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ABSTRACT

NUMERICAL AND EXPERIMENTAL STUDY OF FLASH EVAPORATION
PHENOMENON AND RESULTING SHOCK WAVE

By
Ahmad Mansour

Flash evaporation or flashing is an evaporation phenomenon caused by a sudden pressure
drop sufficiently below the saturation pressure. Due to this sudden drop in pressure, the liquid
undergoes a quick phase transition, and the sensible heat of the liquid converts into latent heat of
evaporation. An accidental release of pressurized liquid from supply pipelines or liquid storage
tanks can generate a flashing jet with violent phase change. This fast phase change can cause rapid
mixture with an oxidant like air, and if the liquid is flammable, disastrous effects such as
explosions, fires, and damage to industrial equipment can occur. On the other side, flash
evaporation can be beneficially employed in industrial applications. It can have a significant effect
on the performance of many devices (e.g. injectors and reactors). The understanding of the fluid
behavior of the flash evaporation and the resultant shock waves can help to prevent disastrous
consequences that may occur due to accidental fluid release as well as can be useful to further
develop the phenomena’s industrial and technological applications such as utilize resulting shock
waves in creating useful compression.

This work investigates spray flashing evaporation phenomena and resulting shock waves
experimentally and numerically, considering superheated liquid water as working fluid. 2D
transient Ansys Fluent simulation was utilized to present and prove the occurrence of shock waves
generated by a flashing water jets when superheated water is injected through a nozzle into a low-
pressure water vapor zone. The Mixture model was applied using the concept of slip velocities to

model multiphase flows as non-homogeneous multiphase model where the phases (liquid water



and water vapor) move at different velocities. In addition, a rectangular vacuum chamber
connected to a circular nozzle was used in the experiments. A z-type Schlieren technique with a
Photron high-speed camera was used to observe the propagation of the moving shock wave and
the flow. The numerical simulation results show that once the superheated water is injected in the
low-pressure environment, the flashing phenomenon occurs, and a shock wave is induced. This
shock wave is a moving shock wave, and it travels forward into the vacuum chamber. The two-
phase mixture expands behind the moving shock wave that travels faster into the water vapor. The
entire flow characteristics such as pressure, velocity, Mach number, speed of sound, density, and
volume fraction are discontinuous across the shock wave. After the moving shock wave strikes the
end of the vacuum chamber, it reflects from the wall as reflected shock wave that propagates back
into the chamber, further increasing the pressure behind it.

An experimental work was carried out with injected liquid water having an initial
temperature ranging between 40 and 100°C and vacuum pressure ranging between 4000 Pa and
10000 Pa. To show the shock wave structure, the Schlieren technique was used and Schlieren
photographs were mathematically filtered using the Image Processing and Analysis in Java
(Imagel). The experimental results were in good agreement with the numerical results, confirming
that once the superheated water is injected in the vacuum chamber, it flashes directly and can
induce a shock wave. The results confirm that with increasing superheat of the injected water, the
flash evaporation accelerates. At low vacuum pressure, full flashing occurs, and a shock wave is

induced especially with a high initial liquid temperature.
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CHAPTER 1

Flash evaporation phenomenon



1.1 Introduction

Flash evaporation is a phase change phenomenon observed when a liquid is exposed to a
sudden pressure drop below its saturation pressure. Flash evaporation, often called flashing
phenomenon, is sometimes caused by a large pressure difference between upstream and
downstream when pressure decreases suddenly where the liquid temperature at the upstream is
kept constant before the evaporation begins. Therefore, the liquid temperature becomes higher
than the saturation temperature; thus, evaporation of the liquid occurs. During a sudden drop in
pressure, the liquid undergoes a fast phase transition process and the sensible heat of the liquid
converts into the latent heat of vaporization [1]. This fast phase change could happen inside the
fluid released generating a flashing jet that could produce destructive consequences, such as
explosions, fires, damage to industrial equipment, or toxic exposure in the environments [2, 3, 4,
5, 6]. In addition, it may also be a source of intense noise as the flashing mechanisms occurs in the
expansion devices of refrigeration cycles [7]. On the positive side, flashing jets or spray systems
can be useful for industrial and technological applications. For example, by using water as a
working fluid, NASA has been developing an open-loop spacecraft spray evaporative heat sink for
use in space [8]. In addition, flashing is used in geothermal power plants to produce steam, which
is used to power the turbines. The flash steam power plant illustrated in Figure (1.1) is the most
common type of power plant that utilizes hot liquid water to produce the steam. By pumping this
hot water under high pressure from the ground to the plant on the surface, where the pressure is
suddenly reduced and with this the boiling point, which causes flash evaporation of the hot water
into steam, which in turn is used to drives the turbine connected to a generator generating
electricity [9]. The flashing phenomenon is used in many chemical plants and biochemical

industry, such as absorption, oxidation. It also has a significant effect on the performance of many



devices like the expansion devices of refrigeration cycles and injectors [10, 11]. In addition, flash
evaporation is also one of the main processes in the production of alumina where after dissolution

the slurry is processed through pressure and temperature reduction in the flash vessel [12].
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There are many useful industrial applications of flash evaporation, including the steam
generation processes, chemical processes, and water desalination for drinking water [13, 14, 15,
16, 17, 18]. Desalination is the process used to produce fresh water for drinking from salty water,
where fresh water is separated from brine through flash evaporation. About 20% of desalinated
water production worldwide is produced from a Multiple-Stage Flash desalination plant (MSF),
which may reach up to 20 stages or more [19]. The hot steam from a steam generator powers a
brine heater before the first stage to heat the liquid to the desired inlet temperature. The higher the
temperature, the higher is the distillation rate, and a larger amount of vapor can be extracted from
the brine. In MSF, the pressure in each stage is maintained below the corresponding saturation

temperature of the heated brine. When the heated brine enters the stage, its temperature falls below



the saturation temperature at that pressure and the flash evaporation occurs separating the fresh
water from the brine. The unflashed brine passes from one stage to the next stage for further
flashing so that the brine can be evaporated repeatedly without adding more heat [19, 20, 21].
Figure (1.2) shows a schematic of a first MSF stage that contains a brine heater, a demister to
minimize carryover of brine droplets into the distillate, and a distillate tray that collects the
produced distillate in each stage which is the then cascaded from stage to stage in parallel with the

brine and pumped into a storage tank.
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Figure 1.2 Scheme of a first MST stage and brine heater.

Zheng et al. [10] examined the flashing phenomenon of a LiBr-H2O solution in the
generator of an absorption heat pump experimentally where the flashing phenomenon is used as
an alternative to generators in these types of heat pumps. During evaporation, the solution does
not transfer heat with the environment or the surroundings, only the enthalpy difference of the
solution changes into the latent heat of the water vapor. In other words, the flashing evaporation

is regarded as an adiabatic process.



Boile et al. [22] carried out an experimental study on the Crosby safety valve analyzing
flows of flashing hot water at 150.7°C and non-flashing cold water at 17.5°C through the safety
relief valve. In their experiments, the mass-flow rates, the inlet and outlet temperatures, and the
pressure distributions inside the valve were measured. They conducted two series of experiments:
testing in the first series a Crosby safety valve, and in the second series a model that enables the
measurement of the pressure distribution inside the valve body. The experimental results were
compared with the equilibrium and relaxation two-phase flow models, assuming adiabatic flow.
The mass flow rate is given as a function of the square root of pressure difference between the
inlet and the outlet of the valve. The results show that the mass flow rate for supercritical flow is
an increasing function of the pressure difference between the inlet and the outlet of the valve. For
hot water, the mass flow rate is limited by choking, while the discontinuity for the cold water is a
result of cavitation. According to the homogeneous relaxation model, the flashing water flows
were choked exactly at the moment they reached the saturation pressure [22, 23]. Boile et al. [22]
found that the possible-impossible flow procedure is a suitable method for calculating the choked
two-phase and that the frictionless Bernoulli equation for the nozzle cross-section area gives a
good estimation for the non-flashing cold-water flow through the safety valve tested.

Boccardi et al. [24] presented a study on a commercial safety relief valve for the steam-
water flashing system. This study was carried out with varying values of operating parameters
such as vapor quality, inlet pressure, mass flow rate, and backpressure. The measured data was
compared with the predictions of a commonly used homogeneous equilibrium model and the w
method. The homogeneous models assume the hypothesis of thermal equilibrium where the two
phases travel at same velocity. For flashing systems, the physical properties of the mixture depend

on the temperature and pressure conditions. For non-flashing systems, the two phases have the



same temperature, which means no mass transfer between the phases. If no heat transfer between
the phases is assumed, then the flow is called frozen flow. The w method is a further developed
form of the Homogeneous Equilibrium Model (HEM) and one of the best methodologies for
analyzing two-phase flow in relief devices. This method can be applied to both flashing (choked

or not choked flows) and non-flashing systems.

1.2 Flashing

Flashing is a phenomenon that occurs often when liquid flows through nozzles working at
either high temperatures or large pressure drops. Flashing starts when the temperature increases
by a few degrees above the saturation temperature or an initially subcooled liquid may become
saturated if the pressure drop is large enough to reduce the substance pressure below the saturation
pressure corresponding to its temperature. Both results in the formation of a large number of
bubbles, which may grow rapidly in both number and size [25]. In fact, the disintegration of a fully
flashing jet is characterized by an abrupt phase transition (liquid to gas) through the process of a
bubble nucleation and growth. Physical aspects involved in the flashing process include

atomization, nucleation, phase change, internal two-phase flow, droplet size, and velocity.

1.2.1 Atomization

Atomization is the process of transforming a liquid bulk into small droplets, e.g. when a
liquid jet flows through a nozzle into a low-pressure environment below its saturation pressure.
Violent and explosive characteristics of the jet cause its break-up into smaller droplets. One of the
key processes affecting spray behavior is atomization, as it is a key element in the successful
combustion of liquid fuels and important in other applications of sprays, such as the coating and

the painting. Atomization of a liquid jet is considered a two-stage process: an essential breakup



where the jet breaks up into large drops and a secondary breakup where the large drops break up

further into smaller drops [25, 26, 27, 28].

1.2.2 Nucleation

The bubble nucleation process can be categorized into two combinations: homogeneous
and heterogeneous nucleation. In homogeneous nucleation, bubbles form everywhere inside the
liquid when a liquid is heated to the metastable state, or when the liquid droplets are formed in
super-cooled metastable vapor. However, in heterogeneous nucleation, bubbles form on the
interfacial regions between the liquid and another, normally solid [29, 25, 30]. In many cases, the
nucleation in a superheated liquid at metastable state is more likely to occur adjacent to the solid
surface of the container, depending on the condition of the fluid and solid surface. Experimental
investigations of fully flashing jets proved that the nucleation rate increases with the superheat

level [31].

1.2.3 Phase Change

When liquid is exposed to a sudden pressure drop, the liquid goes through a metastable
state and then undergoes a fast phase transition process. The bubbles form inside the liquid
consuming latent heat, which is provided by the surrounding fluid and cools down the fluid. This
process continues until the temperature of the liquid equals the saturation temperature of the liquid

at its pressure.

1.2.4 Bubble growth in a Superheated Liquid

For several years, considerable effort has been devoted to studying the growth of bubbles
in a superheated liquid. It is part of the process of nucleate boiling and it is also related to
depressurization (flashing) processes. Plesset et al. [32] presented discussion of the flow of a liquid

(water) over a submerged body at rest. They divided the liquid flow over a body into three regimes,



namely: noncavitating flow, cavitating flow with a relatively small number of cavitation bubbles
in the flow field, and cavitating flow with a single large cavity about the body. Aktershev and
Ovchinnikov [33] presented a numerical simulation of the growth of a vapor bubble in a
nonuniformly superheated liquid. They show that the bubble growth rate due to the nonuniform
temperature of the liquid is faster than the case of the uniform superheating. Where the bubble
growth rate decreases because of the nonuniform temperature. Numerical results were compared
with experimental data for the growth of a vapor bubble near a cylindrical heater [34] and it was
in good agreement at the initial stage of the vapor bubble growth under strong superheating.

A bubble can grow in two ways: the first is inertia-controlled growth and the second is heat
transfer controlled growth [29, 35]. In the first process, the pressure inside the bubble is high
enough that it can increase the bubble size by pushing the liquid aside. The second growth occurs
when the heat from surrounding liquid is transferred to the liquid adjacent to the interfacial region
of the liquid and vapor and changes the phase of liquid to vapor. By applying the pressure balance
at the bubble interface, the equilibrium bubble size can be determined. Ashgriz [25] and Carey
[36] presented the Gibbs—Duhem equation and the Young—Laplace equation for the bubble. They
assumed the liquid is incompressible and inside the bubble the vapor temperature is uniform, and
the vapor is an ideal gas. The bubble growth continues until evaporation at the interface stops and
while the bubble grows the pressure difference between the inside and the outside of the bubble

reduces [25].

