequency magnitudes appear to shift between the 25/70 and 30/80 pressure ratio tests. Specifically, the
peaks in the 25/70 pressure ratio plume area PSD occur at lower frequencies than their counterparts in the
30/80 pressure ratio plume area PSD, as shown in Fig. 48. Frequencies within the stable and transition
regimes appear to shift by less than 1000 Hz, but those within the condensation oscillation regime appear

have even greater shifts in frequency.
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Figure 48. Comparing the major plume area frequencies of the 1S nozzle between pressure ratios of
25/70 psig and 30/80 psig. Frequencies observed in the 25/70 pressure ratio test (red) are consistently

shifted lower than those observed within the 30/80 pressure ratio test (blue).

6.4 Comparison of Straight Nozzles

Figure 49 shows a comparison of the 1S, 2S, and 3S nozzles and suggests that the 2S nozzle is the
best geometry in terms of the pathway to condensation instability at a nozzle diameter of 0.096 inch.
Likewise, there is significant differences in the onset of instability between the three nozzles, with the 2S
nozzle entering the transition regime around 75-80°C whereas the 3S nozzle enters the transition regime
between 60-65°C and the unstable regime between 65-70°C. The 1S nozzle produces results between
these two, entering the transition regime at 65-70°C and the unstable regime at 75-80°C. The introduction
of the condensation oscillation regime follows this same trend with the length-diameter ratio of 2 being

the last to enter this regime.
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Figure 49. Regime map of condensation stability as a function of process water temperature and L/D

ratio. All trials are collected at pressure ratios of 0.472 and water flow rates of 15 gpm.

X-ray scans of the 3 nozzles are shown in Figs. 50-52; these were collected to investigate whether
any small defects that may have occurred during the manufacturing process could be influencing the
results. Macroscopically, all three nozzles show good circularity and a relatively smooth channel for flow.
The entrance to the 2S nozzle has a very slight chamfer while the 3S shows a very slight obstruction. It is
unknown whether geometric deviations of this size could lead into relatively dramatic differences in the
stability observed for these nozzles or if the L/D difference is the major explanation for these observed
stability differences; it is assumed for now to be the latter rather than the former of these two. The next

chapter describes relatively large effects in stability that are caused by defects in nozzle geometry
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Figure 50. X-ray scan of the normal (left) and tangent (right) views of the 1S nozzle

Figure 51. X-ray scan of the normal (left) and tangent (right) views of the 2S nozzle

Figure 52. X-ray scan of the normal (left) and tangent (right) views of the 3S nozzle
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7. Nozzle Defect Study — 2-2S, 2.5S, 2EC Nozzles

When trying to recreate the 2S nozzle in order to verify its performance, an interesting result was
found inadvertently due to a defect in the manufacturing process. The new nozzle, referred to as 2-2S,
was found to be significantly worse in terms of performance and stability, even though the nozzle
geometry should was meant to be the same as the 2S nozzle. A similar, although slightly better, result was
found in the 2.5S nozzle that was being used to further explore the L/D ratio effect of the nozzle. These
findings lend credence to the hypothesis that very small changes to the nozzle geometry caused by the

manufacturing process can have a large effect on the stability of the steam condensation process.

7.1 2-2S Nozzle

As mentioned previously, the ‘2-2S’ nozzle has the same gross geometry as the 2S nozzle with an
inner diameter of 0.096 inch and a L/D ratio of 2. Since it is a recreation of the 2S nozzle, it retains a ‘-2’
designation in its naming convention. A detailed drawing of the nozzle for machining is shown in Fig.

53.
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Figure 53. Drawing of the ‘2-2S’ nozzle (all dimensions are in inches)

Data was taken by carrying out a temperature sweep of 25-80°C in increments of 5°C at a pressure
ratio of 0.472 (water pressure = 30 psig, steam pressure = 80 psig) and a water flow rate of 15 gpm. Note

that the frequency response and stability pathway is very different from the previous 2S nozzle that was
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tested, as shown in Figs. 54 and 55. Instability is encountered immediately (i.e. at the lowest temperature
tested), and the noise from the steam injection is extremely high (it can be heard from outside the lab
area). The dominant frequency is between 2000-3000 Hz upon start up, but switches to a higher
frequency, around 4000 Hz, once the water temperature reaches 45°C. This frequency then decreases as
temperature is further increased until it reaches around 3000 Hz at very high temperatures. While
frequencies between 2000-3000 Hz are also encountered in the 2S nozzle at low temperatures, it is
unknown if these frequencies can be translated over to the 2-2S nozzle, i.e. positing that the lower
frequency pathway becomes dominant in the 2-2S and causes the earlier instability would be only
speculation for now. However, the lower dominant frequencies found in the 2-2S nozzle are normally

found in much later temperatures when the plume is unstable in other nozzles.
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Figure 54. Map of major 2-2S plume area frequencies as a function of process water temperature. The
nozzle is immediately unstable and shows frequencies around 1000-2000, 2500-3000, 3000-5000, and

6000-9000 Hz. The 2500-3000 and 3000-5000 Hz frequencies are the most prominent.
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Figure 55. Waterfall plot of the 2-2S plume area PSD as a function of water temperature at a pressure

ratio of 0.472 (water pressure = 30 psig, steam pressure = 80 psig). All temperatures are unstable (red).

