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ABSTRACT 

We performed magnetic resonance studies of gas-liquid systems: acoustic cavitation 

and vertical bubbly flow to obtain information about the water molecules mobility, 

bubble size, and void fraction, critical for a better understanding of these complex 

dynamic systems. 

A varying magnetic susceptibility between the phases in gas-liquid systems 

fundamentally limits the employment of conventional magnetic resonance 1magmg 

methods for quantitative measurements. Susceptibility effects can be removed with the 

addition of paramagnetic salts to the solution. We, however, decided to use the 

susceptibility difference to extract useful information about bubble size, provided its 

image distortion effects are overcome. Pure phase encode imaging methods are suitable 

means for the quantitative measurement of these heterogeneous systems, as they 

incorporate fixed encoding times. 

A significant modulation of the magnetic resonance parameters, as driven by 

susceptibility, necessitates short signal acquisition times. The fast dispersion of water 

molecules in the acoustically cavitating liquid permitted the employment of pure phase 

encode imaging methods with short phase encoding times to obtain 3D voidage and 

velocity maps. Compressibility, divergence, and vorticity maps of the cavitating medium 

were also created. 

The average bubble size, both bulk and spatially resolved, was extracted for the vertical 

bubbly flow from the susceptibility-modulated Ti. For that, an analytical approach wit}:i 

two significantly different measurement regimes was employed. The fast mobility of 

water spins with respect to the short encoding times in the employed pure phase encode 
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methods satisfied the fast diffusion regime requirements. A good agreement was 

observed between magnetic resonance and optics-based estimates of bubble sizes for the 

slower airflow rates. 

Bulk measurements of vertical bubbly flow were also performed at low magnetic field. 

We analyzed the susceptibility-induced effects in the Carr-Purcell-Meiboom-Gill signal 

using new analytical approaches, and derived two simplified equations for voidage and 

inclusion size estimation with basic relaxometry. The approach introduced was validated 

through control measurements on silica bead solutions with known bead sizes, and 

through comparison with measurements performed using an optics-based technique. The 

developed approach worked well for both control samples and bubbly flows. 

Our approach can also be used to study other gas-liquid systems with spherical non

interacting inclusions, like gas hydrates and sprays, provided all the theoretical 

requirements are met. 
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1 - Introduction 

In this chapter, acoustic cavitation and vertically upward bubbly flow systems are 

introduced, as the current thesis is dedicated to magnetic resonance imaging (MRI) 

studies of these systems. The pros and cons of various available methods for their study 

are discussed, and, the advantages of MRI over other techniques are explained. A number 

of previous experimental studies on multiphase systems are introduced. Finally, we detail 

the scope of the thesis. 

1.1 Two-phase gas-liquid systems 

Multi-component systems in which a gaseous phase is dispersed throughout a liquid, 

known as two-phase gas-liquid systems, are commonly found in both nature and industry. 

These systems occur in many situations of theoretical and practical interest: from 

cavitation (both hydraulic and acoustic) and foams to pipeline systems for the transport of 

oil-gas mixtures and evaporators. 

1.1.1 Acoustic cavitation 

Acoustic cavitation is the process of formation, evolution, and collapse of bubbles 

caused by the propagation of an acoustic wave through a liquid medium. The highly 

nonlinear concentration of acoustic energy inside the collapsing bubbles leads to extreme 

temperature and pressure conditions that can be employed in biomedicine, chemistry, and 

industry [ 1]. 

1 



An important parameter of cavitation is the bubble void fraction or voidage (i.e. the 

fraction of the volume of the liquid phase occupied by gas). Another important property 

is the velocity field of the cavitating liquid, as it is linked to the dynamics of the bubble 

cloud, both at micro and at macro-scales. Oscillating bubbles generate microstreaming, 

causing an active mixing, and, at low ultrasound frequencies, are also primarily 

responsible for the macroscopic flow ( acoustic streaming), caused by energy transfer 

from the acoustic field, via the bubbles, to the liquid. 

1.1.2 Bubbly flow 

One of the most common geometries of two-phase gas-liquid systems is pipe flow. In 

this type of flow, two phases move simultaneously, most commonly, in horizontal or 

vertical pipe configurations. The gravity (buoyancy) causes the gas phase to rise: rising 

upward in vertical pipes and to the upper part of the pipe in horizontal ones. There are 

limited theories and measurement capabilities available in the field due to the complexity, 

deformability, and compressibility of the phases. Relative flow rates, fluid properties, and 

geometries determine the structure of a pipe flow [2]. Depending on the flow rate and the 

gas to liquid ratio, four main flow patterns are usually defined for vertical pipe flows [3]. 

Bubbly flow: This regime occurs at low gas to liquid ratio (slow flow rates). The gas 

phase appears in the form of bubbles with various sizes throughout the liquid phase. 

These bubbles are small compared to the diameter of the pipe, and their shape is not 

significantly influenced by the pipe walls [3]. Bubbly flow, itself, is usually classified 

into four sub regimes depending on the magnitude of interaction among interfaces [ 4]: 

ideally separated bubbly flow, interacting bubbly flow, chum turbulent bubbly flow, and 
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clustered bubbly flow. In ideally separated bubbly flow, no direct or indirect interaction 

is observable between bubbles, and bubbles exist as single objects in the liquid phase. 

Transition from the ideally separated bubbly flow to the interacting bubbly flow, where 

direct or indirect interactions among bubbles occur through collisions, happens for higher 

void fractions. With a further increase in the void fraction, bubbles coalesce, and flow 

changes to chum turbulent bubbly flow. The transition from the bubbly flow to the slug 

flow regime occurs during the clustered bubbly flow regime. Here coalesced bubbles (so 

called cap bubbles) and smaller bubbles co-exist. Cap bubbles, after traveling a certain 

distance, form a gas slug or separate into individual bubbles. 

Three other regimes occur at even greater flow rates and void fractions. Slug (plug) 

flow: the gas phase appears mostly as large bullet shaped bubbles and sometimes small 

bubbles distributed throughout the liquid phase, Churn flow: a highly unstable and 

turbulent flow pattern; the liquid phase pulses up and down at the pipe wall, and Annular 

flow: the gas phase travels through the center of the pipe while the liquid phase appears 

partly as drops scattered in the gas phase and partly as an annular film on the pipe wall 

[5]. 

Void fraction and bubble size distribution are two properties of interest in all such 

systems. 

1.2 Available methods 

Various experimental techniques have been developed to study these parameters. The 

most prominent are photographic techniques, which are employed for quantification of 
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the bubble size by obtaining photographs of the system through a transparent section of 

the column [6]. 

Laser tomography permits visualization of the active zones with a great accuracy [7]. In 

this method, monochromatic laser light is applied to the sample. Diffraction of the light 

by cavitation bubbles is then employed to identify the zones of high bubble density. 

Recently developed acoustical techniques are used for the indirect measurement of the 

bubble size distribution in a pulsed acoustic field [8]. Here, the solution is exposed to 

ultrasound pulses separated by a pulse off-time. The pulse off-time is increased until the 

sonoluminescence intensity is diminished as a result of bubbles' dissolution. Then, the 

total dissolution time of bubbles is used for the bubble size calculation. 

Optical techniques, based on tracing particles added to the liquid (particle imaging 

velocimetry), permit spatial mapping of the velocity fields [9-10]. Here, the liquid 

medium is seeded by fluorescent tracers. Then, a plane in the flow is illuminated by a 

laser light in order to track the positions of particles in that plane using a digital camera. 

A few moments later, another laser pulse illuminates the same plane, creating a second 

particle image. From these two images, the particle displacements are obtained for the 

entire flow region. As only the displacement of the fluorescent tracers from picture to 

picture is of interest, a high pass filter is applied on the digital camera to make the 

cavitation bubbles transparent. 

However, all these methods have significant limitations. Optical methods reqmre 

transparency of the media, suffer from light reflection from the bubble-liquid interface, 

have limited measurement depth, and are limited to relatively low gas fractions. Laser 

tomography provides only qualitative information, and acoustical techniques do not 
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provide a direct way of measurement, and, like optical techniques, fail at high void 

fractions. For the measurement of bubble sizes in systems with high void fractions, many 

invasive probes, such as hot film anemometry, have been developed. However, their 

intrusive nature is a source of systematic errors [11 ]. 

MRI is a promising technique to study gas-liquid systems. Its non-invasive nature does 

not interfere with the gas-liquid interface, and it can be used for the study of optically and 

acoustically opaque systems. It is inherently a 3D method, and the information-carrying 

signal comes directly from the bulk of the sample. MRI can also be rendered sensitive to 

various parameters like spin density and relaxation rates. 

1.3 Experimental studies 

There are a limited number of MRI studies of gas-liquid systems in the literature; only a 

few of them are referred to here. Lynch and Segel first examined bubbly flows using 

magnetic resonance (MR). They demonstrated the linear relationship between the MR 

signal intensity and the volume-averaged void fraction in a vertical bubbly flow using 

continuous wave MR spectroscopy [12]. Abouelwafa and Kendall measured the void 

fraction and flow rate in two-phase water-oil and water-air flow systems using continuous 

wave nuclear magnetic resonance (NMR) spectroscopy [13]. Leblond et al. measured the 

volume averaged void fraction and the velocity propagator of the liquid phase through the 

basic pulsed field gradient spin echo (PFGSE) sequence [14]. Le Gall et al. also used 

PFGSE to study liquid velocity fluctuations in bubbly flow in different geometries [ 15]. 

Daidzic et al. obtained a spatially resolved void fraction map in a stationary water column 

in a permanent magnet using a conventional spin-warp pulse sequence [16]. 
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Holland et al. determined bubble sizes from MRI signal using a Bayesian technique 

[17]. Reyes obtained 2D temporally resolved measurements in gas-liquid slug flow [18]. 