1.2.5 Drop Size Distributions
The drops are described by their composition, velocity, temperature, and diameter, which are the
most common quantities for different methods like discrete probability function (DPF), maximum

entropy formalism (MEF), and others. The mean drop size and the drop size distributions are



important for spray applications. Some spray applications such as paint and respirable sprays
require narrow size distributions, while some need wide ones such as gas turbine engines [25, 37].
The liquid properties such as viscosity, surface tension, and density are main factors influencing
the mean drop size. With increasing liquid viscosity and surface tension, the mean drop size of the
spray increases [38]. Van Der Geld and Vermeer [39] derived drop size distributions in sprays
using MEF and investigated satellite formation. They were the first to point out that the Shannon
entropy is not the proper measure if the drop volume is used instead of drop diameter. Christophe
[40] suggested a new formulation of MEF by considering the disagreements of previous MEF to
model and determine liquid spray drop size distribution. Kamoun et al. [31] investigated fully
flashing superheated liquid ethanol jets injected into a vacuum chamber. They presented the axial
and the radial distribution of the droplet size considering the limits of applicability of The Global
Rainbow Thermometry (GRT) technique. They concluded that with increasing superheat level, the
average droplet diameter decreases. Their findings are consistent with the experimental results of
Cleary et al. [3]. Their findings also showed that the bubble nucleation controls the onset of the
full flashing and the initial spreading of the jet. In addition, the experimental data for velocity and
temperature showed that nucleate boiling mainly controls the properties of the two-phase flow and
the atomization that takes place near the nozzle exit. The experimental data illustrated that the high

velocity is due to bubble bursting or because of a choking condition at the nozzle outlet.

1.3 Research Objective

This research is a contribution to the ongoing discussions about flashing evaporation
phenomena and generating shock waves from this phenomena by using water as a working fluid.
This dissertation is dedicated to the investigation of the flash evaporation phenomenon that occurs

when superheated water is injected into a vacuum chamber through a nozzle. The main aim is an



investigation of the generation of shock waves by spray flash evaporation process experimentally
and numerically. The research presents shock waves as one of significant consequences that can
be produced in flashing evaporation and utilization of those resulting shock waves in creating

useful compression.

1.4 Dissertation Outline
This dissertation presents an experimental and numerical simulations conducted to

understand more about flashing evaporation phenomenon and the induced shock waves.

e Chapter 2 presents an overview of the methods of generating flashing phenomena and resulting
shock wave and presents the previous studies about it.

e Chapter 3 the dissertation provides the governing equations and 2D simulation methodology
and the experiments boundary conditions.

e Chapter 4 presents the discussion of the 2D numerical simulation results and shows the flashing
phenomenon, resulting shock wave, and reflected shock wave.

e Chapter 5 presents the experimental setup, experimental apparatus and procedure, and the
discussion of the experimental results.

e Chapter 6 gives the conclusions from this work.
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2.1 Methods of generating flashing phenomena

Significant flashing can occur in different natural and technological circumstances. One of
the flash evaporation methods is liquid pool flashing, where the bubbles rise in the liquid to break
through the free surface of it. Another method is injecting a liquid jet through a nozzle into a
vacuum chamber, so a spray forms with an unsteady turbulent motion of liquid droplets. In
addition, the flow of air or gas over a liquid surface can also generate a flash spray when the
relative velocity is high enough to reduce the static pressure sufficiently. In this review, several
theories, experiments, and numerical methods are displayed to explain flash evaporation

phenomena and their consequences.

2.2 Flash evaporation from a liquid pool

Over years, considerable efforts were invested in studying the flash evaporation
phenomenon in a liquid pool. Saury et al. [41] studied experimentally the impact of the initial
water level in the flash chamber and the depressurization rate on the flash evaporation. They
carried out experiments with initial liquid temperature from 45 to 85 °C, superheats between 2 and
44 K, and an initial water height ranging from 25 to 250 mm. The study focused on the impact of
initial water height on the characteristics of the flash evaporation such as the flashing time and the
mass evaporated. The water mass evaporated is calculated based on an energy balance on the liquid
in the flash chamber. The results show that a smaller flashing time is obtained when the rate of
depressurization increases. The final mass evaporated through flashing was almost independent of
the depressurization rate and was an increasing function of the initial water level and initial
temperature.

In order to point out the effect of the initial height of liquid on the flash evaporation, Liao

et al. [42] have proposed a quantitative method based on the temperature measurement of the water
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and energy balance in the liquid. Experimentally and numerically, they investigated flash
evaporation of water inside a vertical pipe under different pressure levels (10, 20, 40, and 65 bar).
According to the experimental results and from comparison with simulated results, it was found
that the evaporation rate was too small and flashing begins too late when the mean bubble diameter
was larger than the critical value (critical bubble diameter that can succeed in initiating the
flashing). In addition, the critical bubble size decreases with the increase of pressure, which means
that bubble growth has a minor effect under high-pressure conditions. These results are in a good
agreement with Guo et al. [43], Ghiaasiaan [29], and Liao and Lucas [44]. Furthermore, with the
increase of absolute pressure, the total steam or vapor generation rate compared to the contribution
of nucleation becomes significant [42, 45]. The experimental data showed a maximum steam
volume fraction achieved at 10 bars. Whereas, the maximum superheat degree was the same in all
the cases with the pressure varied from 10 to 65 bar [42]. Other research studied the functioning
of a flash evaporator using flow rates and temperatures defined on real number intervals. The study
focused on the thermodynamic aspects of the process using cascade evaporation. A constraint
satisfaction problem solver (CSP) involving the global physical model of the two-stage flash
evaporator was used in this study [46].

Cheng et al. [47] presented a mathematical model of vacuum flash evaporation cooling
(VEFC) where pure water was the working fluid. This model considered both droplet flash and
film flash to show the effect of droplet flash evaporation on vacuum flash evaporation, heat transfer
ratio, and heat flux density. The mathematical model is validated by experimental results in this
study. The results proved that one of the main factors affecting the VFEC heat transfer performance
is the droplet flash, which has a great effect on the spray characteristics. When droplet flash is

taken into consideration, the heat flux increases while the surface temperature decreases. By
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comparing the results in this paper with the previous experimental results, it was found that the
effective conductivity model of droplet flash coincides well [47]. Liu et al. [48] investigated
experimentally flash evaporation of saltwater (NaCl) droplets released into a vacuum. The
experiment’s data showed that the shape variation of the droplet is related to the component and
solution concentration. It proves that the evaporation rate decreases with increasing salt
concentration in water. The experimental results also showed that the droplet temperature
transition is affected by initial droplet diameter, environmental pressure, and initial droplet
temperature. This is because the evaporation rate becomes faster and the molecular motion is more
intensive with a higher initial droplet temperature and with a smaller initial droplet size [48, 49,
50]. Furthermore, Deb et al. [51] studied the effect of evaporation and condensation on droplet
size distribution in turbulence. They reported that the temperature evolution of the droplet is
influenced both by the local temperature difference to the gas and change in mass of the droplet
due to phase change.

Saury et al. [52] carried out an experimental study of the flash evaporation phenomena of
a water film with an initial water height of 15 mm, initial pressure between 50 and 200 mbar, and
initial temperatures from 30 to 750C. Figure (2.1) illustrates the experimental setup. The
experiments specified the initial temperature of the liquid and superheat that influenced the flash
evaporation. They concluded that increasing the superheat leads to an increase of the mass flow
rate and the violence of the flashing phenomenon; also, the mass flow rate decreased with

increasing initial pressure [52, 53, 54].
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Figure 2.1 Experimental setup of flash evaporation.

Zhang et al. [55] studied experimentally the energy transformation and separation
characteristic of circulatory flash evaporation. They introduced the steam-carrying ratio and the
flash evaporation efficiency to estimate the energy transformation. The flash evaporation

efficiency is defined by equation (2.1).

n (1 — NEF) (2.1)

~1—J,.NEF

Tout - Ts — CPATin

NEF = ,
Ti —TS a T

(2.2)

where Ja is the Jacob number, NEF is the non-equilibrium fraction, and r is the latent heat. The
steam-carrying ratio is a ratio of steam-carrying water mass to theoretical flash vapor mass. The

experiments’ data revealed that increasing flow rate and flash chamber pressure lead to an increase
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in the flash evaporation efficiency while the steam-carrying ratio decreased. However, flash
evaporation efficiency decreases with increasing initial water film height, while the steam-carrying
ratio increases. In practice, the authors recommended a high chamber pressure and flow rate with
suitable initial water film height [55].

On the other hand, particular attention has been given to the aqueous NaCl solution. Yang
et al. [56] analyzed the evolution of the volumetric heat transfer coefficient and the non-
equilibrium fraction NEF (the completeness of flash at any time). An experimental study of heat
transfer characteristics in static flash evaporation of an aqueous NaCl solution was carried out with
an initial concentration range from 0.0 to 0.26, initial height of 0.Im to 0.4m, and superheat
between 1.8K and 49.5K. The results showed that the boiling or evaporation point of the NaCl
solution increases with increasing concentration. In addition, bubble nucleation in aqueous NaCl
grows smaller and appeared later than in pure water. The data also showed that the amount of
crystals and the degree of completion of flash evaporation could improve and increase by increased
superheat. The volumetric heat transfer coefficient, which represents the boiling heat transfer
during the flash period, decreases with an increasing mass fraction of the aqueous NaCl solution
when no crystallization occurs [56]. In other research, Zhang et al. [57] investigated
experimentally the static flash evaporation of aqueous NaCl solution at different flash speed. Five
different diameters of thin orifice plates (5, 10, 20, 40, 80 mm) were used to generate different
flash speeds ranging between 4.8x10* and 2.18s™!. The flash speed (FS) expressed in equation
(2.3) is defined as the mean drop rate of NEF during flash duration time 7, (the duration of the

fast evaporation stage).

1— NEF
s=— @ (2.3)
Ttp
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The non-equilibrium fraction at a turning point NEF, represents the sufficient degree of

flashing. The results showed that there is a negligible increase of flash speed with increasing

superheat. However, NEF;,, decreases at higher superheat and smaller initial waterfilm height,

which means sufficient flash evaporation. Moreover, shrinking the orifice diameter from 80 to

Smm might minimize flash speed (FS) because the diameter has nearly no effect on NEF, but can
extend the flash duration time(rtp). A minimum value of the non-equilibrium fraction at the

turning point (NEFtp) exists with the increasing flash speed, while the volumetric heat transfer

coefficient increased linearly [57].

Yang et al. [58] presented an experimental study on energy conversion efficiency (ECE)
during the static flash evaporation of a NaCl solution. The results illustrated that increasing the
initial height of the water film lead to a decrease in the ECE for both non-crystallization and
crystallization zones. Other work presented a study on the steam-carrying effect in static flash
evaporation based on an experimental system for both pure water and an aqueous NaCl solution
[59]. The drop of the water film height, the equilibrium concentration of water film, and the steam-
carrying ratio (K) were measured during the experiments. The results illustrated that the steam-
carrying ratio (K) increases with rising initial water film concentration (fmo) or with decreasing
separating height (Hsp). In addition, increasing the mean pressure difference between flash and
vacuum (Dpm) led to an increase in both the drop of the water film height (Dn) and the equilibrium
concentration of water film (fime) [59].

Petekson et al. [60] explained the flashing evaporation phenomena by obtaining data
experimentally from liquid refrigerant R11 exposed to sudden depressurization. They examined
the mass transfer rates during evaporation and flashing to find the differences between evaporation

and flashing. The data proved that the flashing occurs when the change in pressure is large and
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sudden pressurization takes place. It showed also that the mass transfer rates due to flashing were
higher by about 10 to 12 times than the rate in evaporation [60]. By using a different facility,
Mikuza et al. [61] studied experimentally and numerically the flash evaporation. A simulation of
flashing in two different experiments was conducted with a TRACE code in the TOPFLOW
facility as shown in Figure (2.2). Process A was performed with remaining water at the starting of
the transient and process B with water circulation prior and through the transient. As a result, for
the cases A with high initial pressure, the TRACE simulations were in a good agreement with
measurements, while the difference was larger at lower initial pressure. In process B, from the
pressure time curves, the discrepancy between measured final pressures and simulated was small
and less than 0.3 bar, which implies that the pressure time curves were in a good agreement with

the measurements.
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In a particular study on the droplets behavior, Liu et al. [62] presented an experimental and
theoretical study on rapid evaporation of ethanol droplets and kerosene droplets during
depressurization. Through this study, the influence of parameters such as temperature, pressure,

and droplet diameter on the droplet temperature were discussed, while a theoretical analysis was
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conducted to examine the heat and mass transfer during the process. In addition, experiments were
conducted to observe temperature transitions and the shape changes of ethanol and kerosene
droplets during depressurized evaporation. The results illustrated that for both experiments and
theoretical analysis when the ambient pressure inside the vessel decreases, the droplet temperature
also decreases. Furthermore, the results showed that the droplet temperature decreases quickly,
and the droplet evaporation rate becomes faster when the vacuum chamber pressure is low, or the
droplet diameter is small. The evaporation rate of the ethanol droplet is much faster than that of
the kerosene droplet, whereas the temperature of the kerosene droplet is much higher than that of
the ethanol droplet. By comparing evaporation characteristics of water droplets with both the
kerosene and ethanol droplets, the experimental and theoretical results proved that the ethanol
droplet had the fastest evaporation rate followed by water [62].