An x-ray scan of the nozzle, shown in Fig. 56, highlights defects associated with the drilling
process. These defects are on the order of 0.01 inches, about the thickness of your fingernail, and so may
not be noticed immediately upon visual inspection. However, these deviations from the original 2S nozzle

may lead to a different flow pattern through the nozzle and thus a much faster pathway to instability.

Figure 56. X-ray scan of the normal (left) and tangent (right) views of the 2-2S nozzle
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7.2 2.55 Nozzle

This early-onset instability was also noticed in a second straight-bored nozzle that was meant to be
used as another data point to further explore the L/D effect on stability. The 2.5S nozzle keeps the same
simple straight-bore nozzle geometry with an inner diameter of 0.096”, but the L/D ratio of the nozzle is
set to 2.5 to provide an intermediate data point between the 2S and 3S nozzles. A schematic of the nozzle

is shown in Fig. 57.
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Figure 57. Schematic of the ‘2.5S’ nozzle

Looking at Figs. 58 and 59, the 2.5S nozzle is able to proceed about halfway through the 25-80°C
temperature sweep (PR = 0.472, water pressure = 30 psig, steam pressure = 80 psig, flow = 15 gpm)
before going unstable. There is significant activity in the low temperature range, indicating that the sweep
starts in the condensation oscillation regime rather than in the stable regime. Plume oscillations start
around 7500 Hz at 25°C and steadily decrease to 6000 Hz before the plume enters the transition regime at
60°C. Like the 2-2S nozzle, there is a peak in frequency around 3000 Hz that is maintained through the

increase in temperature.

The plume quickly enters and exits the transition regime around 60°C before fully entering the
unstable regime at 65°C. Once the instability point is reached, the most significant frequency peaks drop
to 2000 and 4000 Hz due to the plume collapsing into bubbles. These peaks steadily decrease to around

1200 and 2200 Hz, respectively, at 80°C.
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Figure 58. Map of major 2.5S plume area frequencies as a function of process water temperature. Two

frequencies ‘pathways’, one at 3000 Hz and one at 6000-8000 Hz, are found in the condensation

oscillation regime before blossoming to tracks around 1000-2000 Hz, 2000-4000 Hz, and 5000-9000 Hz

in the transition and unstable regimes.
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Figure 59. Waterfall plot of the 2.5S plume area PSD as a function of water temperature at a pressure
ratio of 0.472 (water pressure = 30 psig, steam pressure = 80 psig). Yellow is the condensation oscillation
regime, purple is the transition regime, and red is the unstable condensation regime. Significant peaks are

found from the start of the test (i.e. low temperature) through the end (i.e. high temperature)

The x-ray of the 2.5S nozzle may explain this behavior. The scan shown in Fig. 60 does not show
the drastic defects that can be observed in the 2-2S nozzle. However, there is a noticeable obstruction at
the inlet of the nozzle. When comparing the 2.5S nozzle to other straight nozzle scans, this observation

suggests that the leading edge of the nozzle plays a significant role in the onset of instability.
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Figure 60. X-ray scan of the normal (left) and tangent (right) views of the 2.5S nozzle

7.3 2EC Nozzle

The 2-2S nozzle shows both an inlet obstruction and an outlet expansion in its x-ray scan. The 2.5S
nozzle analyzed above shows another inlet obstruction. In order to understand the impact of the outlet
expansion an outlet chamfer is added to a straight nozzle for testing purposes. In this way, the ‘2EC’
nozzle was created. This nozzle has the same dimensions as the 2S nozzle for the straight section of the
nozzle, but also has a 30° chamfer at the exit to simulate the divergence that was inadvertently created in
the 2-2S nozzle. This nozzle is referred to as the 2EC nozzle because it has a straight L/D ratio of 2 with

an external chamfer (EC) added during the machining process. A schematic of the nozzle is shown in Fig.

61.
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Figure 61. Schematic of the ‘2EC’ nozzle (all dimensions are in inches)
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Looking at Figs. 62 and 63, the 2EC nozzle is also able to proceed about halfway through the 25-
80°C temperature sweep (PR = 0.472, water pressure = 30 psig, steam pressure = 80 psig, flow = 15 gpm)
before becoming unstable. There is significant activity immediately upon starting the sweep, but the
plume maintains a single structure. Thus, until about 55°C, the nozzle is in the condensation oscillation
regime. Most plume frequency peaks are concentrated between 1000-4000 Hz, specifically around 1000,
2500, and 4000 Hz. The frequency peaks in the condensation oscillation regime also show large
magnitudes relative to the noise level of the spectrum, especially when the instability is approached.
Unlike other nozzles, there are no high frequency peaks (~6000-7000 Hz) noticed in the spectrum in this

temperature range.