Gladden et al. demonstrated both spatial and temporal resolution MRI measurements on a 

gas-liquid system [19]. They performed quantitative visualization of these dynamic, 

optically opaque, and magnetically heterogeneous systems using a modified version of 

the frequency encoding based Turbo Spin Echo sequence. Visualizing the movement of 

bubbles in a ceramic monolith over a very short time scale of 146 ms enabled them to 

track individual gas bubbles and obtained information about bubble size distribution and 

velocity. Tayler et al. used a low flip angle snapshot spiral imaging method for the 

measurement of spatially and temporally resolved velocity fields of unstable flow 

systems and assessed the method as an "auspicious basis" for the study of these kinds of 

samples [20]. They doped the liquid phase with a paramagnetic salt to remove the 

magnetic susceptibility induced distortions. 

Instead of removing the susceptibility difference in the system with paramagnetic salts, 

one can exploit it to obtain information about the bubble size and density. This approach, 

complementary to tracing individual bubbles, has been applied to measurements of 

stabilized gas-filled micro-bubbles. Alexander et al. did preliminary research on the 

effects of pressure-stable liposome micro-bubbles filled by several different gases and 

gas concentrations on MR relaxation times at various pressures through the conventional 

SE and gradient echo pulse sequences [21]. Dharmakumar et al. derived analytical 

expressions which take into account the void fraction, diffusion, and average bubble 

radius to qualitatively explain the functional behavior of T2 and r; decays [22]. Morris et 

al. have presented an MRI-based technique for spatially resolved pressure mapping in 
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porous media with a multi-slice multi-echo pulse sequence using air-filled liposome 

micrometer-sized bubbles as pressure sensitive MR contrast agents [23,24]. Sukstanskii 

and Y ablonskiy have provided a detailed theoretical description of the FID and SE signal 

formation in the framework of the Gaussian phase distribution approximation for 

permeable and impermeable spherical and infinitely long cylindrical inclusions [25,26]. 

Ziener et al. analyzed the CPMG transverse relaxation rate as a function of inter-echo 

time in the Gaussian approximation framework for a simple model of a spherical particle 

[27]. 

Conventional MRI techniques (i.e. frequency encoding based) can suffer from 

susceptibility induced image distortions, which make quantitative data collection 

difficult. Very fast diffusion observed in bubbly flows contributes to the problem. 

However, it is known from research in MRI of porous media that one can use the 

susceptibility effects to one's advantage to obtain information on pore size distribution 

and other properties of porous materials by using pure phase encode MRI methods. These 

methods, unlike frequency-encoding MRI techniques, achieve immunity to the time 

domain artifacts by freezing the signal time evolution [28]. There are a number of MRI 

studies of gas-liquid systems using pure phase encode MRI techniques. Sankey et al. 

studied horizontal bubbly flow using the pure phase encode SPRITE MRI technique [29]. 

They acquired quantitative liquid velocity maps and an approximate void fraction of gas

liquid flow. Mastikhin et al. studied the dynamics of acoustically cavitated liquid with 

conical single point ramped imaging with T 1 enhancement (SPRITE) MRI to obtain 

spatially resolved velocity and void fraction maps of cavitating distilled water and 

surfactant solutions [30]. Arbabi and Mastikhin in [31] obtained bulk and spatially 
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resolved T2 relaxation and mechanical dispersion information of vertical bubbly flow at 

various airflow rates with conical SPRITE and motion-sensitized single point imaging 

spin echo (SE-SPI). They estimated average bubble sizes using analytical expressions, 

originally developed by Dharmakumar et al. [22]. 

1.4 Thesis organization 

The thesis is organized as follows: 

Chapter 2 briefly reviews the basic principles of MRI. Only ideas and methods directly 

relevant to the subsequent chapters will be covered. 

Chapter 3 describes a new method to measure 3D void fraction maps and to estimate 

water mobility in the vicinity of cavitating bubbles using pure phase encode MRI. 

Compressibility, divergence, and vorticity maps of the cavitating medium will also be 

presented, calculated from the 3 D void fraction and velocity maps. This chapter is largely 

based on the article "Magnetic resonance imaging of velocity fields and the void fraction 

in a cavitating liquid" published in Experiments in Fluids, 2012, 52, 95-104 [30]. 

Chapter 4 describes an approach, originally developed for the MR analysis of stable 

micro-bubbles, to study vertical bubbly flows. This chapter is largely based on the article 

"Magnetic susceptibility based Magnetic Resonance estimation of micro-bubble size for 

the vertically upward bubbly flow" published in the Journal of Magnetic Resonance, 225, 

36-45, 2012 [31]. 

Chapter 5 describes the measurement of vertical bubbly flows in a low field strength 

magnet, 0.2 T, through another method. This method is based on the previously 
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introduced approaches, originally developed for the MR analysis of randomly distributed 

and isolated spherical inclusions and a simple model of a spherical particle. In this 

chapter two simplified equations are derived for the estimation of void fraction and size 

of spherical inclusions with basic relaxometry. This chapter is largely based on the article 

"MR relaxometry of micro-bubbles in the vertical bubbly flow at a low magnetic field 

(0.2 T)" published in the Journal of Magnetic Resonance, 2014, 249, 16-23 [32]. 

Chapter 6 presents concluding remarks and directions for future work related to the 

topics in the thesis. 

The author of the thesis performed all of the experiments and undertook all of the data 

analysis in this thesis. He wrote the research articles corresponding to Chapter 3 as the 

second author and Chapters 4-5 as the first author. 
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2 - Magnetic resonance imaging theory 

This thesis is mainly directed at the MRI study of acoustic cavitation and vertical 

bubbly flow. In this chapter, we briefly review the basic principles of MRI with particular 

emphasis on parts relevant to the subsequent chapters of the thesis. For more detailed 

information, the reader is referred to reference books [1-5]. 

2.1 Why MRI? 

MRI is a tomographic imaging modality: with MRI one can produce images of internal 

physical and chemical characteristics of an object from externally measured MRI signal. 

MRI has distinct advantages over other imaging techniques. It operates in the radio 

frequency (RF) range, so no ionizing radiation is used, MR signal comes directly from 

the sample, MR images are very rich in information content, and various contrast factors 

can be employed. Unlike many other tomographic techniques, MRI can generate slices in 

any direction without changing the position of the sample or machine. 

2.2 A system perspective 

The main components of an MRI scanner are a static field magnet, magnetic field 

gradient system, and the RF system. The main magnet is a resistive, a permanent, or a 

superconducting magnet, and its function is to create a very strong uniform static 

magnetic field (Bo) to generate a net magnetization out of the spins in the sample. Usually 

superconducting magnets are employed, and this is one of the reasons why MRI scanners 

are expensive. They are usually between 0.2 to 3 T (even stronger in research systems); 
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very strong if compared to the Earth's magnetic field (---5*10-5 T). The magnetic field 

gradient system is a set of three orthogonal gradient coils, which introduce a time varying 

gradient in the different directions of X, Y, and Z in the magnetic field. The gradient 

system is an important component of an MRI scanner, as it is essential for signal 

localization, slice selection, and spatial encoding. The efficacy of a gradient system is 

determined by its maximum strength and the rate at which this maximum gradient 

strength can be reached (i.e. rise time). The third component is the RF system. Its task is 

to generate the RF pulse to excite the nuclei, and also to receive the signal coming from 

the sample. This system produces an oscillating magnetic field, referred to as B 1, much 

weaker than the static magnetic field Bo (but still strong enough to induce rotation of 

magnetization). Both the transmitter and receiver can be combined as a single coil, thus 

the name transceiver coil. 

2.3 Signal generation and detection 

2.3.1 Magnetic dipole moments 

A fundamental property of nuclei is that those with odd atomic weights and/or odd 

atomic numbers, such as the nucleus of the hydrogen atom 1 H, have an angular 

.... 
momentum J, often called spin. A nucleus with a nonzero spin creates a local magnetic 

field, which is represented by a vector quantity ofµ, called the magnetic dipole moment 

or magnetic moment. The spin angular momentum and magnetic moment vectors are 

related to each other by µ = y. j, where y is a physical constant known as the 

gyromagnetic ratio. A related constant y is also widely used, which is defined as 
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y = y/2rr.. The value of y is nucleus dependent, for instance, y=2.675*108 rad/s.T for 1H, 

while y=7.075*107 rad/s.T for 31P. 

Spins in a spin system are randomly oriented, thus leading to a zero magnetization 

(figure 2-1 ). In order to create a net magnetization, spin vectors are lined up by exposing 

the object to a strong external magnetic field Bo (by convention along the z-axis). A 

magnetic moment vector, in the field Bo, can take one of a discrete set of orientations, 

which is determined by the magnetic quantum number m1• For any nucleus with a 

nonzero spin, m1 takes the following set of values: 

m1=-I, -1+ 1, ... , I (I is the spin quantum number) (1) 

which corresponds to 21 + 1 possible orientations for the Z component of µ with respect to 

the direction of the external magnetic field. For instance, for 1 H with the spin quantum 

number I = 1/2, m1 = ±1/2, which corresponds to two possible orientations for the Z 

component of magnetic moments: pointing upward or parallel (m1 = 1/2) and pointing 

downward or anti-parallel (m1 = -1/2). 
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Bo,z 

µ 

(A) (B) 

Figure 2-1 Magnetic moment vectors µ: (A) randomly oriented, and (B) pointing aligned in the 

direction of the external magnetic field Bo, either pointing parallel or anti-parallel (for 1H). As 

seen, the transverse components of the spin vectors are still randomly oriented in the presence of 

the external magnetic field Bo, leading to a zero net magnetization in the XY plane. 
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Spins in different orientations have different energies of interaction with the external 

magnetic field Bo: 

(2) 

Hence, for parallel and anti-parallel spins (for 1H) we have, respectively: 

(3) 

1 -
E.1. = 2yhB0 (4) 

As is understood from Eqs. (3) and (4), the spin-up state is the lower energy state. 