Kim and Lior [63] studied critical transitions in pool evaporation in respect to initial
temperature, critical time, and pool depth to understand the physics flash evaporation phenomena.
The experimental results demonstrated that the non-equilibrium fraction (NEF) is inversely
proportional with the initial temperature and the superheat, where NEF decreases with increasing
initial temperature. In addition, the measurement results proved that the number of bubbles (N})
is directly proportional with the initial temperature and the superheat; where the rise of N;, becomes
steep as the initial temperature increases. Rapid rates of reduction of NEF were found during the
critical time (t.), which was three to four seconds of flashing: after that, the rate of decrease of the
NEF became slower. The investigation of the non-equilibrium temperature difference (NETD)
showed that NETD decreases with decreasing water depth and also increases with increasing initial

temperature and superheat [63, 64].
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2.3 The flashing jet and spray systems

Many experimental and numerical studies have appeared in recent years investigating the
liquid jets and the spray flash evaporation phenomenon through circular nozzles. Kltamura et al.
[65] carried out experiments to study the flashing of superheated liquid jests into a vacuum
chamber. In this study, they used ethanol and differently treated water (city water, deionized water,
degassed water, and aerated water) as working fluids. The results showed that complete flashing
occurred at temperatures higher than the bubble point temperature corresponding to the vacuum
pressure. For the flashing water jet, the critical superheat (the condition under which the complete
flashing occurs) decreases with the increase of both the liquid velocities and the nozzle diameters.
By comparing the critical superheat values for ethanol and water, the critical values for ethanol
were lower than water. Adel et al. [66] discussed the effects of changing the pressure from 0.85,
0.87, to 0.9 bar inside the flash chamber within a range of an initial temperature between 40 to
70°C for water injected through circular nozzles. The measurements were taken under steady-state
conditions. This study concluded that the degree of superheat increases with an increase of the
depressurization. As a result, both the flashed vapor and the flashing efficiency increase. Miyatake
et al. [67] studied the effect of changing inlet liquid temperature at 40 and 80°C in their
experiments. They established general empirical equations appropriate for predicting the variance
of liquid temperature in the center of the jet with residence time. In addition, they reported that the
spray flash evaporation still has a higher evaporation performance and a faster evaporation rate
compared with the flash evaporation occurring in other different systems.

Equation (2.4) illustrates the formula of the liquid temperature in the center of jet (6).

0,
0=F
[1 — exp{—(6:/6,)}1"2 (2:4)
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where the subscripts 1, 2 refer to the early and late evaporation periods, and i is the intermediate

between the two evaporation periods.
0, = exp[—s.(t —ty)] for to <t<t, (2.5)
0, = 6; exp[—s,(t —t;)] for t;<t (2.6)
with t being the residence time in ( sec)
The coefficient F expressed by
F = [1 — exp{—exp(0.0243 g(T,)s,d)}]/ (2.7)

where T,: temperature of liquid at the nozzle exit (°C), and d: nozzle diameter ( cm)

(T) = 1— 0602 — 1 2.8)
gl [60
d(Ind)
--= 2.9)

In another paper, Miyatake et al. [68] discussed the effect of different circular glass nozzle
diameters, flow rate, and degree of superheat on spray flash evaporation at 60°C jet inlet
temperature. They compared their results with previous results from conventional multi-stage flash
(MSF) evaporators and pool water exposed to an unexpected pressure drop. The comparison
showed that the rate of spray flash evaporation is faster than that of a flowing superheated liquid
in MSF evaporators and flash evaporation from pool water. It showed also that the intersection
time and the time lag of flash initiation are related only to the nozzle diameter. In addition, the
ratio of vertical distance from the nozzle exit to the diameter of nozzle is related mainly to the

degree of superheat. Furthermore, increasing the degree of superheat leads to a rapid decrease of
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the dimensionless temperature of liquid in the center of the jet. In another work, Miyatake and
Tomimura [69] investigated the best methods of enhancing spray flash evaporation. They
concluded that the injection of nucleated liquid through a specific nozzle arrangement into a low-
pressure vapor domain was the best method for enhancing flashing.

Miyatake et al. [70] modeled the approach of a flashing horizontal flow to thermal
equilibrium in a typical geometry to a flash chamber of a multi-stage flash (MSF) evaporator. The
model combined the developed empirical correlation in this study with their results of a previous
study of a numerical analysis of turbulent isothermal flow types in a flash chamber. The important
parameter in this study is the non-equilibrium temperature difference (NETD), which is a good
indicator of the approach to equilibrium in a flash chamber. The results showed that for any mass
flow rate of the liquid and the baffle plate height, the NETD decreases with an increase of the mean
outlet temperature of the liquid or the mean temperature of the emanating vapor. Moreover, the
non-equilibrium temperature difference decreases when the higher baffle plate is installed near to
the inlet orifice and when the mass flow rate increases [70].

Cai et al. [71] conducted experiments to study spray flash evaporation related to tube
leakage problems in a high temperature and high-pressure steam-water test. These experiments
investigated the effects of initial water temperature, injection pressure, injection rate, and injection
direction in ten different experimental cases. The results showed that flash evaporation enhances
with an increase in initial water temperature, the increase of the injection rate, and the increase of
the injection pressure. The corresponding critical time is affected by the injection direction, where
with the increase of the spray angle from 0° to 180° the corresponding critical time also increases.
These results match well with the results studies of F. Du et al. [72], Xiao Jin et al. [73], and Abualf,

N et al. [74, 75], studying experimentally flashing liquid jets in a low-pressure environment by
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injecting distilled water through a straight stainless steel capillary. They concluded that
evaporation occurs if the initial temperature is high and the backpressure is low enough to cause a
superheated exit conditions, which is consistent with the results of Kamoun et al. [31].

Zhou et al. [2] has carried out experiments to study the thermal characteristics of R134a
two-phase flashing spray. In this work, a high-speed camera was employed to prove that fast
expansion of the spray occurs at the exit of the nozzle that leads to a wide spray angle, which
matches with the study by Xiao Jin et al. [73]. They found that the thermal field of the spray
divided into three regions: a hot core region near the exit of the nozzle, a cold region in the
downstream, and a warm periphery. The experimental results have shown that the non-dimensional
velocities are self-similar and follow the Gaussian distribution.

The previous results also supported results of Mutair and Ikegami [76] investigated four
parameters: the flow velocity, initial temperature, degree of superheat, and injection nozzle
diameter to study their effects and influences on the flash evaporation. Their experiments displayed
that an increase of the flow velocity increased the height of the inflection point. Moreover, an
increase of the flow velocity at a short distance from the nozzle exit postpones the jet shattering
and results in an increase of the overall distance required to complete evaporation. Furthermore,
getting a strong level of jet shattering and more intense evaporation are related to increasing the
degree of superheat [76, 54]. In addition, they found that an increase of the initial water
temperature leads to acceleration and enhances the flash evaporation. On the other hand, the height
of the inflection point is influenced by nozzle diameter, where increasing the nozzle diameter led
to an increase in the height of the inflection point (the highest rate of the flash evaporation).

In other paper, Mutair and Ikegami [77] studied the desalination by flash evaporation of a

superheated water jet experimentally. The results proved that increasing the flow velocity tends to
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maintain the jet unshattered, increases the height of water column, and hence, delays evaporation.
On the other hand, the evaporation increases with an increase of the initial water temperature. In
order to prevent leakage, a mesh was used at different places as illustrated in Figure (2.3). When
the mesh was installed at the nozzle exit, the evaporation rate became non-uniform; while when
the mesh was installed above the nozzle exit with no resulting pressure drop, the evaporation

accelerated [77].

Figure 2.3 Picture of top and side of the nozzle and mesh position.

To study the flow evaporation region of a multi-stage flash desalination and investigate the
heat and mass transfer, a numerical model around a two-phase volume-of-fluid (VOF) formulation
was developed by Nigim and Eaton [78]. Ansys fluent software was used in this simulation by
applying the VOF model to simulate the multi-phase flow domain in the evaporation region of a
horizontal flow-flashing chamber. The simulation results showed that increasing the brine level
leads to an increase of the pressure with depth, which leads to a decrease in the mass transfer and
phase change. The data can be used to estimate MSF design factors such as the non-equilibrium
temperature difference and flashing efficiency. The increase of the brine level leads to an increase

in the pressure with depth and leads to higher thermodynamic non-equilibrium losses in the
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flashing chamber. In addition, the maximum values of vapor volume fraction occur in the bubble

nucleation region.

Furthermore, Vu and Aguilar [79] presented a review of the state of flashing liquid sprays
through glass tube nozzles and described the internal flashing phenomena. To get a flashing jet,
the water was preheated and pressurized within a stainless-steel cylinder then injected into the
atmosphere. The purpose of using glass nozzles was to allow the high-speed camera to take images
of the internal two-phase flow. During the experiments, clear bubbles formation was observed near
the nozzle wall. These bubbles merged into a vapor core surrounded by a liquid sheath at the tube
nozzle exit. In similar work, Gilinther and Wirth [80] studied evaporation phenomena in the
atomization of superheated liquids and their impact on spray characteristics, using glass and steel
nozzles. Both nozzles have the same nozzle capillary diameter and same L/D (length/diameter)
ratio, but a different inlet into the nozzle and different surface roughness. The possibility to monitor
the bubble distribution inside the nozzle capillary was available when the glass nozzle was used.
Whereas the actual shape and material applied in a technical process were represented by steel
nozzles. By comparing the experimental results, the droplets generated in the glass nozzle were
faster than those generated in the steel nozzle. Moreover, the mass flux for the glass nozzle was
larger in comparison to the steel nozzle. However, the velocities measured on the spray axis were
very similar for all temperatures and nozzles.

Ju et al. [81] studied the flash-boiling spray behaviors of R134a spray injected through a
twin-orifice nozzle under atmospheric conditions. A high-speed digital camera was used to capture
the images for internal and external flashing during the experiments. The results of these
experiments were compared with previous numerical results from the work of Ju et al. [82] to

clarify the flow through the twin-orifices. They carried out a multi-threshold image algorithm to
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analyze the spray injected through twin orifice atomizers with different geometries and to compare
the transient spray characteristics. The images showed that large bubbles were a bright area
surrounded by a thin dark region; whereas the small bubbles were a dark region and difficult to
recognize. The bubbles grow and easily nucleate inside and outside of the nozzle because of the
pressure difference between the ambient pressure and the vapor pressure of R134a. These bubbles
inside the mixing chamber increase with increasing of the ratio of gas and liquid in the expansion
chamber [81, 83]. Due to quick vaporization and the flash-boiling effect inside the expansion
chamber, and during the start of actuation, the external sprays were not stable [81].

In different research, Alghamdi et al. [6] presented an experimental study on the bubble
expansion mechanism resulting from the explosive phase transition by injecting a liquid through a
micro-metal and glass nozzles into a vacuum chamber. They used an ultra-high-speed video
camera at up to 5 million frames per second to capture the temporal evolution of bubble expansion.
They used PF,H, M.OH, 1 — PB, and EtOH liquids as working fluid.

Furthermore, Giinther and Wirth [84] analyzed occurring evaporation phenomena inside a
nozzle capillary and their influence on the generated spray. To visually access the nozzle, a
capillary glass nozzle was used during the experiments. The experimental results obtained with
the glass nozzle were compared with steel nozzle results. The results showed that the ideal
evaporation can not be achieved in glass nozzles, because of minimal nucleation sites. It also
showed that the enhancement of the evaporation increases with increasing temperature. In
addition, at higher temperatures, the velocity of droplets decreases while more vapor bubbles are
contained in the fluid phase [84, 85]. Peter et al. [86] experimentally investigated the flashing and
shattering phenomena of superheated liquid jets. By injecting a hot water through cylindrical

nozzles in a low-pressure domain, they observed some physically categorized flashing liquid jets;
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namely a non-shattering liquid jet, partially shattering, completely shattering, and flare flashing
liquid jet. The results showed that for a cylindrical nozzle with a larger inner diameter and short
length, it was easy to obtain shattering of the liquid water jet compared to the nozzle with a small
inner diameter. In addition, increasing the superheated degree led to an increase in the number of
smaller droplets released at the liquid jet breakup point, while the mean volumetric flow rate per
unit area of the jet along the radial direction decreases.