The plume does not enter a transition regime, instead proceeding directly to instability around
55°C. Once the instability point is reached, the frequency peaks from the condensation oscillation
continue to reduce in frequency while the entire spectrum rises in magnitude as the temperature is further
increased. The 1000 Hz frequency is gradually swallowed by the rising spectrum around 70°C. The only
peak from the condensation oscillation regime to stay above the noise level throughout the sweep is the
4000 Hz frequency, which has been reduced to ~3500 Hz at the introduction of instability and ~2500 Hz
at the end of the temperature sweep. A higher frequency of 7000 Hz is also introduced once the plume
goes unstable. This decreases steadily to 5000 Hz by the end of the sweep as well. This pathway to
instability is second worst of all the nozzles tested (only the 2-2S nozzle is worse), yet it maintains
stability in the condensation oscillation regime for a significant amount of the sweep before finally

collapsing.
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Figure 62. Map of major 2EC plume area frequencies as a function of process water temperature. Most of
the activity is concentrated in the lower frequency range until the plume goes fully unstable, at which

point higher frequencies become prominent as well.
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Figure 63. Waterfall plot of the 2EC plume area PSD as a function of water temperature at a pressure ratio
of 0.472 (water pressure = 30 psig, steam pressure = 80 psig). Yellow is the condensation oscillation
regime, and the red is the unstable condensation regime. Most activity is centered around 2000-4000 Hz.

Higher frequencies are also observed when the plume becomes unstable.

An examination of the x-ray scan in Fig. 64 highlights the outlet chamfer of the 2EC nozzle. It is
very similar to that of the 2-2S nozzle, but the inlet contraction is not present. Thus, the expansion at the
outlet of the nozzle does reduce the stability of the nozzle, but not as much as it would when coupled with

an inlet obstruction.
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Figure 64. X-ray scan of the normal (left) and tangent (right) views of the 2EC nozzle

7.4 Comparison of Nozzle Defects

This chapter shows “what not to do” in terms of injection nozzle design. Each of the nozzles
described above (2-2S, 2.5S, 2EC) exhibit a rapid path to instability during a temperature sweep, if they
are not immediately unstable, as shown in the regime map of Fig. 65. The 2EC and 2.5S nozzles begin
with significant oscillations in the condensation oscillation regime. The 2EC nozzle then breaks down
into bubbling around 55°C, and the 2.5S nozzle has a short transition regime at 60°C before fully going
unstable at 65°C. This early instability could be caused by the shape of the nozzle: the outlet expansion of

the 2EC or the contracted leading edge of the 2.5S nozzle, respectively.

The 2-2S nozzle most clearly showcases the risk of a ‘defective’ nozzle. With an obstructed leading
edge and an outlet expansion, both of these effects work together to produce the worst nozzle that was
tested. The nozzle immediately goes unstable upon the injection of steam, which is completely opposite

of the smooth, stable injection exhibited by the 2S nozzle.
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Figure 65. Regime map of condensation stability as a function of process water temperature and nozzles
with defects in their geometry. All trials are collected at pressure ratios of 0.472 and water flow rates of

15 gpm.

Examination of the steam mass flux reinforces these differences. Fig. 66 shows the steam mass
flux associated with the straight nozzles and their ‘defective’ cousins through the temperature sweep. All
nozzles are run at the same conditions (process water temperature range, nozzle pressure ratio, process

water flow rate), and the mass flow is therefore an independent parameter. The 1S, 2S, and 3S nozzles all

show mass fluxes between 900-950 %. The 2EC nozzle show mass fluxes that are slightly less at 825-
875 %. The 2.5S nozzle is even worse at 750-800 %. Finally, the 2-2S is the clear loser in this regard,

falling between 600-650 %. It has been previously shown that a decreased steam mass flux results in

instability; the steam momentum trends to stabilize the injection. This data brings the relationship back
full-circle. Even if all other parameters can be kept the same, small geometric imperfections impact the
mass flow rate through the nozzle, resulting in a nozzle that will put the steam injection at a disadvantage

before injection has even begun.
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Figure 66. Steam mass flux for each temperature sweep of the straight and ‘defected’ nozzles. All trials
are run at a pressure ratio of 0.472 (water pressure = 30 psig, steam pressure = 80 psig) and a process

water flow rate = 15 gpm.

8. Internal Chamfer Study — 1C, 2C, 3C Nozzles

This chapter focuses on the opposite of the nozzle ‘defects’ studied in the last section: a chamfer on
the leading edge of the nozzle. This smoother entrance into the nozzle has the opposite effect on stability,
and the nozzles with this feature are some of the best that were tested. Internal chamfers are added to the
1S, 2S, and 3S nozzle designs; these are designated as the 1C, 2C, and 3C nozzles, respectively, and
tested through the same temperature sweep. It is noted that, while the chamfered nozzles did not perform
better than the 2S nozzle, any trends previously observed related to the L/D ratio effect are gone for the
chamfered nozzles. The addition of the entrance chamfer causes all nozzles to provide consistent and

good results in terms of stability.
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8.1 1C Nozzle

The first nozzle under examination is the ‘1C’ nozzle. The dimensions of the 1S nozzle are
maintained (inner diameter 0.096”, straight section length 0.096”), but a small entrance length is added
with a 30° chamfer to better guide the steam into the nozzle. To help designate this nozzle amongst
others, it is named the 1C nozzle for being a ‘chamfered’ nozzle with a straight-section L/D ratio of 1. A

schematic of the nozzle is shown in Fig. 67.
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Figure 67. Schematic of the ‘1C’ nozzle (all dimensions are in inches)