Fortunately, due to this energy difference between the spin states ('1E = yhB0), known as 

the Zeeman splitting phenomenon, slightly more protons will point up than point down. 

According to the Boltzmann relationship we have: 

(5) 

where Ni is the number of spin up spins, NJ. is the number of spin down spins, k is the 

Boltzmann constant l.38*10-23 J/K, and Ts is the absolute temperature of the spin system. 
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This excess of nuclei pointing up leads to the generation of an observable bulk 

magnetization M~ pointing along the direction of B0• This bulk magnetization is the 

source of the MRI signal. For a given half-spin system (I = 1/2), as indicated by Eq. (6) 

below, one can increase the magnitude of the bulk magnetization M~ by either increasing 

Bo or decreasing the temperature. 

(6) 

where N s is the total number of spins. 

2.3.2 Larmor frequency 

Spin vectors, while placed in an external magnetic field, experience a torque forcing 

them to precess clock wisely about the Z-axis, if observed against the direction of the 

magnetic field. The angular frequency of this precession can be described by Eq. (7), 

which is known as the Larmor frequency. This equation simply shows that the precession 

frequency of a spin system is linearly dependent on the strength of magnetic field Bo, and 

the gyromagnetic ratio y. 

w0 = y. B0 = 2rrf 0 (7) 
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2.3.3 RF excitation 

The bulk magnetization is rotated to the transverse plane using a RF pulse. This RF 

pulse, an envelope filled with a short-lived oscillating B1 field perpendicular to the Bo 

field, tips away the magnetization from the Z-axis to the XY plane (forced excitation), 

creating a measurable transverse component. The angle created between the Z-axis and 

the bulk magnetization is referred to as the flip angle a. The desired flip angle can be 

obtained by either adjusting the oscillating magnetic field strength B1 or the RF pulse 

length tp (in case of a rectangular pulse we have a = y81 Tp). To obtain a perfect rotation, 

the resonance frequency of the RF pulse must match that of the spin system. This 

phenomenon is referred to as the on-resonance condition: 

(8) 

(9) 

where Err and Wrf are the radiation energy and resonance frequency of the RF pulse, 

respectively. 

2.3.4 Free precession and relaxation 

Once displaced from its thermal equilibrium state, the spin system returns to its lower 

state, after the B 1 field is removed and sufficient time elapses. This process is 

characterized by the free precession of the magnetization about the Z-axis, recovery of 
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the longitudinal component of the bulk magnetization ( called T 1, longitudinal, or spin

lattice relaxation), and decay of the transverse component of the magnetization ( called T 2, 

transverse, or spin-spin relaxation). 

T 1 and T 2 relaxation processes occur due to the energy exchange between the spins and 

surrounding molecules, and interaction among spins, respectively. An important point 

about the T 1 and T 2 relaxation processes is that both follow an exponential function: 

-t 

M (t) - M (O )eT2 e-iw ot xy - xy + (10) 

-t -t 

Mz(t) = MzCO+)eT1 + M~(l - eT1) (11) 

where MxyCO+) and MzCO+) are the magnetization in the transverse plane and along the 

Z-axis immediately after the RF pulse, respectively, and e-iw ot characterizes the free 

precession of spins, and its duration depends on T 2• 

The exponential description, of course, is only valid for spins residing in liquid state 

molecules, especially for transverse relaxation. For solids and macromolecules, this 

mechanism is far more complicated. Note that T1 and T2 are not the times at which the 

longitudinal and transverse relaxations are completed. They are characteristic times that 

describe longitudinal and transverse relaxation of the spin system, respectively. One 

should also note that T 2 relaxation is irreversible, and always occurs at a rate faster than 
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2.3.5 Signal detection 

The MR signal detection is, in fact, based on Faraday's law of induction and the 

principle of reciprocity. The time varying precession of the magnetization through the 

receiver coil (RF probe), according to Faraday's law, induces a voltage in the coil. This 

voltage signal is a high frequency signal, which can impose unnecessary problems on the 

receiving electronic circuits. Only the frequency offset LlW = w0 - w need be 

considered. As a result, the high frequency component of the voltage signal is removed 

through the signal demodulation method (i.e. removal of the carrier signal e-iwot). The 

signal demodulation consists of multiplying the voltage signal by a reference sinusoidal 

signal, and then low pass filtering. To detect the direction of rotation, a second 

demodulation is employed by a sinusoidal signal perpendicular to the first one. This 

technique is called quadrature detection, which is accomplished with two "detectors" 

orthogonal to each other. Quadrature detection also improves the signal to noise (SNR) 

ratio by a factor of the square root of 2. Finally, the demodulated signal is detected as a 

function of time, and, then, is converted to a frequency distribution by means of a Fourier 

transformation. 

The acquisition of a signal can be repeated multiple times in order to improve the SNR. 

In performing this repeated signal acquisition, it is possible to vary the phase of the RF 

pulses and receiver for the removal of some MR artefacts. This process is known as phase 

cycling. 

In practice, the MR signal is digitally sampled at a given interval, known as the dwell 

time DW, which corresponds to the frequencies sampled over a window, referred to as 

the spectral width of 1/DW. 
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2.4 Signal characteristics 

In the previous sections, the activation process of the MR signal was explained briefly. 

In this section, we examine in detail basic MR time signals observed from a spin system 

after the pulse excitation. These signals are the basis for many sophisticated MR pulse 

sequences (see section 2.6). For each signal, we describe its excitation requirements and 

general characteristics. 

2.4.1 Free induction decay signal 

Free induction decay signal (FID), the simplest form of an MR time signal, is observed 

after the action of a single RF pulse on a spin system. "Free" refers to the fact that the 

free precession of the magnetization about the axis of the static magnetic field generates 

the signal, "induction" refers to Faraday's law of induction, and "decay" indicates that 

the signal's amplitude decreases over time. 

The maximum amplitude of the FID signal occurs at time zero, and depends on both the 

flip angle a and the value of the bulk magnetization at thermal equilibrium M~ (in the 

-t 

case of a single spectral component, S(t) ex: M~ sin a eTz ). The decay rate of the FID 

signal is strongly dependent on the homogeneity of the magnetic field within the sample. 

In the case of a single spectral component, the decay rate of the FID signal is governed by 

T 2, but, in the presence of field inhomogeneity, a new time constant r; describes the 

decay of the FID signal: 
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1 1 
T* =T+y~Bo 

2 2 

(12) 

where y is the gyromagnetic ratio, and ~Bo is the Full Width at Half Maximum (FWHM, 

also referred to as linewidth) of the Lorentzian field distribution function. This equation 

is valid only for Lorentzian field distributions. The r; time constant can be approximated 

from the frequency domain linewidth of an FID signal: 

1 
FWHM=-T* 

T[ 2 

2.4.2 Spin echo 

(13) 

Spin echo (SE), another form of MR signal known as RF echoes, is a gold standard for 

many MR pulse sequences. It is a two-sided symmetrical signal that consists of two 

mirrored FIDs, each side of which carries a r; decay. However, the amplitude of the SE 

signal is controlled by the T 2 time constant, making it a suitable method for T 2 

measurement in the absence of any spin mobility. The symmetry of the SE signal is also 

useful for the symmetrical coverage of k-space (see 2.5.1), removing the probe dead time 

problem in contrast to the FID signal. 

To generate a SE signal, first, a 90° RF pulse is applied to the spin system to create a 

transverse component of the bulk magnetization. It is then followed by a delay time of 

-r180, during which spins with different Larmor frequencies precess about the Z-axis losing 

their phase coherence. A 180° pulse is then required to reverse dephasing due to the field 
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offsets. Provided another delay time of 't180 is allowed to pass, all spins will recover a 

phase coherence at time tE=2't1so, referred to as echo time. One can also replace the 

refocusing pulse by a composite pulse for more uniform excitation. Pulses other than 90 ° -

180° can also be used to create echoes (sometimes referred to Hahn echoes), however, 

this combination creates the maximum possible echo signal. 

2.4.3 Carr-Purcell-Meiboom-Gill 

In the presence of molecular self-diffusion D and Bo field inhomogeneity (background 

gradient Gi), the amplitude of the SE signal is not only a function of T 2, but also 

proportional to the cube of T180 (oc exp (- (~ + ~TI80y2 Gf o))) [6]. This makes the 
Tz 3 

Hahn SE unsuitable for the measurement of the MR T 2 relaxation time. Firstly, we must 

repeat the basic experiment many times by systematically increasing the echo time from 

experiment to experiment, and secondly, we need to remove the attenuation effect of the 

molecular self-diffusion D to be able to extract T 2• 

One can, however, employ the Carr-Purcell-Meiboom Gill (CPMG) pulse sequence to 

diminish the molecular self-diffusion D effects. This pulse sequence is another form of 

RF echoes, which is derived from the Hahn SE sequence. As shown in figure 2-2, 

typically a train of 180° pulses are applied following a 90° RF pulse to refocus the Bo 

inhomogeneity spin dephasing and form multiple echoes. In the actual implementation of 

the CPMG pulse sequence, usually, only the peak of each echo is collected, and, then, T2 

is extracted by fitting the acquired data points to an exponential decay. Typically a large 
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number of echoes are acquired, which 1s directly dependent on the object's signal 

lifetime. 
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N echoes 

n./2r 

Figure 2-2 The Carr-Purcell-Meiboom-Gill pulse sequence: A 90° RF pulse is followed by a train of 

180° pulses to form multiple echoes by continuously refocusing the frequency offsets. The number of 

echoes, which can be generated, is limited by the T2 of the sample. By maintaining a short time 

interval 2T180 between pulses and employing more refocusing pulses, one can minimize the 

attenuation effect of diffusion. The 90° phase difference between the excitation pulse and the 

following refocusing pulses corrects for any 180° pulse length error due to the B1 field inhomogeneity 

for every second echo. 
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The 90° phase difference between the excitation pulse and the following refocusing 

pulses ensures the self-correction for any refocusing pulse length error in alternate echoes 

[7]. By making the time interval between pulses small, and employing more 180° pulses, 

the diffusion effect on the echo amplitude can be minimized. 