With another different working fluid in their theoretical study, Vandroux et al. [87]
examined and described the behavior of the liquid propane (C3Hs) when it escapes from a tank and
evaporates due to sudden depressurization. The mathematical model was based on Eulerian
approach. The results were compared with the computational results that were obtained with the
MC;D Eulerian code, and the Eulerian-Lagrangian code of the study of Pereira and Chen [88] and
they were in a good agreement. The results showed that the initial velocities are important and due
to their high momentum, the propane droplets were very small and remained in the center of the
jet [87]. Bharathan and Penney [89] carried out modeling of evaporation from turbulent water
sheets and experimental studies of flash evaporation from water jets for three different initial
thicknesses. The results showed that residence time, jet thickness, and shattered jets were not
relevant correlating parameters. The experimental and analytical results proved that resulting
surface renewals on the liquid side in destroying growing thermal boundary layers enhances
evaporation phenomenon. Analytical results yielded a similar independence of evaporation
effectiveness on the initial jet thickness for shattered jets, which leads to a vertical spout with
minimal liquid side pressure losses [89]. Similarly, Mutair and Ikegami [90] presented an
experimental study on flashing of superheated water jets and modeling the liquid-side heat transfer

process accompanying the surface evaporation of superheated water drops. The results showed
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that near the nozzle exit, a potential core zone appeared where there was no change in water
temperature, which means that there is no flash evaporation yet. The data also showed that the
actual evaporation rate obtained by the analytical solution of the interface evaporation was found
to be lower than that from the superheated water drops [90]. With a view to consider significant
characteristics, Cheng et al. [91] analyzed the impact factors of spray features, heating surface
characteristics, fluid properties, and external circumference characteristics to investigate the heat
transfer mechanisms of spray cooling and better understanding of flash evaporation cooling.
Therefore, the heat transfer of spray cooling divided into three stages: single-phase stage, two-
phase stage, and critical heat flux (CHF) stage. The study was carried out theoretically and
experimentally. The results showed that the spray characteristics such as droplet velocity, droplet
flux, spray flow rate, and spray angle are influenced by inlet pressure, ambient temperature, and
those conditions impacted on the heat transfer. These results are in a good agreement with the
results of the Kuznetsov et al. [92], Xiao Jin et al. [73], Wang et al. [85], Cheng et al. [93], and
Zhou et al. [94] . Furthermore, the flash evaporation of liquid film and droplet causes a high cooling
capacity, which is confirmed by critical heat flux [91, 95].

Wang et al. [96] studied a water droplet flash evaporation in vacuum spray cooling in a
one-dimensional model by introducing a heat balance correlation and a phase transition model.
They proved that the equilibrium temperature becomes higher and the droplet evaporation rate
increases with high temperature conditions. The ambient temperature and the droplet diameter
mainly affect the droplet lifetime, where with the increase in the ambient temperature, the lifetime
of the droplet decreases. Furthermore, the droplet lifetime increases with an increase of the vapor
concentration fraction especially for the droplet with a larger diameter. On the other hand, the

increase of the ambient pressure and temperature increase the droplet freezing time. In another
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work, Wang et al. [97] studied water flash evaporation under reduced pressure and developed a
one-dimensional mathematical model of flash evaporation as well as a numerical solution method.
They carried out both a theoretical analysis and experimental research on water flash evaporation.
In the mathematical model, they considered four primary physical processes: gas outflow from the
flashing chamber, water mild evaporation, water flash evaporation, and an update of the gas
composition in the flashing chamber. The model predictions results were in good agreement with
the experimental results. The results indicated that the occurrence of flash evaporation was delayed
at higher initial pressure. Whereas the higher the initial water temperature, the earlier the flash
evaporation occurred and longer the duration of the flash evaporation. The thermal follow-up
coefficient (TFC), which expresses the superheat is increasing with increasing depressurization
rate and had a linear random function distribution with it. As the outlet diameter increases, the
flash duration would be shorter and the rate of water evaporation increase. In a different study, Jin
et al. [98] experimentally examined the spray characteristics of liquid hydrocarbon fuel undergoing
sudden depressurization and flashing injection. The results confirmed that the Mie scattering
images of the superheated fuel spray showed some of the features of flashing. While the resultant
liquid core becomes wider and shorter with increasing fuel injection temperature above the boiling
point. In addition, the spray angle converged to a specific value with increasing fuel injection
temperature, and in contrast with pressure drop across the injector. Four modes presented
themselves: turbulent primary breakup mode; an aerodynamic bag and shear breakup mode; a
transitional flashing mode; and a fully flashing mode, which comes from break down of the high
temperature hydrocarbon liquid jets.

Experimental and mathematical studies were carried out to investigate the spray flash

evaporation process of hot water injected trough a circular nozzle into a vacuum chamber. The
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experiments were performed at velocities from 0.25m/s to 0.8 m/s where the diameter of the
circular nozzle was 9 mm. A mathematical model based on droplet analysis was used to capture
the shattering phenomenon. Based on a mathematical model, the temperature profiles are
translated into the mean droplet diameters of the spray. A commercial pressure swirl nozzle that
produces spherical droplets was applied to collect the experimental data for validating the
mathematical model. The results presented the effect of variables like initial temperature and flow
velocities on the flash evaporation phenomenon. The mean droplet diameter was small at a high
initial temperature difference (the difference between feed water temperature and saturation
temperature) and starts increasing when the temperature exceeds 35°C. The results also showed
that a smaller droplet diameter was produced at higher spray velocities. In addition, increasing the
flow velocities lead to an increase in feed flow rate, which enhanced proportionally the evaporation
rate [99].

Cai et al. [100] developed a model based on droplet analysis to study the upward water
flash evaporation. They used Matlab programming to realize the function of the model and
calculate the droplet motion, droplet size variation, droplet temperature, and also investigate the
influences of the injection pressure, evaporation chamber pressure, and flow velocity on the gained
output ratio (GOR) and spray flash speed (SFS). The GOR represents the energy utilization
efficiency. The model was validated with previous experimental data and the calculated results
by Wu et al. [101] and Mutair and Ikegami [77], where the results were in a good agreement. The
results showed that the increase of the injection pressure leads to higher spray flash speed and
increase in the evaporated mass rate, while the droplet size decreases. The results also showed that
the decrease of the evaporation chamber pressure enhances the GOR as well as the intensity of the

flash evaporation and leads to an increase of the evaporated mass rate. While the increase of the
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flow velocity results in the decrease of GOR for a certain distance. In contrast, the increase of the
flow velocity leads to an increase of the spray flash speed and the evaporated mass rate.
Miyatake [102] presented the comparative study of flash evaporation rates of different
flashing methods. The comparative study included a flash evaporation from a water pool, those
from a superheated liquid jet ejected into a low-pressure and flashing from superheated flowing
liquid in multistage flash (MSF) evaporator. He considered the empirical coefficient of the flash
evaporation rate (k) for the comparison. The comparison results showed that the empirical
coefficient of the flash evaporation rate (k) obtained from a superheated liquid jet ejected from a
circular orifice into a low-pressure vapor area is higher by about ten times than the counterparts
obtained from other methods. This proves that flashing from a superheated liquid jet ejected into

a low-pressure vapor area is the best method to enhance flash evaporation [102, 103].

2.4 Shock waves induced by flash evaporation

Shock wave is a very thin wave that propagates faster than the local speed of sound where
the flow properties like pressure, velocity, density, and temperature are discontinuous. For several
years, considerable effort has been devoted to investigating the resultant shockwave for different
fluids during the flash evaporation. Many experimental, numerical, and mathematical methods
have been developed to understand this phenomenon. When the Mach number is equal one, which
means the flow velocity reaches the velocity of sound in the fluid, the flow becomes choked and
the mass flow through the nozzle can not be raised further by decreasing the backpressure. Ashgriz
[25] presented the sonic speed in a two-phase flow that depends on the volume fraction of the flow;
therefore, a flashing nozzle may choke at much lower flow velocities as compared to the non-

flashing nozzles.
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where c: sonic speed, a: volume void fraction, K: polytropic coefficient.

Flashing can induce a shockwave when the fluid is exposed to a sudden pressure drop. This
generated shockwave can transfer the energy of a high-pressure fluid directly to another low-
pressure fluid. A wave rotor is a dynamic pressure exchanger that utilizes this mechanism, which
exchanges energy from a high pressure to a low-pressure fluid via moving shock waves that are
generated [104, 105, 106, 107]. Kurschat et al. [108] studied a complete adiabatic evaporation
from a jet expansion by developing an appropriate model to describe the basic physical effects.
For the experiments, Perfluorohexane (CgF,4) was used as test substance, and a nozzle expansion
into a vacuum chamber was used to examine the evaporation of extremely superheated liquid jets.
The initial pressure (P,) was taken between atmospheric and 20 bar, the final pressure (P,)
between atmospheric and 10™?mbar, and an initial temperature (T,) was taken between room
temperature and 180°C. The degree of superheat (H) is defined as (P; (Ty)/P,), where P;(T,)
indicates the vapor pressure with respect to the initial temperature. The authors found that the
experimental results are in good qualitative agreement with the developed model. The
experimental results showed that increasing the stagnation pressure led to increase in the velocity
at the nozzle exit. In fact, increasing the velocity at the nozzle exit helps to reach large values of
the liquid jet core (s/d). The evaporation rate at the jet surface increases by decreasing final
pressure and increasing initial temperature. Furthermore, as shown in Figure (2.4), with increasing
degree of superheat, sonic conditions are reached [108, 109]. The jet frame is composed of a liquid
core surrounded by a supersonic two-phase flow zone terminated by a barrel shock, a quasi-

cylindrical lateral shock, and a Mach disc [108].
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T, =20°C, p, =2 bar, p, = 35 mbar T,=100°C, p, = 15 bar, p, = 10 mbar

(e) H = 600 W Po/P. = 1600
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Figure 2.4 The shock structure on the nozzle exit.

Simdes-Moreira and Shepherd [110] carried out experiments for saturated dodecane at
temperatures ranging from 180°C to 300°C. They observed the propagating adiabatic evaporation
waves in superheated liquid dodecane (C;,H,¢). The experiments’ results showed three regions
downstream of the flow: a faster moving vapor phase, entrained liquid droplets are both in the core
region, and a slowly moving liquid phase attached to the wall. They found that complete
evaporation experimentally is possible with increased initial liquid temperature, but it was not
actually obtained. However, the obtained relation between initial temperature and pressure from
the experiments predicted that complete evaporation would occur in temperature range of 310°C

to 320°C. In different study, Simdes-Moreira [111] revised and extended the one-dimensional
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theory (the theory of normal evaporation waves) to contain the oblique evaporation wave geometry
in order to obtain relation between the wave and the turning angles of the flashing jet flow. In
addition, he compared and discussed the results with previous experimental results obtained for
the cases operating at the C-J condition. For examples, the previous experimental results of oblique
flame fronts [112], the results studies of short tubes [113], Kim and O’Neal experiments [114], the
experiments with flashing jets [108, 115], and others. Simdes-Moreira analyzed and presented the
relationship between the wave and turning angles. The conclusion showed that there is similarity
between the theory of oblique evaporation waves and the one for oblique deflagration waves
(oblique flame). He also found that the experimental results agree well with calculated C-J points
[116].