Running the 25-80°C temperature sweep at the usual pressure ratio of 0.472 (water pressure = 30
psig, steam pressure = 80 psig) and water flow rate of 15 gpm shows a long pathway to instability. Plume
oscillations of low magnitude can be found around 3000 and 6000-7000 Hz in the low temperature
regime, but the plume is quite stable until around 60°C. Significant peaks form around 4000 and 8000 Hz
when the plume enters the condensation regime, decreasing in frequency until the plume finally breaks
down into the transition regime around 75°C. From there, the dominant frequencies range from 500 to
1200-1500 to 2200-2800 Hz as the plume sometimes collapses into the chaotic bubbling structure of the
unstable regime. However, the plume never goes fully unstable during testing, and the condensation mode
is a battle between the single plume of the condensation oscillation regime and the bubbling disarray of

the unstable regime. Figs. 68 and 69 show this pathway to instability for the 1C nozzle.
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When comparing results to the 1S nozzle, the 1C is a noticeable improvement. Instead of entering the

condensation oscillation regime around 50°C, this regime change is extended another 10°C to 60°C.

Similar, the 1S nozzle enters the transition regime around 70°C. The 1C nozzle holds off on this transition

for 5°C more, finally collapsing at 75°C.
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Figure 68. Map of major 1C plume area frequencies as a function of process water temperature. The

Plume Area Oscillation Frequency (Hz)
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dominant frequency of the stable regime starts at 7000 Hz before reducing as it approaches the

condensation oscillation and transition regimes at higher temperatures. There is also a 3000 Hz frequency

noticed through the stable regime.
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Figure 69. Waterfall plot of the 1C plume area PSD as a function of water temperature at a pressure ratio
of 0.472 (water pressure = 30 psig, steam pressure = 80 psig). Green is the stable condensation regime,
yellow is the condensation oscillation regime, and purple is the transition regime. Frequencies follow a

decreasing trend while amplitudes increase as water temperature is increased.

8.2 2C Nozzle

In keeping with comparing to the L/D effect study, the next nozzle under analysis is the 2C nozzle.
Similar to the 1C nozzle design, the dimensions of the 2S nozzle are maintained (inner diameter 0.096”,
straight section length 0.096™), but a small entrance length is added with a 30° chamfer pecked drilled to
better guide the steam into the nozzle. To help designate this nozzle amongst others, it is named the 2C
nozzle for being a ‘chamfered’ nozzle with a straight-section L/D ratio of 2. A schematic of the nozzle is

shown in Fig. 70.
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Figure 70. Schematic of the ‘2C’ nozzle (all dimensions are in inches)

The 25-80°C temperature sweep at the usual pressure ratio of 0.472 (water pressure = 30 psig,
steam pressure = 80 psig) and water flow rate of 15 gpm gives slightly disappointing results. The 2C
nozzle does not have a better path to instability than the 2S nozzle. In fact, it is slightly worse. Plume
oscillations of low magnitude can be found around 3000 and 6000-7000 Hz in the low temperature
regime, but the plume is quite stable until around 60°C. A significant peak around 4000 Hz appears as the
plume enters the condensation regime, decreasing in frequency and rising in magnitude until the plume
finally breaks down into the transition regime around 75°C. A frequency peak around 8000 Hz also shows
up around 70°C and follows the same trend of decreased frequency, increased intensity as the process
temperature is increased. From there, the dominant frequencies range from 500 to 1200-1600 to 2200-
2900 Hz as the plume sometimes collapses into the chaotic bubbling structure of the unstable regime.
However, the plume never goes fully unstable during testing, and the condensation mode is a battle
between the single plume of the condensation oscillation regime and the bubbling disarray of the unstable

regime. Figs. 71 and 72 show this pathway to instability for the 2C nozzle.

If the previous paragraph sounds oddly familiar, it is because this is the same story of the 1C

nozzle. Indeed, comparing the steam plume area PSDs between the 1C and 2C nozzles show only slight
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differences in plume frequencies. For instance, the 3000 Hz frequencies are not as prominent, even
disappearing, in the stable regime, and the 8000 Hz frequencies do not show up immediately in the
condensation oscillation regime. Like the 2-2S and 2.5S nozzles suggesting that a contraction at the inlet
can ruin stability, the inlet chamfer can provide good, consistent stability results. The 3C nozzle discussed

next further provides evidence of this.

Comparing the 2C nozzle to the 2S nozzle, there are no significant improvements in nozzle
stability. Both nozzles enter the condensation oscillation regime around 60°C. While the 2S nozzle shows
a higher frequency peak in the transition regime, it can hold off this regime for 5°C longer. There are
tradeoffs between the two nozzle geometries, with no discernable ‘winner’ between the two. If one were
to judge solely on the transition regime water temperature, however, the 2S nozzle is still the better of the

two.
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Figure 71. Map of major 2C plume area frequencies as a function of process water temperature. The
frequency around 3000 Hz does not last long in the stable regime. The major frequency pathway starts at
6000 Hz in the stable condensation regime and decreases to 4000 Hz in the condensation oscillation
regime. Frequencies are further reduced in the transition regime.
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Figure 72. Waterfall plot of the 2C plume area PSD as a function of water temperature at a pressure ratio
of 0.472 (water pressure = 30 psig, steam pressure = 80 psig). Green is stable, yellow is condensation
oscillation, and purple is transition. Frequencies follow a decreasing trend while amplitudes increase as

water temperature is increased.