2.4.4 Pulsed magnetic field gradient spin echo 

PFGSE pulse sequence is similar to the SE pulse sequence, with the exception of the 

addition of a pair of displacement encoding gradients. These gradients are applied on 

either side of the refocusing RF pulse with duration 8, amplitude Gd, and separation ~ to 

encode the diffusion ( figure 2-3) in the direction of the gradient. 

Static spins are not affected by these gradients as the phase they accumulate during the 

first gradient at their respective position is removed after the 180° pulse and second 

gradient. Diffusing spins, however, do not have the same position when the second 

gradient is applied, and they accumulate a phase based on the distance they travelled 

during the separation time ~ (i.e. 0 = yGct6(~r)). Because a wide range of ~r 

displacements are possible due to the spins' random motion (i.e. molecular diffusion), at 

the echo time, spins are stochastically out of phase leading to the cancelation of the 

signal, by both normal T 2 process and diffusion. The ratio of the echo amplitudes can be 

described by Eq. (14) [8]: 

S(Gct) 
S(O) = exp(-bD) (14) 

29 



where S(G) is the echo amplitude in the presence of diffusion gradients, and S(O) is the 

echo amplitude without any diffusion gradient. 
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Figure 2-3 The pulsed field gradient spin echo pulse sequence: Similar to the SE pulse sequence with 

the addition of a pair of displacement encoding gradients in the direction of interest. The gradients 

are employed to encode the molecular self-diffusion in the system. In practice, the experiment is 

performed with different values of the diffusion gradients, and, then, diffusion is calculated from the 

slope of the ln(S(Gd)/S(O)) vs. b-factor curve. 
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By systematically changing Gd, 8, ~' and plotting ln(S(Gd)/S(O)) vs. b-factor, the 

diffusion of the sample can be extracted from the slope of the curve. In practice, usually, 

the experiment is repeated for several different values of Gd, while keeping 8 and ~ 

constant. This pulse sequence is not suitable for samples with short T 2 and slow diffusion, 

as minimal phase accumulation may be obtained in reasonable ~ time. 

One can also employ the PFGSE pulse sequence for the study of coherent flows [9]. In 

this case, the flow displacement and velocity information is extracted from the phase shift 

(0 = yGct«S(Llr) = yGctV«SLl), which is introduced to the spin system due to spins' 

coherent Llr displacement. Practically, the difference between two measurements is 

considered with an increment in the velocity-encoding gradient. In this way, the phase 

shift accrued due to any background gradient is also removed. 

Spatial encoding gradients can also be incorporated in 2 or 3 spatial directions for 

multi-dimensional diffusion/velocity weighted imaging. 

2.5 Signal localization 

The generated signal, in fact, is a sum of local signals from all parts of the sample, 

referred to as the bulk signal. For a spatially homogenous sample, the local signals are the 

same, and as a result, no signal localization is required. However, most samples are 

heterogeneous, and this makes the signal localization necessary. 

Signal localization, which is accomplished with the help of the magnetic field gradient 

system, is basically of two types: selective excitation and spatial encoding. Slice selective 
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excitation is not covered here, as it is irrelevant to the subsequent chapters. The basic 

concepts of the spatial encoding, however, will be covered through the k-space concept. 

2.5.1 K-space 

K-space is a mathematical domain where the acquired MR image signal is stored as 

digitized data. In fact, the k-space formalism establishes a mathematical connection 

between the spatial encoding and the Fourier transform [10]; the MR image is 

reconstructed from k-space by inverse Fourier transformation. As k-space is the 

reciprocal of image space, the field of view (FOV) of an MR image is determined by the 

spacing between adjacent points in k-space (FOV = 1/ .6k). The image nominal 

resolution, on the other hand, is determined by the width of the k-space sampled 

(<5 = 1/Zkmax). To meet the Nyquist-Shannon sampling theorem and avoid aliasing (i.e. 

also known as "fold over" artifact; misregistration of the signal outside of the FOV to the 

opposite side of the image), the FOV must be equal to or larger than the object being 

imaged. The center of k-space stores low frequency information determining the contrast 

and gross structure, while the image fine details are determined by the high spatial 

frequency data, which is mapped to the outer peripheral regions of k-space. For noise 

reduction, low pass filters (e.g. an exponential filter) may be employed, as noise is a high 

spatial frequency low amplitude component. The filtering is usually performed in the k

space domain by a multiplication with the filter function. As in other imaging 

applications, a line broadening without decreasing the image resolution is needed, the 

rule of thumb is to not perform a convolution with a function broader than the image 

pixel size. 
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The reciprocal space vector, k, is defined as: 

1 
k = 2TI yGt (15) 

In accordance to Eq. (15), the two parameters, which may be varied for the navigation of 

k-space, are the gradient G or time t. In fact, the location of the data in k-space depends 

on the net strength and duration of the phase and frequency encoding gradients; a low

amplitude or short-duration gradient event encodes low-spatial-frequency information, 

and vice versa. Usually, a mixture of frequency and phase encoding is employed to fully 

sample k-space; each method encoding perpendicular directions. Frequency encoding 

makes the resonance frequency of the local signal linearly dependent on its spatial origin 

( w = w 0 + yGf. x). This is done by the application of a fixed gradient Gr in direction X 

for a varying time of tacq (i.e. acquisition time, number of sampled points multiplied by 

DW). For phase encoding, a known gradient Gp is turned on in direction Y for a fixed 

short time interval of tp, determined by the pulse sequence. During this time interval, 

local signals accumulate a phase angle (-yGP. y. tp) according to their spatial location. In 

the most basic sampling strategy (i.e. rectilinear sampling), k-space is filled line-by-line. 

Each line is sampled at each excitation during the frequency encoding. Between each 

repetition, the phase encoding gradient is incremented to move the sampled data to the 

next line in k-space in the ky direction. The change in the phase encoding gradient is 

constant between adjacent lines, and this results in a sequential line-by-line filling of k-
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space from top to bottom. For 3D imaging, an additional phase encoding gradient is 

applied in the 3rd direction. 

Although, conventionally, a mixture of frequency and phase encoding is employed to 

sample k-space, in the case of samples with short T2 or r;, pure phase encode imaging 

methods may be employed to acquire the signal before it substantially decays. In this 

scheme, k-space is traversed point-by-point rather than line-by-line, and consequently, it 

may be time consuming resulting in low measurement sensitivity. Pure phase encode 

methods, however, have certain advantages over conventional schemes [11,12]. They are 

immune to time-evolution artifacts because they freeze the time (i.e. the phase error due 

to the off-resonance effects is the same for all k-space points), whilst conventional 

methods are prone to artifacts due to Bo inhomogeneity, chemical shift, and susceptibility 

variations. Conventional sampling methods are also limited by the linewidth restriction 

on resolution (blurring) due to the signal evolution during encoding (i.e. the data 

acquisition window must be narrow compared to the signal lifetime). 

2.6 More advanced MR pulse sequences 

In this section we introduce more advanced MR pulse sequences, which are relevant to 

the subsequent chapters. These pulse sequences will be employed in Chapters 3 and 4. 

2.6.1 3D conical single point ramped imaging with T1 enhancement 

The 3D conical SPRITE pulse sequence (figure 2-4), a further development of the 

SPRITE sequence [12], is composed of a train of short broadband (non selective) RF 
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pulses separated by the repetition time TR [13]. Two imaging gradients are sinusoidally 

ramped while the third one is linearly ramped through a discrete number of gradient 

amplitudes for each cone (phase encoding in all 3 directions). In practice, 39 cones are 

employed to sample k-space. As RF pulses are applied in the presence of spatial encoding 

gradients, to achieve a homogeneous excitation, the duration of RF pulses must be short 

enough that their bandwidth covers the range of frequencies introduced by the magnetic 

field gradients. A single point from each resultant FID is acquired following a phase 

encoding time tp. Although not enough time is permitted for the recovery of the 

longitudinal magnetization between RF pulses, there is no longitudinal magnetization 

saturation of the central k-space point, as the data acquisition commences from the k

space origin proceeding to the extremes. Consequently, the MR signal at the k-space 

origin has the form of that of a FID, making conical SPRITE suitable for 3D spin density 

and r; mapping. 
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Figure 2-4 3D pure phase encode conical single point ramped imaging with T1 enhancement: only a 

few first points of a single cone are illustrated while, in practice, 39 cones are implemented for k

space sampling. 
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With the superposition of motion sensitizing gradients in the encoding interval in the 

desired spatial direction, this pulse sequence can be also made sensitive to motion [14]. 

Having all the benefits of the standard 30 conical SPRITE, the motion-sensitized version 

scheme is appropriate for the measurement of fast flows with short r;. Because the 

characteristic measurement time tp can be made sufficiently short, fluid displacement in 

the encoding interval lies within the image pixel resolution (i.e. no ghosting effect or 

signal cancellation in the case of turbulent flow). The method, however, has intrinsic 

temporal averaging of the data as the acquisition of a 30 image takes at least several 

minutes. 

2.6.2 3D motion sensitized single point imaging spin echo 

The 30 motion sensitized SE-SPI, as the name indicates, is a 30 pure phase encode 

pulse sequence that may be employed to obtain spatially resolved diffusion maps [15]. 