Simoes-Moreira et al. [117] carried out the experiments and one-dimensional numerical
analysis to issue a flashing jet of liquid iso-octane in a short converging nozzle. They used a
Showphast 1D code to solve the problem numerically. To capture the images of the expanding
flashing jet, the Schlieren method technique using a charge-coupled device camera was used. The
shock wave was observed during the experiments where the photographs were mathematically
filtered using a subtraction type filter to get photographs with better quality. Calculations of the
1D code introduced the radial position of the shock wave location, whereas analysis of the images
showed shock wave structure that was consistent with the numerical results. The liquid core was
observed during the experiments, which implies that no internal nucleation has been observed and
the phase transition occurs outside the nozzle [117, 43]. The experimental data also showed that
the shock wave is coupled with a flashing jet, and the expansion regime is very different by

increasing the ratio of the vapor pressure at the initial temperature to the backpressure value [117].
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Angelo and Simdes-Moreira [ 118] presented a numerical solution of an expanded flashing
liquid jet into a low-pressure medium using a mathematical model for both one-and two-
dimensional axisymmetric models. The conservation equations were solved by using the
McCormack’s integration technique (an explicit finite difference technique of second-order
accuracy) along with a real equation-of-state. For solving the jump equations of the quick
evaporation, they applied the theory of oblique evaporation waves with analyzing the problem of
the expansion region. The results of the numerical solution were compared with previous
experiments of a flashing jet in previous work [108] with the iso-octane as a working fluid. The
comparison shows a good agreement between the previous experiments’ pictures for the dimension
of the shock wave with the corresponding numerical model as shown in Figure (2.5). The
mathematical model results showed that the shock wave size increases by decreasing the
backpressure especially in the radial direction and increases with increasing both the injection
temperature and pressure where the backpressure is constant. In contrast, the maximum shock
wave dimension in the axial direction decreases by increasing the injection temperature and is

affected by the length of the metastable liquid core more than any other variable [118].
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Figure 2.5 Iso octane flashing liquid jet: (a) picture of the test case, (b) pressure contour, (c)
temperature contour, (d) mass vapor quality contour, and (¢) Mach number distribution field.

In other research, Simdes-Moreira and Bullard [7] investigated flashing mechanisms
during a novel pressure drop and flow choking condition. The flow choking issues are examined
and three refrigerants R-134a, R-22, and R-600a were presented numerically, assuming an ideal
situation. The presented model in this work was based on previous experimental observations in
short nozzles. The conclusions presented that a choking flow mechanism exists nearly downstream
of the exit section, whereas no choking can occur within the nozzle as the speed of sound in liquids
is very high. In addition, the evaporation wave and its associated shock structure were present
between the metastable exit and the downstream evaporating pressure [7].

A two-dimensional numerical model was developed by Liu et al. [119] to examine the
critical flashing flow of initially sub-cooled water through convergent-divergent nozzles. The
oblique evaporation wave theory of Simdes-Moreira [111] was utilized. The results demonstrated
that the initial sub-cooled degree and inlet stagnation pressure (which is inversely proportional

with the pressure difference) affect the flashing flow and the resultant shock wave. When the inlet
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stagnation pressure increases, the velocity upstream of the evaporation wave also increases, while
velocity downstream of the evaporation wave is fluctuated; so, it first decreased, then it increased.
On the other hand, the pressures upstream and downstream of the oblique evaporation wave, the
velocity downstream of the oblique evaporation wave, and the evaporation wave angle decrease
with increasing initial inlet sub-cooled degree. In contrast, the velocity upstream of the oblique
evaporation wave, the length of the non-homogeneous equilibrium region in the divergent section,
and the velocity-turning angle are increased by increasing the initial inlet sub-cooled degree [119,
120].

In another work, Avila et al. [121] presented a numerical solution of the flashing
phenomenon into a two-dimensional axisymmetric domain when liquid jets of a high-pressure and
temperature are exposed to a sudden pressure drop. The dispersion-controlled dissipative (DCD)
scheme was applied to solve the flashing of superheated jets numerically with iso-octane (CsHisg)
as the working fluid. The DCD is a hybrid between the Lax-Wendroff and Beam-Warming scheme
with a flux function. The advantages of this method are that it gives transient solutions and
immediately captures the shock wave. Figures (2.6) and (2.7) show the formation of a shock wave
in the point 2.15m for both the pressure and Mach number contours and distributions, respectively,
for the convergent—divergent nozzle problem (De Laval) in steady-state regime.

Furthermore, Niu and Wang [122] provided numerical simulation during two and three
dimensions in order to solve the compressible two-fluid-six equation model, where a hybrid type
Riemann solver was proposed. Both two-dimensional and three-dimensional numerical results
confirm that the cavitation bubbles and the interaction of shock and rarefaction waves were

captured.
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In addition, the results demonstrate that the magnitude of the velocity impacts the growth
rate of cavitation zone and impacts the pressure maximum which showed in the 2D case bigger
than the 3D case. Furthermore, the rarefaction and the propagation or expansion of the shock wave
is found to slow down when the inhomogeneous medium of the water droplet is shown.

Paudel et al. [123] presented 3D simulations of a shock-driven multiphase instability
(SDMI) for two cases: the first case for a gas particle only (dusty gas case) and the second case for
a gas particle with an evaporating particle cloud. For the implementation, they used the open-
source hydrodynamics code FLASH (multi-physics hydrodynamic simulation code), which uses
the Euler equations. The authors discussed the variations between the interface evolution of a
SDMI and RMI (caused by a troubled interface between high- and low-density fluids). The

discussion specified six different regions of the evolving interface named as primary vortex cores,
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inner roll-up tip, outer roll-up tip, tail, upstream bubble, and downstream bubble as shown in

Figure (2.8).

Primary vortex core Outer roll up tip

Figure 2.8 schematic of an evolving interface for SDMI.
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Figure 2.9 (a) The growth of the gas interface over time for the dusty gas and multiphase, (b)
density variation in dusty gas and multiphase interface with time.
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The initial simulation results show that the dusty gas interface has a higher density and
grows much faster than the multiphase interface as shown in the Figure (2.9), which also shows
that the large-scale shock bubble interaction controlled a typical MRI evolution. They also
concluded that the initial spatial distribution and particle initial size have a strong influence on

particle evaporation time in a SDMI.

In another paper, Dahal and McFarland [124] presented a numerical method for shock
driven multiphase flow by using the FLASH code. The authors studied a 2D shock driven
instability of a circular disturbance for two cases: the single and multiple particles size group. They
combined the piecewise parabolic method with the Particle-in-Cell technique to get a solution of
Lagrangian particles in a gas modeled on a Eulerian grid. The results showed that the gas interfaces
cooled by evaporation created a gas density gradient (which means additional shock waves) lead
to an increase in circulation and instability. In addition, the vorticity deposition was reduced with
larger particles, while particle evaporation increases it. They also found that the particle
temperature rises suddenly when the shock wave reaches the particle place: in turn, there is an

abrupt decrease in droplet diameter rate occurred as illustrated in Figures (2.10) and (2.11) [124].
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Figure 2.10 Changing droplet temperature with time history.
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Figure 2.11 Time history of droplet diameter change rate.

Rodio et al. [125] presented a numerical simulation of compressible multiphase flow based
on a discrete equation method (DEM) formulation. In this work, to obtain the mixture of a liquid
and gas they used Fluorinert (FC-70 fluid) as the working fluid coupled with water as a liquid
phase. The results obtained with the Discrete Equations Method (DEM) coincide with the
numerical results obtained from the NZDG code, which solves the quasi-single-phase shock-tube
flow. To obtain good predictions at the saturation curve conditions, it is significant to consider a
more complex equation of state such as Peng-Robinson (PRSV) EOS. The results confirmed that
the gas volume fraction has a significant impact on the velocity of the flow, especially at the
compression shock, contact discontinuity, and the rarefaction shock wave (RSW). Moreover, the
velocity of the rarefaction shock wave and gas volume fraction are inversely proportional; when
gas volume fraction decreases, the velocity of the rarefaction shock wave increases [125].

Dai et al. [126] established a shock- tube model to study numerically the superposition
behaviors like rarefaction shock waves, for three unsteady discontinuities in water vapor flows
near the liquid equilibrium region. The compressible Navier—Stokes equations were used to model
the water (R718) vapor flow with the Eulerian—Eulerian approach. The numerical results guarantee

that there are one rarefaction, one contact face, and one shockwave at the initial disconnected
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boundary condition. Consequently, there is only one couple of shocks encountered within the
superposition shock tube [126, 127]

Several experiments were performed in recent years to enhance and prove the numerical
results. To observe choking behavior and investigate the existence of shock waves, Vieira and
Simoes-Moreira [128] examined a flash evaporation phenomenon in an iso-octane liquid jet. This
work was done experimentally by injecting iso-octane through a short nozzle into a chamber at
low-pressure less than the liquid saturation pressure. The images of a shockwave were captured
by using the Schlieren method technique, while the back-lighting method was used to observe the
central liquid core. The experimental data displayed that two-phase flow reaches very high
velocities indicating that the maximum mass flow rate occurs during flashing. In addition, a
choking behavior was observed at low backpressure; where this choking increased and becomes
clearer as the backpressure decreased. For higher injection pressure, injection temperature, and
lower backpressure, an axial dimension of a shock wave structure was larger as shown in Figure
(2.12). The experiments also illustrated that the choking or limiting mass flow rate depend on the
initial injection temperature and initial pressure and backpressure. These results are in a good

agreement with Kuznetsov et al. [120] and Attou et al. [129].
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Figure 2.12 Schlieren picture for shock wave structure at 1 s apart from each other. At
initial pressure 249 KPa and Initial temperature 56.9 °C.

For confirmation, the authors used a shaving blade in front of the jet to confirm that there is a
shock wave. They concluded that the existence of supersonic flow around the shaving blade and a

complex shock wave reflection are proof that the phenomena is a shock wave as shown in Figure

(2.13) [128].

Figure 2.13 Shock waves around shaving blade.
Lamanna et al. [130] presented a study on flashing atomization, which was valid for
standard and retrograde fluids. In this study, acetone, ethanol, and iso-octane are selected as test
fluids where three aspects namely spray morphology, lateral spreading, and transition threshold

are considered for the analysis. They proved that standard and retrograde fluids terminated by a
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complex shock structure were observed at high initial superheat. At highly superheated conditions,
the evolution of fully flashing iso-octane and acetone sprays showed that for both fluids the
morphology of the formed shock structures is very similar, as shown in Figures (2.14) and (2.15).
The parameter Rp is defined as the ratio between the saturation pressure and the backpressure(P,,).
The model in this article, provided a correlation between the bubble population and the jet lateral

spreading, where the results showed that at the wide spray angle, the larger population of bubbles

Rs =85 Re =171
Figure 2.14 Shock structures for fully flashing iso-octane spray with increasing Rp.

R,=11.650 R =61.024

R,=186.127 R=1124

were found.

Figure 2.15 Shock structures for fully flashing acetone spray with increasing Rp.
Avdeev [131] investigated the geometry of shock waves in different regions of superheated
liquid jets. The study focused on the gas dynamic mechanisms of the formations of wave structures

that occur during flashing jets. He found that the flow separates into two regions flow moves in an
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axial direction (the central core region) and radial direction (the peripheral region). A good
agreement has found by comparing the studied geometry of shock wave fronts for high temperature
liquid in different flashing systems with pervious experimental data obtained from references [ 128,

132, 133].
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CHAPTER 3

Modeling and Governing Equations
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3.1 Two-Dimensional Numerical Analysis

These days, Computational Fluid Dynamics (CFD) is an engineering tool which is used to
predict fluid flow behavior by numerical simulations. CFD simulations consider a significant way
for solving the multiphase flow and heat transfer problems. There are two approaches for
multiphase flow modelling: Euler-Euler and Euler-Lagrange. The Euler-Euler approach has three

sub-models as shown in the Figure (3.1).

Many theoretical, experimental, and computational research have been carried out to
predict and better understand the fluid behavior undergoes a sudden phase change from liquid to
vapor. A numerical model was developed nearly a two-phase volume-of-fluid formulation to better
understand the flow evaporation region of a multistage flash and investigate the heat and mass
transfer for the brine. Ansys Fluent software was used in this simulation by applying the volume-
of-fluid (VOF) model to predict the multiphase flow domain in the evaporation area of a horizontal
flow-flashing chamber [78]. Furthermore, Angelo and Simdes-Moreira [118] presented a
numerical solution of an expanded flashing liquid jet into a low-pressure medium using a

mathematical model for both one- and two-dimensional axisymmetric models.

In this dissertation, 2D simulation carried out using Ansys Fluent, which is commercial
computational fluid dynamics software to predict choking behavior and investigate the existence
of shock waves by using water as working fluid. Ansys Fluent is used in this simulation by

applying the Mixture model to simulate the multiphase flow zone in the evaporation area.

47



CFD

multiphase
models

]

Euler-Euler vEuIer—
Lagrange
| % | |
Mixture VOF Eulerian DPM

Figure 3.1 Multiphase modelling approaches in ANSYS Fluent.