8.3 3C Nozzle

The final nozzle presented in this thesis is the 3C nozzle. The dimensions of the 3S nozzle are
maintained (inner diameter 0.096”, straight section length 0.096"), but a small entrance length is added
with a 30° chamfer pecked drilled to better guide the steam into the nozzle. To help designate this nozzle
amongst others, it is named the 3C nozzle for being a ‘chamfered’ nozzle with a straight-section L/D ratio

of 3. A schematic of the nozzle is shown in Fig. 73.
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Figure 73. Schematic of the ‘3C’ nozzle (all dimensions are in inches)

Looking at the 25-80°C temperature sweep at the usual pressure ratio of 0.472 (water pressure =
30 psig, steam pressure = 80 psig) and water flow rate of 15 gpm confirms that internal chamfer produces
similar results regardless of L/D ratio. Plume oscillations of low magnitude can be found around 3000 and
7000 Hz in the low temperature regime, but the plume is quite stable until around 60°C. A significant
peak around 5000 Hz appears as the plume enters the condensation regime, decreasing in frequency and
rising in magnitude until the plume finally breaks down into the transition regime around 75°C. From
there, the dominant frequencies range from 1000-1800 to 2200 to 3200-3600 Hz as the plume sometimes
collapses into the chaotic bubbling structure of the unstable regime. Again, the plume never goes fully
unstable, instead transitioning back and forth between the condensation oscillation regime and unstable
regime. It would be an interesting study to determine the time between regime changes as a function of
the temperature sweep, but that is not explored in this thesis. Figs. 74 and 75 show this pathway to

instability for the 3C nozzle.

Like its cohort, the 3C nozzle shows only slight deviations from the main ‘storyline’ of the

internal chamfer nozzles. The stable regime is consistent with the other nozzles, but there are no
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frequencies around 8000 Hz in the condensation oscillation regime. In fact, the 3C nozzle’s condensation
oscillation shows the least amount of peak activity. Likewise, the frequencies in the transition regime are
higher and more spread out. While the general trend is maintained across all three nozzles, the 3C nozzle

could be ranked as the best due to the smallest amount of activity noticed across the temperature sweep.

A comparison to the 3S nozzle clearly shows the improvement the internal chamfer has made on
the nozzle’s instability pathway. The condensation oscillation regime is held off for 5°C, the transition
regime for 10°C, and the unstable regime is never encountered. This small change to the leading edge of

the nozzle has an enormous impact on the stability of the nozzle in regards to the 3S and 3C nozzles.
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Figure 74. Map of major 3C plume area frequencies as a function of process water temperature. The
frequencies are contained to a constant 3000 Hz through the stable condensation regime, and a path

starting at 7000 Hz and ending at 3300 Hz upon reaching the transition regime.

83



a IIV'U'U.A \’\‘r“ |__I
E 60 = Wl _*_ II‘ %
a W, K\
D 50 - S\
o ¥\ K
$ 40 x0T N
< D, ",
o 30 - M
c A e S~ * N .
o 20 N Mk T e T " X
w S ST % N, - y < 75
N ¥ W < 70
N L > W ™M, < 65
L\ Lo < 50
1) N N ~. L 40 45
O T T35
S & 530
® & 20 Water Temp (C)
S
N

Frequency (Hz)

Figure 75. Waterfall plot of the 3C plume area PSD as a function of water temperature at a pressure ratio

of 0.472 (water pressure = 30 psig, steam pressure = 80 psig). Green is stable, yellow is condensation

oscillation, and purple is transition. Frequencies follow a decreasing trend while amplitudes increase as

water temperature is increased.

8.4 Comparison of Internal Chamfer Nozzles

As mentioned throughout this chapter, a comparison of the 1C, 2C, and 3C nozzles suggests that a
similar pathway to instability occurs independent of other nozzle parameters like L/D ratio, as shown in
the regime map of Fig. 76. All three nozzles enter the condensation oscillation regime around 60°C. All
three nozzles enter the transition regime around 75°C. None of the nozzles go fully unstable under the
current temperature range. While the ‘best’ nozzle may not be in this study, the fact that consistent
stability results can be found across multiple nozzles with varying geometries can be important for

multiple product designs.
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Figure 76. Regime map of condensation stability as a function of process water temperature and internal

chamfer nozzle. All trials are collected at pressure ratios of 0.472 and water flow rates of 15 gpm.

The x-ray cross sections of the internal chamfer nozzles in Figs. 77, 78, and 79 do not show
significant deviations from their schematics. Thus, it is assumed that it is the internal chamfer is

responsible for the consistent results between nozzles.