This pulse sequence, as shown in figure 2-5, is very similar to the standard PFGSE 

sequence with the exception of phase encoding gradients added in 3 spatial directions. At 

each excitation, the echo amplitude is acquired to fill a single k-space data point. The 

whole measurement is repeated for several different values of the diffusion-encoding 

gradients, referred to as q-values, to generate the 30 diffusion weighted map. Compared 

to the conventional 30 PFGSE in which frequency-phase encoding imaging gradients are 

employed, using only phase encoding imaging gradients in the 30 motion sensitized SE

SPI permits incorporating shorter echo times tE, making it appropriate to the study of 

heterogeneous materials with natural broad line widths. It also provides better image 

resolution compared to the standard PFGSE. The method, however, suffers from very 
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long total measurement time, as other pure phase encode techniques. This drawback, 

however, may be overcome through the employment of reduced k-space sampling 

strategies (see 4.3.2) [16,17]. 
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Figure 2-5 3D motion sensitized pure phase encode single point imaging spin echo: A composite 

refocusing hard excitation pulse can be incorporated for more accurate excitation, as illustrated. 

Only phase encoding in one direction is shown. 
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2. 7 Magnetic susceptibility 

When a material is exposed to a magnetic field B0 , a magnetization M~ is induced in 

the material, which is related to B0 through M~ = KB0 , where K is called the volume 

susceptibility. Since B0 and Mz have the same dimensions, K is dimensionless in the CGS 

system [18]. To obtain the value of dimensionless SI volume susceptibility X, one 

multiplies the dimensionless CGS value of volume susceptibility K by 4n. 

Another parameter defined from the volume susceptibility K is referred to as the molar 

susceptibility Xm: 

M 
Xm =K-

P 

where Mis the molar mass and pis the mass density. 

(16) 

Substances may have negative or positive susceptibility values. Those with no unpaired 

electrons have negative molar susceptibility Xm, and are termed diamagnetic. Substances 

with unpaired electrons have positive molar susceptibility Xm, are named paramagnetic, 

and show a stronger dependence on temperature ( oc 1 /T) compared to diamagnetic 

materials. 
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3 - Magnetic resonance imaging of velocity fields and the void fraction 

in a cavitating liquid 

3.1 Introduction 

In acoustic cavitation, the relationship between bubble dynamics on the micro-scale and 

flow properties on the macro-scale is critical in determining sonochemical reaction 

kinetics. In an acoustically cavitated liquid, cavitating bubbles are not stable. They 

change in size following the oscillations of the acoustic field, grow, move, coalesce, and 

eventually collapse. The motion of nuclear spins of the liquid in the changing magnetic 

field gradients near the bubbles will result in a complicated modulation of the MR 

relaxation by the average bubble size and dynamics. It can be shown that, depending on 

the characteristic measurement time and the mobility of the water near spherical bubbles, 

the MR relaxation will exhibit either mono-exponential ("fast diffusion regime") or a 

non-exponential behavior ("slow diffusion regime"). 

Moreover, if only the information on the void fraction is of interest, the void fraction 

estimate can be obtained by measuring the MR signal decay of spins of the liquid (water 

here) and extrapolating it to extract the spin density of the liquid, which will be 

proportional to the liquid density minus the bubble void fraction. This information can be 

used to estimate the compressibility of the cavitating liquid, and its influence on the 

macroscopic velocity field. 

In this chapter, we applied a new method based on 3D pure phase encode MRI 

technique with short characteristic measurement times tp (0.1-2 ms), which allowed us to 

44 



estimate the upper limits for mixing by microstreaming, and obtain information on the 

bubble void fraction. We also measured the 3D velocity fields in the cavitating fluid 

using a pure phase encode motion sensitized MRI method on a characteristic timescale of 

1 ms (3.5 min to acquire a 3D dataset). The relationship between the void fraction and the 

liquid compressibility was investigated. The exponential behavior of the MR signal decay 

indicated the fast diffusion regime, with the relationship between local mechanical 

dispersion D and the average bubble radius R, D »2R2/10-4 s, resulting in dispersion 

orders of magnitude greater than diffusion in quiescent water. In two different samples, 

distinguished by the presence or absence of surfactant, we showed how different 

interactions between the bubbles and the liquid result in a different void fraction, 

velocity, divergence, and vorticity of the medium. 

In inhomogeneous media, such as a strongly cavitating liquid, the magnetic field 

variation between the gas inside the bubbles and the surrounding water will produce 

distortions in conventional MRI methods as a consequence of the abrupt changes in 

magnetic susceptibility at the gas-liquid boundaries. Collection of quantitative data may 

be impossible. One can, however, use the susceptibility effects to one's advantage, if the 

sensitivity of the MRI technique to such distortions is controllable. All types of MRI 

measurements were phase-encoded techniques, and, as a result, immune to the image 

distortions produced by the susceptibility differences in cavitating samples, enabling the 

quantitative characterization of spin density. 
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3.2 Experimental 

Two samples with different bubble dynamics [1,2], water and water with the addition of 

1 mM of surfactant (sodium dodecyl sulfate [SDS]), were used. The experimental setup is 

shown in figure 3-1. All MRI measurements were performed on a horizontal bore 

superconducting 2.4 T magnet (Nalorac, Martinex) with the Apollo console (Tecmag, 

TX). A magnetostrictive ultrasonic transducer ( 19 .1 kHz, Industrial Sonomechanics, NY) 

with a 1.7 cm-diameter sapphire horn was immersed in a 12 cm-long cylindrical plastic 

cuvette (i.d. of 3 cm) with the solution. The cuvette was placed along the direction of the 

main magnetic field. The distance between the horn tip and the cuvette front wall was 1.9 

cm (1/4 wavelength). Imaging experiments were performed during cavitation with an 

acoustic output corresponding to an acoustic pressure of 5.7 Atm (measured in double

degassed water by a microphone in the front wall), with the horn tip velocity amplitude of 

0.46 mis, as measured by a KD-300 Fotonic Sensor (MTI Instruments, NY). The distilled 

water was doped with 5 mM of MnS04 to reduce the 1 H MR relaxation time. 
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Figure 3-l Experimental setup. All distances are in mm. 
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Spin density measurements employed the 3D conical SPRITE sequence with 8 

encoding times tp from 0.1 to 2 ms (two averages, 7 min acquisition time per step). For 

the sake of visualization, regions with void fraction greater than 30% were removed from 

the maps: They corresponded to a well-localized area at the top of the cuvette where a 

( several pixel wide) gaseous cavity formed as the result of degassing. The MRI 

measurements of a cavitating sample alternated with measurements of a stationary 

sample to acquire template data for phase correction to account for eddy currents induced 

by gradient switching, for both the spin density and velocity measurements. 

For the velocity measurements, a motion sensitized 3 D conical SPRITE was used ( see 

also 2.6.1) with the motion encoding gradient pulses of duration 8 equal to the 

displacement interval ~=8=0.5 ms and 9 velocity-encoding steps (3.5 min acquisition 

time per step), zero filled to 32 steps in postprocessing. The velocity encoding was 

performed in X, Y, and Z directions, Z being by convention the direction of the main 

magnetic field and opposite to the horn's orientation. Nominal spatial resolution was 0.9 

mm in X and Y and 1.25 mm in Z for all 64 3 datasets. 

In case of a displacement in the phase encoding direction during the encoding time tp, 

with the encoding gradient waveform not velocity compensated, there will be a signal 

phase shift leading to a misregistration ("ghosting") in the image located at x = v*tp, 

This was potentially an issue in our spin density measurements. To investigate the 

potential range of velocities present in the system, preliminary velocity measurements 

were performed prior to the series of spin density experiments. It was found that the 

measured velocities did not exceed 0.5 mis in Z direction, and were lower in the other 

directions. For the range of employed encoding times, the resulting misregistration would 
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be on the order of 0.05-1 mm. With the employed image resolution, therefore, the 

expected ghosting was less than the pixel size for the longest encoding time of 2 ms, and 

much smaller for other encoding times. 

3.3 Results and discussion 

3.3.1 Void fraction measurements 

Magnetic susceptibility is a measure of magnetization of a material placed in a 

magnetic field that either increases or decreases the magnetic field in the material. If an 

external magnetic field is applied to two materials with different susceptibilities, such as 

water and an air bubble, the magnetic field inside the bubble will be different from that in 

water, by about 9 .4 ppm. At the boundary, the magnetic field will change from one value 

to the other, thus generating a magnetic field gradient, which extends to proximity. The 

susceptibility difference can be quantified by MRI directly for macroscopic objects, if the 

imaging resolution is greater than the transition region, or, for microscopic objects, 

indirectly via changes in MR relaxation times. 

Changes in magnetic susceptibility at the boundaries of water containing pores in 

porous media have long been known to reduce MR relaxation times of the water due to 

the diffusion of the nuclear spins in the induced magnetic field gradients [3]. MR 

relaxation time measurements are used to measure pore size distribution and other 

properties of porous materials [ 4]. Here, we apply a similar approach by treating the 

cavitating liquid as a transiently porous material. 
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The signal intensity in a centric SPRITE sequence is that of the FID: S(t) = 

-tp 

S(O)e C Ti) [5]. Without diffusion, the local susceptibility changes ~X produced by the 

bubbles will reduce the r; relaxation time to: 

1 1 - = -+y~B(r) 
Ti Tz , ~B(r) = C~xBo (1) 

and C carries information on bubble size distribution, concentration and mobility. For 

stabilized spherical bubbles, an expression that takes into account the diffusion of spins 

D, the normalized void fraction <p, the average bubble radius R, and the characteristic 

measurement time tp can be analytically derived (from [6], corrected): 

1 _ 1 16 cp (1 2)
2 

[ (-Dtp) Dtp] 
~-r+s·o2t. 3YB0~XR . exp 2R2 -1+2R2 

2,new 2,B p 
(2) 

As can be seen from the Eq. (2) (following the discussion in [6]), the duration of the 

measurement time tp with respect to the average bubble radius, and the diffusion in the 

medium will result in two significantly different measurement regimes (Eqs. (3) and ( 4)): 

one where tp »2R2/D, and the decay constant has no dependence on tp (a purely mono-

exponential decay), the other where tp «2R2/D, and the decay constant varies with tp. 