The mixture model has many advantages than other models like Eulerian and VOF. One
of these advantages that by using the concept of slip velocities, mixture model can be used to
model multiphase flows as a homogeneous where the phases move at the same velocity or with
different velocities as non-homogeneous multiphase model. The other advantage that using
mixture model allow to model many phases by solving the continuity equation, the energy
equation, and the momentum equation for the mixture. In addition, solving the relative velocities
to describe the dispersed phases, or using the model without relative velocities for the dispersed
phases to model a homogeneous multiphase flow. The mixture model also solves the volume
fraction equations for the secondary phases where the phases can be interpenetrating; therefore,
the volume fractions (« ) for any phase can be equal to any value between 0 and 1 depending on
the area occupied by the phase. Thus, if the cell has a value of the volume fraction (a; = 0),
implies that the cell is totally occupied by second phase a,, and vice versa. Furthermore, if any
cell has a value between zero and unity, it means that an interface exists in that region. The
interface is a very thin layer, which disconnects the two phases and has distinguish properties.
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3.2 Governing Equations.
The basic of computational fluid dynamics is the fundamental governing equations of fluid
dynamics (continuity, momentum, and energy equations). These equations and others were solved

using Ansys Fluent and presented for the following equations [134, 135, 136, 137, 138, 139].

3.2.1 Continuity Equation for the Mixture.

The continuity equation for the mixture is

) o G.1)
a (pm) + V. (pmvm) =m

m : represents mass transfer due to user-defined mass sources using the equation below.

T = (—24.57 * In(P)) + (6.2152"(P*)) — (0.47549"(P*)) + (0.016186™(PY))  (3.2)

+ 273.15

Uy, : The mass-averaged velocity:

s _ k=1 XPr Uk (3.3)

Um
Pm

Uy, @y, and py are the velocity, volume fraction, and density of phase k, and p,, is the mixture

density which can be calculated in present study from the following formula:

pm: aypy+aip; (34)
Or in general formula
L 3.5)
Pm = Z APk
k=1
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3.2.2 Momentum Equation for the Mixture.
The momentum equation for the mixture can be obtained by summing the individual momentum

equations for all phases. It can be expressed

d o 5 o (3.6)
a (pmvm) + V. (pmvmvm)
= —Vp + V. [ (VB + VBR)] + pg + F
n
+ V. (Z akpkﬁdr,kﬁdr,k>
k=1
The term [y, (V,, + VBL)] : is the stress tensor T
n : The number of phases, Fisa body force, and py, is the viscosity of the mixture:
1 3.7
Hm = Z O Uk
k=1
Which means that the viscosity in this study is
Hm = Oyly + oy (3.3)
Ugr 1 - The drift velocity for secondary phase k:
Varje = Uk + U (3.9)

3.2.3 Energy Equation for the Mixture.

The energy equation for the mixture takes the following form:
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n

n
0
aZ(akpkEk) + V. ) (arpr(pkEx +p)) = V.(KegfVT) + Sg
k=1 k=1

(3.10)

The first term on the right-hand side of equation represents energy transfer due to conduction.
ko= ktk, is the effective conductivity.

k; : The turbulent thermal conductivity defined according to the turbulence model being used.
Sg : includes any other volumetric heat sources (pgdxdydz).

For a compressible phase E, expressed as:

2

p v @3.11)
Ep = hy — — + =
Kk k= T

For an incompressible phase Ey =h,, where hy is the sensible enthalpy for phase k.

3.2.4 Relative (Slip) Velocity and the Drift Velocity.
The relative velocity or the slip velocity is defined as the velocity of a secondary phase relative to
the velocity of the primary phase. In this study the second phase is water vapor (V), and the primary

phase is liquid water (L):
1_7)[1; = 131; - 1})[ (312)
The drift velocity and the relative velocity ¥, are connected by the following expression:

(3.13)

n
S o XkPrk
Varv = Vw — Vik

&= Pm
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The basic assumption of the algebraic slip mixture model is that, to prescribe an algebraic relation
for the relative velocity, a local equilibrium between the phases should be reached over short
spatial length scales [140]. Assuming the particles follow the mixture flow path, then, the slip

velocity between the phases is

ﬁlv = Tva_i (314)
71y 1s the particulate relaxation time.
o (o — py)dy (3.15)
lv 1 8.ulf drag

Where d,, is the diameter of the particles (or droplets or bubbles) of secondary phase, and the drag

function f4,.q4 is taken from Schiller and Naumann 1935 [141, 142];

oo = {1 +0.15R%%7, R, <1000 (3.16)
arag = | 0.0183R,, R, = 1000

a is the secondary-phase particle's acceleration

di,, (3.17)

a= 5—(5m-v)77m—?

The simplest algebraic slip formulation is the so-called drift flux model. If the slip velocity is not

solved, the mixture model is reduced to a homogeneous multiphase model.

3.2.5 Volume Fraction Equation for the Secondary Phases.
The volume fraction equation for secondary phase can be obtained from the continuity equation

for secondary phase:
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3.3. Simulation Methodology and Boundary Conditions.

This study presents a 2D simulation carried out using Ansys Fluent to investigate the
occurrence of a shock wave generated by a flashing water jet. The Mixture model was applied in
conjunction with the concept of slip velocities to model interpenetrating multiphase flows as non-
homogeneous, where the phases (liquid water and water vapor) move at different velocities. The
model solves the compressible Navier-Stokes equations coupled with mass transfer between the
phases using a user define function (UDF). The two-dimensional flow field is simulated as
transient using the pressure-based solver method with gravitational acceleration. The standard k—¢
model was adopted to consider turbulent effects. Water vapor was modeled as ideal gas using
piecewise-polynomial specific heat and the liquid water was modeled as compressible fluid. Time
steps of 10 s were used with a maximum of 20 iteration and maximum scaled residuals of 10

for all equation.

The 2D computational mesh was generated with Ansys ICEM-CFD with 137500
quadrilateral cells for the 5.5 mm high nozzle and the vacuum chamber. The vacuum chamber had

one inlet and no outlet, where the 100 mm long nozzle was defined as pressure-inlet (Figure (3.2)).

LOO mm |50 mum

. A

A
ki
F

5.5 mm

Nazzle Vacuum chamber

Figure 3.2 Schematic diagram of the nozzle and vacuum chamber.
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The superheated liquid water was injected trough this nozzle with 101325 Pa initial
pressure and 373.15 K initial temperature, while the water vapor in the 150 mm long vacuum
chamber was initially at 1002 Pa vacuum pressure and corresponding saturation temperature of
280.12 K. A user-defined function (UDF), written in C and dynamically linked with the Fluent
solver calculated the mass transfer between the liquid and vapor phases in the multiphase mixture,

based on saturation temperature.

54



CHAPTER 4

Numerical Results
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4.1 Simulation Results

When the superheated water is injected through the nozzle into the vacuum chamber, a
flashing jet is created in conjunction with unsteady turbulent motion. The transient results of the
evaporating water inside the flashing chamber at different time steps are presented below in terms
of pressure, liquid water volume fraction, Mach number, velocity, and density. All calculations
were taken at the center line of the flashing chamber. The results show that once the superheated
water injected, it flashes immediately and generates shock wave. The generated shock wave is not

stationary, and it is traveling through the fluid as moving shock wave.

The shock is a compression front across which the flow properties jump. The shock may
also be described as compression front in a supersonic flow field and the flow process across the
front results in an abrupt change in fluid properties. When a structured wave becomes sufficiently
rapid in its rise time that the thickness of the wave can be ignored or is not measurable, then the
wave is viewed as a discontinuous jump in the principal mechanical and thermodynamic
parameters (e.g. pressure, velocity, temperature) [143]. The changes in flow properties across the
shock take place within a very short distance. Hence, the velocity and temperature gradients inside
the shock structure are large. These large gradients result in increase of entropy across the shock

[144].

4.2 Moving shock waves

A shock wave is characterized by an abrupt discontinuity in fluid properties across very
small region in the fluid, where static pressure and density increase almost instantaneously. When
a wave becomes sufficiently rapid in its rise time that the thickness of the wave can be ignored or
is not measurable, then the wave is viewed as a discontinuous jump in the principal mechanical

and thermodynamic parameters (e.g. pressure, velocity, temperature) [145]. Moving shock waves
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are known e.g. from industrial application when a valve is suddenly closed and a shock propagates
upstream (water hammer), and from shock tube experiments where a high-pressure fluid is
suddenly exposed to low pressure chamber. A moving shock wave transports energy while

propagating through the medium.

4.2.1 First time step 0.01 ms - shock induction by flash evaporation

Once the superheated water is injected into the vacuum chamber, the sensible heat of the
liquid converts into the latent heat of vaporization and the liquid undergoes a rapid phase transition
process due to the sudden pressure drop. The onset of the phase change is triggered at the nozzle
exit - the inlet of the vacuum chamber. At first time step 0.01 ms, the velocity increased from zero
to about 10.61 m/s at location x=0.1004 m indicated by the vertical green line in below figures.
Even though the velocity may not seem to be high, it exceeds the speed of sound of the two-phase

fluid, which is around 4.25 m/s at this point.
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Figure 4.1 Velocity distribution along the center line at time 0.01 ms.
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The speed of sound of the mixture can be much smaller than that of either of its constituents [146,
147]. Figure (4.2) illustrated the variations of the speed of sound with the liquid water volume
fraction.

Due to the sudden phase change, speed of sound varies from speed of sound of the liquid
water of around 1484 m/s to the speed of sound of the mixture of about 4.25 m/s at location x=
0.1004 m where the liquid water volume fraction is 0.07. The variation of the speed of sound
during the flashing process along the flashing chamber at first time step 0.01 ms is illustrated in
Figure (4.2). As a result of the superheated water injection, a supersonic flow downstream of the
nozzle is induced and the Mach number increases from 0.0 to about 2.21 at the point x =
0.1004 m. Figure (4.3) shows the Mach number distribution along the center line of the flashing
chamber at first time step 0.01 ms. While the pressure drops in the nozzle from 101325 Pa to
around 1000 Pa at location x = 0.1 m, it increases from 1000 Pa at location x > 0.101 m to 1442
Pa at location 0.1007 m. Figures (4.4) shows the static pressure distribution along the center line
at the first time step 0.01 ms.

The sudden pressure drop at the nozzle exit results in a strong flash evaporation with the highest
gradient of the liquid water volume fraction at x = 0.1 m (Figure (4.5)), signified by the yellow
vertical line. The magnification in Figure (4.5) shows that evaporation zone extends into the
vacuum chamber to location x= 0.1006 m. Figure (4.6) shows that the front of the evaporation
zone coincides with the highest temperature gradient signified by the vertical red line. All the new
vapor created in evaporation zone accumulatively acts like a fast moving piston generating a shock
wave that moves even faster ahead of the evaporation front, signified by the vertical blue line for
the highest pressure gradient in front of the evaporation zone. It is noted that the gradients at

location x; are calculated for the difference of the quantity between the locations x; and X;+1, so that
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the steepest pressure line in the magnification of Figure (4.4) is seen between locations (nodes) x;
=0.1007 m and x;+; = 0.1008 m.

The increase in Mach number behind the shock reflects the induced speed of the vapor in
the vacuum chamber that was at rest before the moving shock moved through, compressed, and
accelerated it [148, 149, 150], whereas the increase of the Mach number in front of the nozzle
reflects the accumulative increase of the speed of the new vapor created by the flash evaporation
of the incoming fluid. The density distribution in Figure (4.7) is primarily determined by the liquid

water volume fraction distribution in Figure (4.5).
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Figure 4.2 Speed of sound distribution along the center line at time 0.01 ms.
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Figure 4.3 Mach number distribution along the center line at time 0.01 ms.
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Figure 4.4 Static pressure distribution along the center line at time 0.01ms .
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Figure 4.6 Static temperature distribution along the center line at time 0.01 ms.
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Figure 4.7 Density distribution along the center line at 0.01 ms.

4.2.2 Time step 7 ms — moving shock wave

After the sudden evaporation began at the first time step 0.1 ms, through evaporation the
newly created two-phase mixture (evaporation zone) continued to expand further behind the
moving shock wave that traveled even faster into the previously stagnant vapor. At time step 7 ms,
Figures (4.8) shows the moving shock wave reached location x = 0.2059 m indicated by the
maximum pressure gradient (blue vertical line), while Figures (4.9) shows the evaporation front
reached location x = 0.1724 m indicated by the maximum temperature gradient (red vertical line).
Hence, the distance between the moving shock wave and the evaporation front increased from 0.1
mm at the first time step 0.01 ms to 33.5 mm at time step 7 ms.

Figures (4.10) shows how the highest temperature gradient coincide with front of the
evaporation zone (end of change in liquid water volume fraction). Furthermore, Figure (4.10)
shows an increase of the liquid water fraction across the moving shock wave, rendering it a
condensing shock. Figures (4.12) shows how the velocity of the formerly stagnant vapor increases

behind the shock to the induced velocity of the now compressed vapor. Also, Figures (4.12) shows
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how due to the newly generated vapor the velocity of the two-phase mixture in the evaporation
zone accumulatively increases from left to right to its maximum behind the evaporation front
signified by the maximum temperature gradient (red vertical line).