Figure 77. X-ray scan of the normal (left) and tangent (right) views of the 1C nozzle
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Figure 78. X-ray scan of the normal (left) and tangent (right) views of the 2C nozzle

Figure 79. X-ray scan of the normal (left) and tangent (right) views of the 3C nozzle

9. Summary and Conclusions

Previous research has been devoted to the impact of process parameters on the stability of direct
contact condensation. Many regime maps have been constructed based on process water temperature and
steam mass flux with varying results between experiments. The consensus in the literature is that
increasing the process water temperature or decreasing the steam mass flux results in an unstable mode of
condensation; these conclusions are affirmed in this thesis. The point at which this instability occurs,
however, has varied between experiments and prevented researchers from creating a single, unified

regime map. Part of the reason for this is the wide range of injection environments that are possible for
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direct contact condensation. Injection into a stagnant pool can occur vertically downward or horizontally.
Injection into a process flow is even more complex, with injection possibly occurring in crossflow,
parallel flow, counterflow, horizontal, vertical, angled. The experimental facility used in this thesis is
limited to the case of injecting vertically upward into a crossflow of process water. Many different nozzle
sizes, lengths, and shapes have been used to explore direct contact condensation; however, an original
study on the nozzle geometry effects in isolation (i.e., holding all other parameters constant) has not been
published to this author’s knowledge. This thesis serves as an exploration into geometric considerations
for direct contact condensation stability. A regime map of all nozzles presented in this thesis is shown in

Fig. 80 with dashed lines demarcating the three nozzle groups to summarize and compare results.
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Figure 80. Regime map of condensation stability as a function of process water temperature and all
nozzles presented in this work, split by cohort. All trials are collected at a pressure ratio of 0.472 (water

pressure = 30 psig, steam pressure = 80 psig) and water flow rates of 15 gpm.
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A nozzle geometry that has been used in the previous grad student Max Brennan’s research serves as
the starting point for comparison. The so-called 1S nozzle has been previously mapped based on nozzle
pressure ratio and process water temperature [38]. For every nozzle tested here, the same temperature
sweep from 25-80°C is performed at an intermediate pressure ratio (0.472) and water flow rate (15 gpm).
This region was selected because it is known to have all regimes represented, which is helpful for
comparison’s sake. Through the temperature sweep, it is noted that the steam plume transforms from
stable to the wild oscillations associated with the condensation oscillation regime around 50°C.and to the
back-and-forth struggle of going unstable and then pulling back into a single plume that is the transition
regime around 70°C. Looking at the frequency response of the plume area through this sweep, the steam
plume shows low amplitude, high frequency (~6000-7000 Hz) oscillations in the stable regime that
similarly show up in the outlet pressure frequency spectrum of a similar magnitude. High amplitude,
medium frequency (~4000 Hz) oscillations start to appear when the plume approaches the condensation
oscillation regime, again showing up in the outlet pressure frequency spectrum. It is when the plume goes
temporarily unstable in the transition regime that low frequency peaks (~500-3000 Hz) dominate the
chaotic bubbling structure that the plume devolves into and that much greater activity is noticed on the
outlet pressure spectrum. It is also noted as a general trend that the plume area oscillations decrease in
frequency and increase in magnitude as instability is approached, as well as the entire frequency spectrum

rising in magnitude.

The effect of nozzle length to diameter (L/D) ratio is then explored through the 1S, 2S, and 3S
nozzles, increasing the L/D ratio from 1 to 2 to 3, respectively. From comparison of plume area spectrum
and videos, the 2S nozzle shows an improvement over the 1S nozzle, but the 3S performs the worst out of
the three. Specifically, the 2S nozzle reaches the condensation oscillation regime at 60°C and the
transition regime at 80°C, an improvement of 10°C for each regime change. The 3S nozzle does not enter
the condensation oscillation regime until 55°C, but it quickly goes through the transition regime at 65°C

to become fully unstable at 70°C, a regime not noticed in the other nozzles. This suggests that a L/D ratio
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of 2 may be an optimal value for nozzle stability, but a larger set of L/D ratios would be needed to
confirm this. This dataset was attempted but instead lead to the discovery that very slightly imperfect

nozzle geometries had a profound effect on condensation stability.

A recreation of the purportedly ‘best’ 2S nozzle was machined to confirm the testing results, but the
new nozzle performed horribly even at the start of the temperature sweep, being the worst out of all of the
nozzles presented in this thesis. An examination of the internal geometry of the 2-2S nozzle through an x-
ray scan shows that defects occurred to the nozzle during the machining process. An obstruction was
found at the inlet of the nozzle, possibly due to the hole not being fully drilled out or a burr forming from
machining the entrance chamber geometry. An expansion was also found at the exit of the nozzle. It is
hypothesized that the combination of these nozzle ‘defects’ contribute to the earlier breakdown to an
unstable bubbling structure. This is supported by the 2.5S and 2EC nozzles. The 2.5S nozzle, which was
supposed to further validate the L/D effect study, shows an early entrance to the unstable regime at 60-
65°C. Examination of the nozzle x-ray shows a less prominent but still noticeable obstruction at the inlet
of the nozzle. The 2EC nozzle duplicates the outlet expansion of the 2-2S nozzle and shows an early
instability at 55°C. These nozzles drive home the theory that small geometric imperfections can have a
large impact on the condensation stability of steam injection. Careful machining practices need to be put

in place if a straight-bore nozzle is to be used as the injection geometry.