The magnetic field changes are significant at a distance from the bubble that is on the 

order of the bubble radius (essentially, in the bubble boundary layer). For the mono-
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exponential decay, the measurement time tp must be longer than the average diffusion 

time for the spins in the bubble-induced magnetic field gradients. 

1 1 8 (1 )
2 

R
2 

-.- = -*- + -. <p. -yBo~X .-
T 2,new T 2,8 5 3 D 

if t » 2R2 
p D (3) 

1 1 2 (1 )
2 

-*- = -.- + -. cp. -yBo~X . tp 
T 2,new T 2,8 5 3 

if t « 2R2 
p D (4) 

Our shortest measurement time, tp=0.1 ms, is about two oscillation periods for the 

chosen ultrasound frequency. If the chosen measurement time range (0.1-2 ms) results 

throughout in mono-exponential decays, then the random motion of 1 H in H20 caused by 

cavitation in the acoustic field is much faster than self-diffusion. 

In our measurements, the mono-exponential fit was found to be satisfactory for both 

types of samples, with the adjusted R2 of 0.97-0.99 almost everywhere (except pixel

wide regions bordering the outer walls of the cuvette, R2=0.85-0.9), with the fitting 

uncertainty below 1.1 %, thus pointing toward the fast motion regime. We can introduce a 

local mechanical dispersion coefficient D as an analog of the self-diffusion coefficient 

that will characterize the water motion in the boundary layer of the bubble. It should obey 

the following relation: D »2R2/10-4 s. 

The average bubble radius is difficult to estimate due to a variety of bubble sizes and 

short/long bubble lifetimes: The modulation of the MR signal by the susceptibility effects 

produced by all the bubbles inside each voxel is averaged over the course of the 

measurement, i.e., several minutes. We have chosen to use 1 µm size as a conservative 
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estimate. For that radius, the mechanical dispersion coefficient will be in excess of 

2 * 10-8 m2 /s, an order of magnitude greater than the water diffusion coefficient. This is not 

a surprise as the water molecules next to the bubbles must move with the same speeds of 

those of the bubble boundaries. 

This result agrees with many observations in the literature that the microstreaming of 

the liquid around the cavitating bubble is quite fast and is one of the main factors 

responsible for the active mixing of the liquid (see for example, [7]). Our measurement 

represents an independent technique for obtaining information about the local liquid 

motion around the cavitating bubbles. 

Another, technical, consequence of the mono-exponential behavior of the MR signal is 

that it is straightforward to obtain an estimate of the bubble void fraction from the given 

measurements. Indeed, the information on the complicated motion of the liquid in the 

bubble-induced magnetic fields will be contained in the relaxation time parameter 

1/T;,cav, while the void fraction information will be proportional to the spin density 

S(O)cav, which can be extracted after the mono-exponential fitting. Its subtraction from 

the spin density map S(O)Noncav obtained for the measurements of the quiescent water 

sample (no cavitation) will yield the normalized void fraction map. 

The middle slices from 3D maps for the two samples shown in figure 3-2 demonstrate a 

much greater void fraction for water (A) than for the water/SDS mixture (B). This result 

is consistent with volumetric measurements in [8] wherein the total bubble volume was 

measured volumetrically, and the greatest drop in the bubble volume was found at 1 mM 

of SDS (the measurements, however, were performed at frequencies more than 10 times 

higher than in the present study). The highest void fraction is located near the center of 
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the horn for both samples. The measurement uncertainty is 1 %, making the void fraction 

data about 10 times greater than the uncertainty for the water samples, and about 2-3 

times greater than that for the samples with the SDS. The data represent not an 

instantaneous picture of the cavitating bubbles but the void fraction averaged over the 

measurement time (several minutes). 
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Figure 3-2 Middle slices from 3D void fraction maps for water (A) and SDS solution (B). The vertica l 

direction corresponds to the Y (vertical) orientation in the magnet. The horizontal direction is the Z 

orientation, with the externally applied magnetic field , against the ultrasound direction. The color 

scale is in percent of the density and is different in (A) and (B). 
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The void fraction numbers obtained with the method presented are higher than the ones 

obtained with optical methods [9]. In that paper, the authors applied two different optical 

techniques, laser diffraction (LD) and phase Doppler (PD), to investigate the acoustic 

cavitation cloud. The void fraction values of 10-5 -10·4 were obtained with LD and 5* 10-3 
-

10-4 with PD as functions of acoustic output at 10 (LD) and 15 mm (PD) distance from 

the tip of the horn. The LD technique utilized a laser beam of 9 mm diameter intersecting 

with the cavitation cloud in the probe volume of length 100 mm and as such was a 

spatially averaging method. The PD technique counted bubbles passing through the 

intersection of two laser beams and was a local and time averaging method. The 

techniques required a great level of finesse to overcome experimental difficulties 

associated with several factors contributing to the light scattering and diffraction, and the 

authors acknowledge that '' some of these [bubbles] can be missed and this can have a 

great effect on void fraction.'' Due to technical limitations of the optical techniques, it 

was impossible to perform measurements in the regions closer than 10 mm from the tip 

of the horn. 

At 10 mm from the horn, we measured the void fraction of 8 * 10-3 in water and 3 * 10-3 

in SDS ( averaged by the volume of the same size as for LD measurements in [9]). Here, 

we would like to point out the necessity of a reasonably high resolution for the MRI 

measurements: If there were no spatial encoding, and the signal from the whole cuvette 

would be measured, the variations in the spin density, and, in consequence, the void 

fraction, would be minuscule, and the sensitivity of MRI would not be sufficient to detect 

them. 
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While optical techniques can potentially miss the cavitating bubbles and thus 

underestimate the void fraction, the presented MRI measurement technique can 

overestimate the void fraction. As the measurement takes several minutes, large 

degassing bubbles will travel through the cuvette, reducing the measured spin density. 

Also, as the nuclear magnetization decreases with the increasing temperature, there is a 

potential mechanism of a cavitation-driven reduction in spin density due to 

demagnetization of spins by high temperature in the vicinity of collapsing bubbles. The 

reduction in magnetization would be small but comparable to the void fraction numbers. 

There are several other possible mechanisms responsible for the reduction in MR 

signal, but not, in our opinion, of the measured spin density. First, the MR relaxation time 

T; can be reduced by free radicals injected into the liquid after the bubble collapses, 

which, however, would only reduce T; without affecting the spin density. Second, the 

velocity-driven "ghosting" can contribute to the signal; however, for the given 

resolution and range of measured velocities, the ghosting should be contained within a 

single pixel. In addition, its effect would be greater in media with greater velocities. As 

the flow in SDS solution was faster while its void fraction data were lower than those in 

water, this mechanism does not appear applicable. 

3.3.2 Velocity measurements 

The mean velocity maps show the formation of a macroscopic flow along the direction 

of the sound, with a circulation around the horn (water and SDS sample Z velocity slices, 

shown in figure 3-3 A and B). A slice of the X component velocity map, taken at one 
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pixel (1.25 mm) from the horn's surface, shows that the circulation becomes quite strong 

near the horn (figure 3-3 C and D). It appears that the circulation pattern influences the 

geometry of the void fraction: The circulation refreshes the horn surface and directs the 

bubbles toward the center. In its tum, the absorption of acoustic energy by the bubbles 

leads to the flow, thus providing a feedback for more developed circulation and forming 

the cavitation cloud. This effect is more pronounced in void fraction, and velocity maps 

for the surfactant-containing samples. 
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Figure 3-3 Z component of velocity maps for water (A) and SDS solution (B). The color scale is in 

mis, and is different in (A) and (B). The inset at the top of figure 3-3 A is the profile of velocity at 

point #32 indicated by the dotted lines in (A) and (B). Figures (C) and (D) are slices across the cuvette 

at 1.25 mm from the tip of the horn (at pixel #16 in Z direction) through X component velocity maps 

for wate r and SDS solution. 
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The water flow is faster in surfactant solutions. A possible explanation is a better 

coupling between the bubbles and the surrounding water due to higher bubble stability. 

At the given ultrasonic frequency (19.1 kHz), acoustic streaming in the liquid is produced 

by the cavitating bubbles [10], and macroscopic motion of water is a result of a balance 

between the coherent and incoherent bubble motions. As the bubbles are produced at the 

surface of the horn, they are pushed away by the acoustic radiation force. The amount of 

water following them depends on the number and the total surface area of the bubbles. 

The SDS film prevents the bubbles from coalescing and growing quickly, leaving 

rectified diffusion (growth caused by the change in the bubble surface area and the 

gradient of pressure as a function of the bubble volume) as the main growth mechanism, 

which takes a much longer time than our measurement interval [ 11-14]. These factors 

result in the development of stronger and more coherent flow. 

A region of elevated velocity is also present in the surfactant solution at approximately 

1 
/ 4 wavelength behind the tip of the horn and at the region of expected accumulation of 

the bubbles of smaller than the resonant size [ 15]. The same region is manifest, to 

varying degrees, in the void fraction, velocity and divergence maps. 

The velocity profiles, as taken along the dotted lines in figure 3-3 away from the center 

of the horn (each velocity value is measured from a volume of 0.9*0.9*1.25 mm), are 

shown in the upper inset to figure 3-3 A. Two facts are worth mentioning: first, the 

velocity increase is consistent for the first 6 mm from the horn for both samples, where 

the void fraction is the greatest, and second, the acceleration of the fluid is much higher 

in the SDS sample: 37 m/s2 vs. 6.6 m/s2 (using dv /dt = vdv /dt). 
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The presence of the cavitating bubbles makes the two-phase fluid compressible. We can 

calculate the importance of compressibility for the flow behavior by comparing the first 

two terms in the continuity equation (figure 3-4 A and B): 

- - d(ln cp)/ div V + V. grad(ln cp) + dt = 0 (5) 

where cp is the normalized density expressed as the ratio of the spin density maps with 

and without the cavitation. 