The Mach number in Figure (4.13) increases in front of the nozzle from left to right to its maximum
at location x = 0.1500 m after which it decreases despite the velocity continues to rise to its
maximum close behind the evaporation front. This is because starting at x > 0.1500 m the speed
of sound (Figure (4.14)) starts to increase significantly faster than the velocity of the tow-phase
mixture. The speed of sound increases at this point because of the continued decrease of the liquid
water volume fraction below 0.2 (Figure 4.15).

The 2-D color contour plots of the complete flashing chamber are added to all Figures showing

the predominantly 1-D behavior of the phenomena supporting the use of the center line

presentation.
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Figure 4.8 Static pressure distribution along the center line and 2-D contour at time 7 ms.
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Figure 4.11 Density distribution along the center line and 2-D contour at time 7 ms.
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Figure 4.12 Velocity distribution along the center line and 2-D contour at time 7 ms.
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Figure 4.13 Mach number distribution along the center line and 2-D contour at time 7 ms.
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Figure 4.14 Speed of sound vs. location at time 7 ms.
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Figure 4.15 Speed of sound vs. liquid water volume fraction at time step 7 ms.

4.2.3 Time step 16.30 ms — reflected shock wave

The moving shock wave continued to travel through the vacuum chamber until it struck
the right end of the vacuum chamber (x = 0.25 m) at 9.70 ms. It then reflected from the wall as
reflected shock wave and propagated back into the chamber, where it met the evaporation front at
11.40 ms and x = 0.2400 m and then penetrated further into it reaching location x = 0.2270 m at
16.30 ms. Figure (4.16) shows t-x wave diagram that illustrates the moving shock wave and its

location at different time throughout the flashing chamber.
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Figure 4.16 t-x diagram shows tracks of primary and reflected shock wave (blue), evaporation

front (red), and interface of incoming fluid (purple) along the center line of the flashing chamber
through time step 16.30 ms.

Figure (4.16) also illustrates the location of the evaporation front at all-time steps through
time step 16.30 ms. It shows that the two-phase mixture continued to expand further behind the
moving shock wave. At 9.70 ms when the shock wave struck the wall the evaporation front arrived
at point x = 0.2199 m, 30.1 mm behind the shock. Figure (4.17) shows the distribution of the static
temperature along the flashing chamber through 16.30 ms. Represented by the high temperature
plateau, it shows how the incoming two-phase fluid moved into the vacuum chamber and
compressed the low temperature vapor in the vacuum chamber against the wall at the right end. It
slowed significantly down when the reflected shock wave met and penetrated it.

Figure (4.18) shows the distribution of the velocity along the flashing chamber through
16.30 ms. The highest velocity is always found at the evaporation front, which is at the highest
temperature gradient behind the shock; and once the reflected shock penetrated the incoming two-

phase fluid, it is found in front of the reflected shock (see also Figure (4.16)).
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Figure (4.19) visualizes the distribution of the liquid water volume fraction along the
flashing chamber through 16.30 ms, indicating the increase of the liquid water volume fraction
after the primary shock and even more after the reflected shock, rendering these as condensing

shocks.
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Figure 4.19 The distribution of the liquid water volume fraction along the center line of the
flashing chamber through 16.30 ms.

Figures (4.20) shows the pressure distribution at 16.30 ms where the reflected shock
reached the location x = 0.2498 m indicated by the maximum pressure gradient (blue vertical line).
At this location, the static pressure increases from 12157 Pa to 71549 Pa indicating strong reflected
shock wave with pressure ratio 5.88. Representing a temperature - location plane of Figure (4.17),
Figures (4.21) shows the static temperature distribution at 16.30 ms, indicating that incoming two-
phase fluid has moved past the reflected shock. Figure (4.22) shows how the liquid water volume
fraction decreases in the evaporation zone from 1 to the lowest value of 0.2484 at the evaporation
front (x= 0.2271 m) and jumps to 0.6544 after the reflected shock at x = 0.2278 m, indicating the
condensing character of the shock. The density distribution in Figure (4.23) follows the liquid
water volume fraction distribution in Figure (4.22), showing that like in all previous time steps the
liquid water volume fraction predominantly determines the density.

Figure (4.24) shows how the velocity of the incoming two-phase fluid increases due to the
generated vapor in the evaporation zone accumulatively to its highest value 15.57 m/s at x =0.2270

m in front of the reflected shock. Due to the velocity induced by the reflected shock, the velocity
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of the incoming fluid reverses across the reflected shock to 6.83 m/s (at x = 0.2305 m) following
the reflected shock back in the direction to the nozzle, while the velocity at the wall remains zero.

The Mach number in Figure (4.25) follows the pattern of the velocity in Figure (4.24). It
increases in the evaporation zone to supersonic speed with its maximum value of Mach 1.68 at x
= 0.2270 m in front of the reflected shock. Across the reflected shock the Mach number reduces
significantly to subsonic Mach 0.18 at x = 0.2278 m. The change from supersonic to subsonic
condition across the reflected shock is amplified by the increase of speed of sound from 9.28 m/s
to 20.46 m/s (Figure (4.26)) due to the increase of the liquid water volume fraction accompanying

the condensation.
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Figure 4.21 Static temperature distribution along the center line and 2D contour at 16.30 ms.
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Figure 4.23 Density distribution along the center line and 2D contour at 16.30 ms.
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Figure 4.26 Speed of sound distribution along the center line and 2D contour at 16.30 ms.

The t-x diagrams that shown below present the flow characteristics through time step 16.30
ms. The distributions of pressure, temperature, density, Mach number, Velocity, and liquid water
volume fraction influenced by moving and reflected shock waves present on the contours of t-x

diagrams in Figure (4.27). The t-x diagrams show that all the flow characteristics are discontinuous
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across the shock wave. Figure (4.27) shows t-x diagrams as contours plots of density, velocity,
pressure, liquid water mass fraction, Mach number, and temperature through 16.30 ms with the
tracks like in Figure (4.16) of the shock waves indicated by a blue line and the front of the incoming

fluid indicated by a red line.
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Figure 4.27 Fill contours of density, velocity, pressure, liquid water mass fraction, Mach number,
and temperature at 16.30 ms.

Like in Dai et al. [29, 48] the steep gradients and discontinuities in the x—t diagrams indicate
the propagation of the shock waves, reflected shock wave, and fluid interface, where Dai et al.
investigated a single shock generated by one rupturing diaphragm [48] and two shocks generated
by two simultaneously rapturing diaphragm [29]. In difference to Dai et al. [29, 48] who used
superheated water vapor to generate the shocks, in the present work the shocks were generated by
the flashing of incoming superheated liquid water, proving that a shock wave can be generated in

water vapor under vacuum by flashing liquid water entering the vacuum.
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4.3 Second 2D Simulation Results

Another simulation was conducted with different geometries of the flashing chamber. The
mesh was generated by using ICEM-CFD and the cell size were 440500 quadrilateral cells for the
nozzle and the rectangular channel. The flashing chamber (nozzle and vacuum chamber) shown in
Figure (4.28) has inlet and without outlet, where the nozzle 0.1 m long with 5.5 mm orifice
diameter is defined as pressure-inlet. The superheated liquid water was injected trough the nozzle
at initial pressure 101325 Pa and initial temperature 373.15 k while a water vapor ina 0.15 m long

and 0.025 m width vacuum chamber at pressure 1002 Pa and saturation temperature 280.12 k.
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Superheated water at 101325 Pa & 373.15K .
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Figure 4.28 Schematic diagram of the second flashing chamber

The obtained results were in a good agreement with the previous simulation. The results
show that once the superheated water is injected, it flashes immediately and generates a shock
wave. The generated shock wave is not stationary, and it is traveling through the fluid as moving
shock wave. The transient results of the evaporating water inside the flashing chamber at different
time steps are presented below in terms of pressure, temperature, velocity, speed of sound, liquid

volume fraction, and Mach number.

4.3.1 First time step, 0.01ms
During the sudden drop in pressure, the sensible heat of the liquid converts into the latent

heat of vaporization and the liquid undergoes a rapid phase transition process at first time step
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(0.01ms). As a result, a supersonic flow downstream of the nozzle is induced behind the generated
shock wave progressing into the channel. The velocity increased from zero to about 10.5 m/s at
location x= 0.1004 m where the speed of sound of the two-phase fluid about 4.42 m/s at this point.
Figure (4.29) shows the velocity magnitude distribution along the center line of the flashing

chamber at first time step 0.01 ms.
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Figure 4.29 Velocity distribution along the center line of the flashing chamber at time 0.01 ms.

Due to the abrupt phase change, speed of sound changes from speed of sound of the liquid
water around 1484 m/s to the speed of sound of water vapor or mixture for about 5 m/s. Figure
(4.30) shows the variation of the speed of sound during the flashing process along the flashing
chamber at first time step 0.01 ms. The Mach number increased from 0.0 to about 2.36 at the
point x = 0.1004 m , while it remains less than one ahead of the point x = 0.1007 m where the
fluid is still undisturbed. Figure (4.31) shows the Mach number distribution along the center line

of the flashing chamber at first time step 0.01 ms.
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Figure 4.30 Speed of sound distribution along the center line at time 0.01 ms.
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Figure 4.31 Mach number distribution along the center line of the flashing chamber at time
0.01 ms.

Due to the pressure difference between the nozzle and vacuum chamber, the static pressure

dropped from 101325Pa to 879 Pa at location x = 0.1002 m, then increases suddenly to 1418 Pa
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at location 0.1007 m. Figures (4.32) shows the static pressure distribution along the center line at

the first time step 0.01 ms.
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Figure 4.32 Static pressure distribution along the center line of the flashing chamber at time
0.01ms .

Using the Mixture model allows solving the volume fraction equations for the phases where the
phases can be interpenetrating; therefore, the volume fractions for any phase can be equal to any
value between 0 and 1 depending on the area occupied by the phase. Figure (4.33) shows the liquid
volume fraction distribution along the flashing chamber at time 0.01 ms. The distribution shows
that the quick phase change happens directly from liquid water to water vapor due to the sudden

pressure drop.
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Figure 4.33 Liquid volume fraction distribution along the center line of the flashing chamber at
time 0.01 ms.

4.3.2 Time step 7.74 ms

After the sudden pressure dropped and flash evaporation occurred at first time step, the
two-phase mixture continues to expand further behind a moving shock wave that travels towards
vapor region. Reaching to time step 7.74 ms, the pressure and density decrease while the velocity
and the Mach number increase reaching supersonic values and giving rise to a strong moving shock
wave formation located at point X = 0.1312 m. The Mach number reached value of 1.96 and
dropped suddenly to 0.76 coincided with increasing in pressure from value of 1226 Pato 5316 Pa
with pressure ratio 4.33. Figures (4.34) to (4.37) present the flow characteristic distributions and
contours for the Mach number, density, pressure, and the liquid volume fraction where the entire

flow characteristic are discontinuous across the shockwave.