Finally, an examination of adding a 30° chamfer at the inlet of the nozzle to better guide flow showed
interesting results. The 1S, 2S, and 3S nozzle schematics from the L/D study were altered by adding the
internal chamfer; these are referred to as the 1C, 2C, and 3C nozzles, respectively, and retested under the
same conditions. All nozzles produced the same pathway to instability and similar frequency spectrums.
All nozzles would enter the condensation oscillation regime at 60°C and the transition regime at 75°C.
Thus, while some nozzles would show improvement over their straight nozzle counterparts (1C vs 1S, 3C
vs 3S), others broke down faster (2C vs 2S). Instead, it appears that the internal chamfer negates other

geometry effects like the L/D ratio and produce consistent, predictable results across many nozzles.
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In conclusion, nozzle geometry plays a significant factor in the stability of direct contact
condensation, and this needs to be considered when discussing condensation regime boundaries. A
straight-bore nozzle can be designed to handle the highest process water temperatures, such as the 2S
nozzle, but slight imperfections can result in a nozzle that turns unstable immediately upon introduction to
the process water, as seen in the 2-2S nozzle. A high amount of unpredictability in the stability of straight
nozzles will be inherent without tight tolerancing and good machining practices. Inlet contractions or
outlet expansions produce nozzles of lower caliber for stability purposes. On the flip-side of this
argument, an internal chamfer machined into the nozzle produces good stability results, although they

may not be the ‘best’ results.

Thus, some rules of thumb may be laid for nozzle design in direct contact condensation:

1. AL/D ratio of 2 appears to be the best for straight hole design in terms of stability.

2. Small imperfections need careful attention during the nozzle machining process. A nozzle that is
not deburred properly at the inlet or deburred too much at the outlet can lead to early instability.

3. A nozzle that has a converging inlet produces a consistent pathway to instability that is close to,

but not quite, the best-case scenario for the nozzle.

The exploration of nozzle geometry could go beyond that presented in this thesis. Other inlet and
outlet effects could be studied to determine their effect on stability. A constant nozzle diameter was used
in this exploration but varying this parameter could also lead to new conclusions on condensation regime
boundaries and dominant frequencies found during injection. Further exploration of chamfer design could
also prove useful to the design of injector nozzles. The possibilities of obtaining an ‘optimal’ nozzle
geometry are endless, and this work serves to highlight this importance and the impact this can have on

direct contact condensation stability.
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Appendix A — Literature Regime Definitions and Parameters