60 



A 
Y(mm) 

75 

50 
~r~tt~»11.r11~~~1, 

25 !!~~:u~~J~~;;;~~r:~. 
0--------------....., 

100 

50 

0 

-50 

-100 

..--.. ... 
I 
~ 

t::::,.. 
> 
~ 

0 18 36 54 z (mm) 

C 
Y(mm) 

75 

00 18 36 

4 

2 

0 

-2 

-4 
54 z (mm) 

i 
~ 

ci' 
:§. 

~ 
b() 

t;:::... 

B 

75 

50 

25 

0 

D 

75 

50 

25 

Y(mm) 

100 

50 

0 
I 
~ 

> 
-50 :,e 

-100 

0 18 36 54 z (mm) 

Y(mm) 

2 
..--.. 

~~:~~:::::::~~:::~:::'~:~,::~:;;;:,:~:~ .. I 
~ 

ci' ~-~n ----,·· ---- fiij:, 

~~;~~~~~~l!i~i~~;iJ~i~~~~~;;~;~~ · 

0 
~ 

~ 
t'o 

-1 ,;:::... 

0 0 18 36 

-2 

54 z (mm) 

Figure 3-4 Middle slices of divergence maps for water (A) and SOS solution (B). C and D are the 

corresponding slices of V.grad(lnq>): The vertical direction corresponds to the Y (vertical) 

orientation, the horizontal is in the Z orientation, against the ultrasound direction. The color scale is 

in s·1
, as for (A) and (B). 

61 



The term of the density gradient is non-zero (figure 3-4 C and D), and is at its 

maximum next to the regions of highest void fraction, near the tip of the horn. The 

gradient density map for the water sample looks much more uneven than that for the 

surfactant solution, with both positive and negative regions noticeable, possibly because 

of more actively coalescing bubbles playing a large role. For the SDS sample, the high 

intensity region is further from the horn and is mostly positive, possibly indicating a 

region of bubble expansion. The gradient term of the equation is much smaller than the 

divergence of the velocity, which is larger, on average, by a factor of 50. 

The derivatives of the velocity data are noisy, with uncertainties as high as 28%, 

preventing a quantitative analysis. However, the major features of the velocity divergence 

and vorticity maps, localized near the horn tip, permit several qualitative observations. 

The velocity divergence for our system characterizes the conversion of acoustic energy 

into kinetic energy of the liquid and, as such, can be used as a measure of the interaction 

between the bubble cloud and the liquid. The high divergence area near the horn is wider 

and of greater magnitude for the SDS solution and is also at a greater distance from the 

horn than in the water sample: The bubbles that interact strongly with the liquid occupy a 

more extended area in the surfactant solution. In the water solution, the region of high 

divergence where the interaction is the greatest, is smaller and closer to the tip of the 

horn. This is presumably because the bubbles have not increased too much in size 

( coalescence reducing the bubble-liquid interaction further from the horn). 

The vorticity maps (the magnitude of curlV and angular velocity w = .!. ( curlV). Z are 
2 

shown in figure 3-5) show a higher turnover rate in the SDS solution in the region with a 

greater void fraction, indicating an active rotation locally. This is not noticeable in the 
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water sample. Another well-defined feature of the flow in the SDS solution is the 

opposite signs of the angular velocity on the opposite sides of the central jet, due to the 

rotation produced by the circulation of water (also seen in figure 3-3 D). 
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3.4 Conclusion 

In this chapter, we demonstrated the application of phase encoding MRI techniques 

with short characteristic measurement times (in the 0.1-2 ms range) to studies of acoustic 

cavitation. The technique allowed us to obtain data free from inhomogeneity-produced 

artifacts, and enabled a quantitative analysis of processes in the cavitating medium. 

We estimated the mobility of water in the vicinity of the cavitating bubbles: As the MR 

signal decay exhibited exponential behavior, the local mechanical dispersion D had to be 

at least an order of magnitude greater than diffusion in the quiescent water for bubbles of 

average radius 1 µm, and much greater still for the larger bubbles, as D »2R2/10-4 s· 

We presented a new technique to measure the void fraction, and applied it to two 

samples with different cavitation properties and average bubble volume. The technique 

represents an independent method for obtaining information about the local liquid motion 

around the cavitating bubbles. It should be noted that the analysis used here applies 

strictly only to spherical bubbles and thus has limitations. The approach can be further 

refined to obtain information about the bubble size distribution, when the analysis of 

susceptibility effects of various bubble sizes and shapes on the relaxation time is 

performed (see Chapters 4 and 5). 

We further quantified the flow processes in the system by measuring three-dimensional 

velocity fields, which demonstrated the relationship between the bubble dynamics on the 

micro-scale and the flow properties on the macro-scale. 

The bubble lifetime and evolution determine the flow of the surrounding liquid, which, 

in tum, participate in the formation of void fraction shape, directing the bubbles toward 

the center of the horn, thus creating a feedback mechanism. This mechanism can be 
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manipulated by a modification of the bubble dynamics via the addition of surfactants, 

leading to changes in both bubble and liquid flow fields, which can be quite useful in 

applications of strong cavitation. 

We believe that the presented measurement approach, phase encoding MRI techniques 

with short characteristic measurement times, are useful in studies of both acoustic and 

hydrodynamic cavitation [16] and multi-phase flow systems in general. 
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4 - Magnetic susceptibility based Magnetic Resonance estimation of 

micro-bubble size for the vertically upward bubbly flow 

4.1 Introduction 

In this chapter, we applied the approach developed for the MR analysis of stable micro

bubbles to studies of vertical bubbly flows using pure phase encode methods. We 

analyzed the general equation relating the void fraction, T; change, diffusion, and the 

average bubble radius, and showed that, due to slow diffusion in the quiescent water, the 

long measurement times make the use of pure phase encode methods impractical. 

However, much faster diffusion in the bubbly flows extends the fast diffusion limit down 

to short (2 ms) measurement times. This permits the use of the simplified analytical 

expression to extract the micro-bubble size information, both in bulk and spatially 

resolved, and enabling us to employ the pure phase encode conical SPRITE and SE-SPI 

measurements to accomplish that goal. 

We demonstrated that the strong bubble-induced reduction in T; necessitates the use of 

very short encoding times and pure phase encode methods to accurately measure the void 

fraction. 

Average bubble sizes were measured at various airflow rates. There was an expected 

underestimation of bubble sizes at faster airflow rates due to the limitations of the theory; 

derived for small bubble sizes and non-interacting bubbles (low void fractions and 

airflow rates). This approach lends itself to studies of bubbly flows and cavitating media 

characterized by small bubble sizes and low void fractions. 
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4.2 Theory 

Gaseous bubbles have different susceptibility from surrounding water, and this 

introduces a field gradient which alters the MR T; relaxation time. The broadening of the 

magnetic field within voxels is the reason for local T; changes, which can be described 

by Eq. ( 1) in the absence of diffusion: 

1 1 - = - + yllB(r) 
Ti Tz ' 

LlB(r) = CllxBo (1) 

where y is the gyromagnetic ratio, C carries information about the spherical bubble radius 

and position, Llx is the magnetic susceptibility difference, B0 is the magnetic field in free 

space, and LlB(r) is the field offset. For a sphere of radius Rand magnetic susceptibility 

Xi immersed in a medium with different magnetic susceptibility Xz, the field offset can be 

expressed in the spherical coordinate system as ( assuming a uniform static magnetic field 

B0 along the Z axis) [1]: 

1 (R)3 LlBz (r, 8) = 3. B0 • (x2 - X1). ; . (3 cos2 8 - 1) (2) 

The magnetic susceptibility variation within the sample also reduces the MR T2 

relaxation time, which occurs as a result of phase accumulation by spins diffusing 

through the local perturbations. Magnetic susceptibility induced MR T; changes in the 

presence of diffusion cannot be described by Eq. (1) anymore. After the initial RF pulse 
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has created a transverse net magnetization, the spins diffusing in different regions near 

the bubble will acquire different phases. As a result, their initial phase coherence will be 

lost and the net magnetization will decrease as a function of flx, B0, position r, bubble 

radius R, and the diffusion coefficient D. Assuming the Gaussian spin phase distribution 

in the voxel, we can apply the Anderson-Weiss mean field theory to the signal in the 

presence of stable micro-spheres as magnetic field perturbers [2-4]. The resulting 

expression takes into account the diffusion of spins D, the normalized void fraction q>, the 

average bubble radius R, and the measurement time tP (from [5], corrected): 

1 _ 1 16 cp (1 2 )
2 

[ (-Dtp) Dtp] 
* - r + s· 02t . 3YB0flxR . exp 2R2 - 1 + 2R2 
2,new 2,B p 

(3) 

The expression has been tested experimentally for the case of stable micro-spheres, in 

particular in [5], showing a qualitative agreement between the experiment and theory but 

with a difference on the order of magnitude in control and practical micro-spheres. Two 

asymptotic limits can be defined based on the characteristic measurement time tp with 

respect to the average bubble radius and the diffusion in the medium: 

1 1 8 (1 )
2 

R
2 

-*- = -*- + - . <p. -yBoflX . -
Tz,new Tz,B 5 3 D 

if t » 2Rz 
p D (4) 

1 1 2 (1 )2 -.- = -.- + - . <p. -yB0flX . tp 
T z,new T 2,B 5 3 

if t « 2Rz 
p D (5) 
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In Eq. ( 4 ), the fast diffusion limit, the decay constant has no dependence on tP ( a purely 

mono-exponential decay). We can interpret it as follows: the magnetic field changes are 

significant at the distance from the bubble of the order of the bubble radius, and the spins 

must have enough time to sample this region ( the measurement time must be longer than 

the average diffusion time for the spins to diffuse in the bubble induced magnetic field 

gradients). In the other limit, Eq. (5), the decay constant varies with the measurement 

time. 