80



Mach Number
Mach Number vs Position (m) Contour 1
T I

25 T T T
242

2.24
2.07 -
1.80
173 ‘
1.85

1.38 |

1.21
1.04
0.86 -
0.69 -
0.52

0.35
0.17 -
0.00

Mach Number

Figure 4.34 Mach number distribution along the center line and 2-D contour at time 7.74 ms.
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Figure 4.35 Density distribution along the center line and 2-D contour at time 7.74 ms.
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Figure 4.36 Static pressure distribution along the center line and 2-D contour at time 7.74 ms

Liquid volume fraction vs Position (m) Liquid.Volume Fraction
T T T T

T ' Contour 1
09k 1.00
0.93 -
0.8 0.86 -
S0t 0.79
3 0.72 |
= 06 0.65 |
osf 0.58
3 0.51
g 04~ 0.43 -
% 03r 0.36
0.29 -
02r 0.22
0it b 0.15 -

0.08 -
0.01

0
0 0025  0.05

Figure 4.37 Liquid volume fraction distribution along the center line and 2-D contour at time
7.74 ms

4.3.3 Time step 35.99 ms
The two-phase mixture continues to expand further behind a moving shock wave that travels faster
through flashing chamber. The paths of the shock wave and evaporation front are illustrated in

Figure (4.38), which shows the distribution of the liquid water volume fraction with the time and
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position along the flashing chamber at time 11.82 ms. The two-phase mixture continues to expand
further until it meets with the reflected shock wave at point x = 0.230 m at time step 15.51 ms as

shown in the Figure (4.39). It shows the distribution of the liquid water volume fraction with the

time and position along the flashing chamber.
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Figure 4.38 The liquid water volume fraction distribution along the center line of the flashing
chamber through 11.82 ms.
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Figure 4.39 The liquid water volume fraction distribution along the center line of the flashing

chamber through 11.82 ms.
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Reaching to the time 35.99 ms, the pressure and density increase while the velocity and the
Mach number suddenly decrease during the expansion reaching supersonic values and giving rise
to a strong reflected shock wave. Figure (4.40) shows the Mach number distribution along the
center line and 2D contour at time 35.99 ms. This figure shows a strong reflected shock wave at
point x = 0.1493 m where Mach number dropped from about 2.65 to 0.23. Whereas the static
pressure increased from 3026 Pa to 64984 Pa due to the reflected shock wave with pressure ratio
21.4 as shown in Figure (4.41), which shows the static pressure distribution along the center line

and 2D contour at time 35.99 ms.
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Figure 4.40 Mach number distribution along the center line and 2D contour at time 35.99 ms.
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Figure 4.41. Static pressure distribution along the center line and 2D contour at time 35.99 ms.
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The density and the liquid volume fraction are also discontinuous across the reflected shock
wave as shown below in Figures (4.42) and (4.43). The figures show that the density and liquid
volume fraction increased suddenly at the same time and location where Mach number decreased.
Increasing liquid volume fraction and density across the reflected shock wave, rendering it a
condensing shock. The effect of density gradients is significant especially experimentally during
observing the picture of the shock waves. This was proven by using a convex or knife-edge to

provide a calibration of the light deflection caused by density gradients and improve the pictures

[128, 151].
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Figure 4.42 Density distribution along the center line and 2D contour at time 35.99 ms.
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Figure 4.43 Liquid volume fraction distribution and 2D contour at time 35.99 ms.

By comparing the results of both simulations, it was found that the results were
conformable; however, the values of the properties, the position of the shock wave and the
evaporation front, were different. The moving shock wave generated in the first simulation
propagates faster than the generated shock from the second simulation. At time step 9.70 ms, the
shock wave hits the end of the vacuum chamber, while in the second simulation the shock wave

hits the end of the vacuum chamber at time step 11.82 ms. The reason for that is that the geometry
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of the flashing chamber is smaller than the second vacuum chamber. Where increasing the nozzle
diameter led to an increase the highest rate of the flash evaporation, which coincided with Mutair

and Ikegami results [76, 54].
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CHAPTER 5

Experimental Setup and Results
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5.1 The Experimental Apparatus and Procedure.

The experiments in the present work focus on spry flash evaporation occurring when a superheated
water is injected through a nozzle into vacuum chamber. The vacuum chamber is the main part of
the experimental setup. The total volume of this chamber is 93.75 cm? getting from 15cm in long
with 2.5cm square cross-section area as shown in Figure (5.1). This vacuum chamber has two walls
of specific glass each one is 20cm long and 4cm in width to allow watching the occurring of the
flash evaporation. There are three taps inside of the vacuum chamber to connect with a pressure
transducer (OMEGA PX309, Ranges -15 to 50 psig), a thermocouple, and a vacuum pump. In

addition, another tap in the top accommodates a short 12.7 mm nozzle with 1.5 mm diameter.
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Figure 5.1 Schematic diagram of the vacuum chamber.

5.2 Experiment Setup.

A z-type Schlieren system illustrated in Figure (5.2) was used to capture pictures of the flashing
and induced shock wave. Because flash evaporation phenomena occur too quickly, a high-speed
camera Photron SA4 [152] with 768 x 640 mega pixel resolution at 10000 fps (frame per second)
was employed to capture the images. Beside the high-speed camera, this system consisted of a

point light source, and two similar concave mirrors of diameter D = 0.15 m and focal distance f =
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1.54 m. Most previous studies presenting Schlieren technique have recommended using a convex
lens or knife-edge to provide a calibration of the light deflection caused by density gradients and
improve the pictures quality [128, 153, 151, 154]. In this study, both were used, and the better

quality obtained with the convex lens.

It is difficult to capture the shock wave in the vapor phase by using the Schlieren technique
alone. Therefore, prober mathematical filtering has enabled a qualitative visualization of the shock
wave structure of the flashing jets leaving a nozzle [108, 117, 128, 118, 155]. The Image
Processing and Analysis in Java (ImageJ) mathematical filter was used in this study. A data
acquisition system was connected to the pressure transducer and thermocouple to record and

measure the data using LabVIEW interface.
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Figure 5.2 Schematic diagram of high-speed Schlieren optical arrangement.
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5.3 Experimental Results

The experimental results discussed in this dissertation were carried out for superheated liquid water
at initial pressure (Pi) 101325 Pa and initial temperature (T;) ranging from 40 °C to 100 °C. The
superheated water was injected into the vacuum chamber filled with saturated water vapor at
backpressure (Pp) ranging from 4000 Pa to 10000 Pa. The Schlieren method with high speed
camera was used to capture the picture of flashing and inducing shock wave. The experiments
were carried out by using a high-speed Photron SA4 camera with frame rate of 8000 to 20000 fps

(frame per second) to capture the images of flashing and the generated shock wave.

Groups of experimental runs have been performed. In the experiments, pure water is used
as a test material. About 1 mL superheated water is filled inside the nozzle, while the nozzle is
open to the ambient. Upon injecting the superheated liquid water through the nozzle into the
vacuum chamber, a flashing jet formed inside the vacuum chamber. The outcome of the
experiments reveals the change of the pattern or structure of liquid jets and the flashing phenomena
in the vacuum chamber with decreasing backpressure and increasing superheat. The Schlieren
photographs shown in Figure (5.3) were captured with initial conditions P; = 101325 Pa, Ti = 40
°C, and P, = 6000 Pa. After the first frame, a partially flashing liquid jet occurred with an irregular
evaporation front where the length of the non-shattering inner liquid fluctuated. The liquid core of
the water jet appeared clearly at the exit of the nozzle and water droplets deposited and remained
at the walls. This phenomenon of the partial flashing was found to prevail up to moderate
superheated degree levels. That means, at low initial temperature and high backpressure, no

complete flashing appeared.
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Figure 5.3 Images of partial flashing at P; = 101325 Pa, Ti =40 °C, and P, = 6000 Pa.

With increasing initial temperature, the evaporation rate at the flashing jet surface increases
and the jet structure changes. The flashing images shown in Figure (5.4) were obtained in another
experiment, with injected water at P; = 101325 Pa, Ti = 80 °C, and P, = 6000 Pa. The images show
complete flashing with no liquid droplet depositing at the glass wall, confirming that the intensity
of flashing is affected by the initial temperature of the injected water. The images show a shattered
jet, with clouds of very fine droplets that may be dispersed by many rapidly growing and then
bursting bubbles near the nozzle exit. At first time step 0.01ms, the image illustrates the onset of
the flashing phenomenon with complete flashing of the superheated liquid water into water vapor,

due to the sudden pressure drop in the interfacial region surrounding the liquid core in the nozzle.
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The subsequent images show the liquid core growing out of the nozzles and dispersing in a growing

cloud of very fine completely flashing droplets.

t=00lmsec t=0023msec t=0035msec t=0.1msec t=I1msec

Figure 5.4 Images of the flashing at P; = 101325 Pa, T; = 80 °C, and P, = 6000 Pa.

Simdes-Moreira et al. [117], observed a complete structure of a shock wave in Schlieren
pictures that were mathematically filtered. According to them, the choking behavior is
characterized by a flow rate remaining constant although the backpressure decreases further. This
choking-type behavior is observed, as the backpressure is decreased, while keeping the liquid
injection condition unchanged. A further characteristic of the choking-type behavior is the
occurrence of a spheroidal or ellipsoidal shock wave in the two-phase mixture generated by the
flashing jet. In addition, with decreasing backpressure, the shattering of the liquid jet generates a

cloud of droplets, indicating a large number of nucleation sites and rapid bubble growth [117, 72].
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On increasing the initial temperature and decreasing the backpressure further, it is possible to see
the liquid jet (liquid core) emerging from the nozzle, with a cloud of droplets, and a shock-wave

structure enveloping the liquid core.

Therefore, an experiment was performed with decreasing backpressure to 4000 Pa and
increasing initial temperature to 90 °C, where the injected initial pressure was 101325 Pa. In
addition, the Imagel filter was used to mathematically filter the Schlieren photographs to
qualitatively visualize the shock wave structure generated by the flashing jet leaving the nozzle as
shown in the Figures (5.5 b & d). The results show that once the superheated water is injected, it
flashes immediately and generates a shock wave. The liquid is evaporating completely within a

very small region at the surface of the liquid jet core.

Shock wave Front of flashing fluid

Liquid core
2)0.09msec

Figure 5.5 Flashing images at P; = 101325 Pa, Ti = 90 °C, and P, = 4000 Pa.
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The images presented in Figures (5a & c¢) show a complete flashing jet at time steps 0.09
ms and 0.1 ms respectively, where the cloud of the many fine droplets enveloping the liquid core
is smaller and hence evaporated faster than observed in Figure (5.4). Those pictures were then
filtered using the Imagel filter resulting in Figures (5b & d). The dark spheroidal or ellipsoidal
shapes represent the moving shock wave structure enveloping the liquid core and the purple
spheroidal shape may represent the front of the incoming flashing fluid acting as a piston

generating the moving shock wave as explained by Anderson [148, 149].

The spheroidal or ellipsoidal shape of the shock wave structure is similar to the chocking
behavior shock wave structure observed by Simdes-Moreira et al. [117], who carried out the
experiments and numerical analysis for a flashing jet of iso-octane injected through a short nozzle.
However, the resulting shock wave in Figure 8 is a moving shock wave that move ahead of the
incoming flashing fluid (piston) and travels further forward into the vacuum chamber until it hits

the end wall and gets reflected.
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CHAPTER 6

Conclusions
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6.1 Conclusion

This dissertation investigates the flashing evaporation phenomenon and resulting shock
waves experimentally and numerically when superheated water is injected into a vacuum chamber
through a nozzle. The research presents shock waves as one of significant consequences that can
be produced in flashing evaporation and utilization of those resulting shock waves in creating

useful compression.

A 2D transient numerical Ansys Fluent simulation was utilized to present and prove the
occurrence of shock waves generated by a flashing water jets when superheated water is injected
through a nozzle into a low-pressure water vapor zone. The results show that at the first time step
and due to the sudden pressure drop, intensive fast phase change occurs, and a shock wave is
generated directly at the exit of the nozzle (inlet of the vacuum chamber). This shock wave is a
moving shock, and it propagates forward through the water vapor in the vacuum chamber, hits the
wall at the end of the flashing chamber, reflects from the wall and moves back through the vacuum
chamber to the nozzle. The results show that across the moving shock wave, all fluid properties
are discontinuous with the pressure, the liquid volume fraction, and the velocity increasing. The
density is predominantly determined by the liquid volume fraction. The highest velocity is always
found at the evaporation front that moves with supersonic speed following the primary shock wave
and is also observed in front of the reflected shock. The increase in the pressure across the shock
led to condensation signified by an increase of the liquid water volume fraction. This was
particularly strong across the reflected shock wave. The advantage of moving shock waves is that
they can carry and transfer energy directly between fluids without using mechanical components
like piston or vanes. Therefore, it can be useful to further develop the phenomena’s industrial and

technological applications such as utilize resulting shock waves in creating useful compression.
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The research also experimentally investigated the flashing evaporation phenomenon and resulting
shock wave for superheated water injected through a short nozzle into a vacuum chamber. The
initial superheated water temperature ranges from 40 °C to 100 °C and the vacuum chamber is
filled with saturated water vapor under vacuum pressure ranging between 4000 Pa and 10000 Pa.
The results confirm that with increasing superheat of the injected water, the flash evaporation
accelerates. If in addition the back pressure in the vacuum chamber is reduced, full flashing occurs,
and a shock wave is induced. The generated shock wave travels through the chamber as a moving
shock wave, proving experimentally that a moving shock wave can be generated by injecting
superheated water into a chamber filled with saturated water vapor under vacuum as described e.g.
for the concept of the condensing wave rotor [156, 157, 158, 159, 160, 161, 162]. The significance
of this moving shock wave is that it can transfer energy directly between fluids without using
mechanical components such as pistons or vaned impellers in technical applications. As is realized
in a shock tube for a single time and in a pulse donation engine repeatedly, a wave rotor realizes
such process quasi-continuously at high speed in multiple channels arranged in a disk or drum that
rotates around an axis moving the channels past ports in stationary end plates to open and close

them repeatedly injecting and ejecting fluids to and from the rotor [106, 107, 104, 163, 164].
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