5 . ) L. Nozzle Steam Mass
Regime Identified Condensation Injection Steam Jet . Water
Authors . ; R . Diameter Flux
Parameters Regimes Environment | Orientation Temp [C] *
[mm] [kg/m*s]
Water
Arinob ¢ R 1, 11 (chugging), ll, IV Vertical
rinobu emperature ertica
P " | (condensation oscillation), V, Stagnant 16.1,27.6 20-92 5-100
[1] steam mass Vi downward
flux
Oscillatory bubble, oscillatory
interface, oscillatory cone jet,
Water ellipsoidal jet, ellipsoidal
Chan & temperature, oscillatory bubble, external Vertical
. . Stagnant 51 40-90 1-175
Lee [2] steam mass chug with encapsulating downward
flux bubble, external chug with
detached bubble, internal
chug
Aya et al. Water Large chugging, small
3,4 t ture, hugging, bubbling, Vertical
[ ! ,] emperature ¢ ugglng Y .|ng. Stagnant ertica 18,29 10-100 0-200
Nariai & steam mass condensation oscillation, downward
Aya [5] flux transition, |, ll-a, II-b, III, IV
Chugging, low frequency
Water bubbling with detached
L!ang& temperature, bubblt.es, hlgh frequency Cocurrent Ve.rt.lcal upward, 19 60-90 0-50
Griffith [7]| steam mass bubbling with attached mixing chamber
flux bubbles, oscillatory jet, stable
jet
Condensation oscillation,
stable condensation,
Water interfacial oscillation .
Chunet | temperature condensation, bubblin Horizontal, 1.35,4.45
P ' wlon, buobling Stagnant vertical 2280 1384 200-1600
al. [8] steam mass condensation oscillation, 7.65,10.85
K o ] downward
flux chugging, transition region
from chugging to
condensation oscillation
Chugging, transition chugging,
Water condensation oscillation,
Choetal.| temperature, bubble condensation .
. R Stagnant Horizontal 5,10, 15,20 20-95 45-450
[9] steam mass oscillation, stable
flux condensation, interface
oscillation condensation
Water
Lee &N ¢ R Chugging, subsonic jetting, Vertical
ee o | tempearture, [ . nsition I, transition II, Stagnant ertica 150 3191 20-80
[10] steam mass . downward
steam cavity
flux
Water divergent jetting, ellipsoidal
De With subcooling, jetting, conical jetting,
etal [11] steammass |bubbling, chugging, interfacial Stagnant Varied 10-50 10-90 0-1500
' flux, nozzle condensation oscillation, no
diameter condensation
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. . . L. Nozzle Steam Mass
Regime Identified Condensation Injection Steam Jet . Water
Authors . ; R . Diameter Flux
Parameters Regimes Environment | Orientation Temp [C] o
[mm] [kg/m™*s]
Double expansion divergent,
Water Y p XbF: ! I_V g
ouble expansion
Wu et al temperature, tracti P . D.,=8,D.=8,
uetal. contraction, expansion .
steam mass X P . Stagnant Horizontal 8.8,9.6,10.4, 20-70 298-865
[12] contraction, contraction,
flux, nozzle K . 11.2
. contaction expansion
pressure ratio X .
contraction, unstable jet
Water
temperature, R
Xu et al ¢ p Hemisoh ical. eviind Vertical upward,
uetal. | steammass |Hemisphere, conical, cylinder, | ¢, 0 rrent vertical 8 20-70 150-500
[13] flux, water divergent, ellipsoidal
crossflow
Reynolds
number
Steam mass D,=8x8
flux, water . . . :
Zongetal. Divergent jet, stable jet, Horizontal, rectangular,
mass flux, X ; Cocurrent . 20-60 200-600
[14] X oscillatory jet, bubble flow mixing chamber | D,=10x10
water
temperature rectangular
Water
temperature, Chugging, condensation
Xu&G t illati table - ical 45° vertical
u uo | steammass oscillation, sta : e -conical, Angled current vertica 5 20-70 20620
[15] flux, water stable -expansion, stable - upward
Reynolds cylinder
number
Ambient . .
Expansion-contraction,
(outlet) .
Xuetal. double expansion- .
pressure, A . Crosscurrent Horizontal 3 20-70 0-900
[16] contraction, contraction,
steam mass K .
cylinder, hemisphere
flux
Water
tempearture,
Xuetal. steam mass Stable, oscil-l, oscil-ll, i
. Cocurrent Vertical upward 8 20-70 0-500
[17] flux, water chugging
Reynolds
number
Small encapsulating bubbles,
Water bigencapsulating bubbles, big
G t|t t , lati | ted Vertical
regue emperature encapsulatingelonga e‘ Stagnant ertica 27 19-46.5 55195
al. [18] steam mass bubbles, non-encapsulating downward
flux bubbles, small chugging,
internal chugging
Ambient
(outlet)
Xuetal. Stable, il-l, il-Il, Vertical D, =3,D.=
ueta pressure, able, osci . osci Countercurrent ertica o . 30-70 0-800
[20] steam mass chugging downward 3.8
flux, water
temperature
Chugging, hemispherical
bubble oscillation
Zhao & . oo . . . . .
Hibiki [19] Many condensation oscillation, Varied Varied Varied Varied Varied
stable condensation, steam
escape, no condensation

97



Appendix B — Comparison of Literature to Experimental Regimes

New Regimes

Authors Cond "
ondensation . .
Stable e Transition Unstable Uncategorized
Oscillation
Arinobu [1] 11 IV (CO) \ I, 1l (chugging), VI
Ext chug with encap
Chan & Lee Ellip et Oscil cone iet Oscil bubble, ellip bubble, ext chug with
2] P ! oscil bubble detached bubble, int
chug, oscil interface
Aya etal. Large chugging, small
[3,4] Nariai & co Trans Bubbling g chuggingl
Aya [5] gging,
Low freq bubbling
. with detached
Liang & . L . .
. Stable jet Oscil jet bubbles, high freq Chugging
Griffith [7] . .
bubbling with
attached bubbles
Ch tal. CO, interfacial . . Chugging, t f
un eta Stable |n. eracia Bubbling cond oscil ugglng rans from
[8] oscil cond chugging to CO
CO, interf R Ch ing, t
Cho et al. [9] Stable tntertace Bubble cond oscil UEEINE, trans

oscil cond

chugging

Lee & No [10]

Subsonicjet

Chugging, Trans |, Trans
Il, steam cavity

Ellip jetting, con

Dea:/.v[Ti]Et jetti.ng,.diverg Interfzzzll cond Bubbling Chugging, NC
jetting
Double expan
diverg, double
Wu et al. [12] expan contract, Unstable jet
expan contract,
contract, contact
expan contract
Hemi, conical, .
Xu et al. [13] X Divergent
cyl, ellip
Zong et al. ) . ) .
(14] Stable jet Oscil jet Bubble flow Divergent jet
Stable - conical,
Xu & Guo [15] stable - cyl, co Chugging
stable - expan
Expansion-
contract, double
Xu et al. [16] | expan-contract,
contract, cyl,
hemi
Xu et al. [17] Stable Oscil-I Chugging, Oscil-II
SEB, BEB, BEEB, NEB,
Gregu et al. :
(18] .smaII chuggm.g,
internal chugging
Xu et al. [20] Stable Oscil-I Chugging, Oscil-II
zhao & Stable co Hemi bubble oscil Chugging, SE, NC
Hibiki [19] T
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