It is important to point out that Anderson-Weiss mean field theory [ 4] and its 

consequent developments ( among others, papers by Stables et al. [ 6] and Dharmakumar 

et al. [5]) require the randomness in the spin motion (the Gaussian-Markov process) to 

simplify the correlation function and come up with the analytical description that is 

employed here. However, the random spin motion can be of any origin: the molecular 

diffusion as well as the mechanical dispersion will satisfy the theoretical requirements as 

long as the spins randomly move in the area with bubble-induced magnetic field 

gradients. In the studied system, air bubbles rising in stagnant water introduce a 

substantial velocity gradient into the water motion, and this velocity gradient takes place 

on the scale of a bubble size. Migration of water molecules across the velocity gradient 

greatly enhances the random molecular displacement in a manner akin to Taylor 

dispersion due to the shear flow on the bubble scale, i.e. where it is the most important. 

We will continue to use the term "diffusion" in this paper, but with an understanding that 

a more correct term is "dispersion". 

Figure 4-1 A, where bubble-induced relaxation rate is plotted as a function of the 

bubble radius, shows general Eq. (3) for the void fraction cp of 0.018, measurement time 
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tp of 2 ms, magnetic susceptibility difference l::,.X of 7 ppm, magnetic field strength B0 of 

4.8 T, and different values of diffusion coefficient D. The dashed line in the figure 

represents the fast diffusion limit (Eq. ( 4)) for the fastest diffusion value. The parabolic 

regions close to the origin correspond to the fast diffusion limit where Eq. ( 4) is 

applicable, and where information on bubble size can be reliably extracted. The 

equation's use beyond that limit will lead to a bubble size underestimation. This problem 

can be overcome by employing longer measurement times, as it will shift the fast 

diffusion limit into the larger bubble size region. In figure 4-1 B, the general Eq. (3) is 

plotted for the measurement time tp of 15 ms and three different values of diffusion 

1 *10-5
, 5*10-6

, and 1 *10-6 m2/s, while other parameters are kept unchanged. One can see 

that for 15 ms measurement time, the use of the fast diffusion limit (Eq. (4)) extends 

much further. Here, the fast diffusion limit is plotted in solid, dashed, and dotted lines for 

the same diffusion values. 
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Figure 4-1 Theoretical analysis (Eqs. (3) and (4)): (A) Bubble-induced relaxation rate in s·1 vs. bubble 

radius in mm for the measurement time of 2 ms for various diffusion coefficients. The fast diffusion 
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the measurement time of 15 ms and the diffusion coefficients D values of 1 *10·5, 5*10·6, and 1 *10-6 
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diffusion values. 
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The same analytical approach generates an expression linking the MR T 2 relaxation 

with the void fraction, diffusion, and average bubble radius. However, it exhibits a non

monotonic behavior versus the bubble size, complicating the bubble size analysis based 

on T 2 measurements, so it was not explored further. 

4.3 Methods 

Figure 4-2 shows the experimental setup. All MRI measurements were performed on a 

vertical bore superconducting 4.8 T magnet (Cryomagnetics, Tennessee) with the Apollo 

console (Tecmag, TX). The sample was placed in a 2 cm diameter cylindrical glass tube 

open on top for free air flow, and equipped at the bottom with a 1.2 cm diameter frit (14-

16 µm sized porous glass, "medium" size, Aldrich, ON) with a ball valve. The tube's 

bottom end was connected to an adjustable Matheson flow meter and then to a source of 

air regulated to flow at 6 different rates: 12.43, 22.67, 36.37, 52.96, 72.4, 94.92 cubic 

centimeter per minute (CCPM). The liquid phase was doped by either 0.4 mM or 5 mM 

of manganese sulfate (MnS04) to reduce the MR longitudinal and transverse relaxation 

times for faster acquisition. It should be noted that an addition of 5 mM of MnS04 

reduces the susceptibility difference by 25%, which must be taken into account [7]. 
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Optical measurements were performed with a Sony HDRFXlOOO High Definition 

MiniDV Handycam Camcorder with 20x optical zoom and side illumination. The 1 ms 

shutter speed was employed to facilitate distinguishing individual bubbles. Bubbles with 

well-defined shapes were measured, and the results were averaged. 

4.3.1 Bulk measurements of void fraction, T2, and diffusion: 

The standard single RF pulse sequence was used to obtain the FID of 5 mM of MnS04 

solution with 2048 acquisition points, DW of 10 µs, and 1 signal average. The sample 

glass tube was filled with solution to completely occupy the RF probe sensitive volume. 

The measurements were done for 6 airflow rates ( see above) and the stationary sample. 

The FID amplitudes were used to calculate the bulk void fraction for each flow rate. 

For the r;-diffusion distribution map, we employed the standard PFGSE sequence, and 

acquired the right half of the echo of 0.4 mM of MnS04 solution with 512 acquisition 

points, DW of 31.5 µs, and 4 signal averages. The measurements were done for 20 

nonlinearly spaced values of diffusion weighting gradients (0 - 10.8 g/cm) with 8=0.5 ms 

and ~= 10 ms. The 2D inverse Laplace transform was employed to obtain the r; -diffusion 

distribution [8]. 

4.3.2 3D measurements of void fraction, T2, and diffusion: 

The spin density and r; mapping employed the 3D pure phase encode conical SPRITE 

sequence (see 2.6.1 ). The measurement was done on 5 mM of MnS04 solution at the 

same 6 airflow rates as the bulk measurements, with the total measurement time of 1 h 
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for each dataset, which included 8 different encoding times from 0.12 to 2.02 ms with 

two signal averages and nominal spatial resolution of 0.625 mm for Z and 0.47 mm for 

the X and Y directions. The RF excitation pulse length was 3. 7 5 µs ( corresponding to the 

Ernst angle of 22.5°). The MR signal equation at the k-space origin for conical SPRITE 

has the form of the FID equation [9], so data was fitted to a mono-exponential model 

-tp 

(M~ sin(a)e Ti ) yielding the 3D spatially resolved T; maps. For the void fraction 

measurement, the MRI measurements of the bubbly flow alternated with the 

measurements of the stationary sample (i.e. no gas flow), and the void fraction map was 

calculated using Eq. ( 6): 

(M~ sin(a))st - (M~ sin(a))bubbly 

cp = (M~ sin(a))st 
(6) 

Using non-velocity compensated spatial encoding gradient waveforms could lead to a 

ghosting artifact, in the case of a displacement in the phase encoding direction during the 

encoding time tp. However, the maximum flow velocity for samples in the Z direction 

did not exceed 10 emfs (as checked by MR velocimetry) and was less for the other 

directions. This means the resulting ghosting for the longest phase encoding time 

employed was less than the pixel size (0.625 mm) and much lower for the other encoding 

times. 

The volume-averaged void fraction was measured using Eq. (6) for two different phase 

encoding times, 0.1 and 1 ms, by integrating over the sample volume. 
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For the diffusion measurement, the 30 motion sensitized pure phase encode SE-SPI 

(see 2.6.2) was used for 8 different q-values at the same airflow rates and nominal spatial 

resolution as the void fraction and T{ maps with four signal averages. The diffusion 

encoding was performed in the Z direction: the direction of the main magnetic field and 

gas flow. The diffusion weighting gradients up to 21.6 g/cm were used with TE=4 ms, 

8=0.5 ms, ~=1 ms, and the encoding time tp=0.62 ms. 

With 4 ms for the echo time and 130 ms for the magnetization recovery time, one time 

scanning of the complete 643 dataset would take about 10 hr. This issue was resolved by 

using a reduced k-space sampling approach, cutting the measurement time down to less 

than 20 min for each q-value for each signal average [1 O]. A template was obtained doing 

the zero q-point measurement for the no flow condition. Then, all k-space points with the 

magnitude lower than a threshold and their corresponding imaging gradient values were 

identified and withdrawn. For all MRI measurements only significant k-space points were 

sampled and omitted points were replaced by zeros. Since the insignificant k-space points 

were mostly located in the periphery of the reciprocal space, filling the reduced k-space 

with zeros acted like a low pass filter. Much shorter measurement time and higher SNR 

could be achieved by using Gadolinium based agents such as GdCh, however, the high 

sensitivity of relaxation parameters of the Gd-based solution to small temperature rises 

caused by active magnetic field gradients was discovered to be problematic. 
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4.4 Results and Discussion: 

4.4.1 Bulk Measurements: 

The bulk and 3D SPRITE volume-averaged measurements of void fraction demonstrate 

the scale of Ti changes induced by bubbles in the bubbly flows. In figure 4-3 A, the void 

fraction is shown to be linearly dependent on the airflow rate while the strong Ti effect 

driven by the susceptibility difference is negligible (very short phase encoding time). The 

void fraction measured by volume averaging of 3D SPRITE data with the phase encoding 

time of O. lms still shows a linear dependency on the airflow rate (figure 4-3B), while for 

the void fraction obtained by volume averaging of 3D SPRITE data acquired at the longer 

phase encoding time of 1 ms, the deviation from the linearity rapidly increases with the 

airflow rate (figure 4-3 C), becoming more than 5 times greater than the short encoding 

time data. This result proves the Ti change in the sample due to the presence of bubbles, 

and suggests that this effect is large enough to show up at long time scales, and can be 

ignored only by the employment of very short measurement times. Figure 4-3 D 

demonstrates how the susceptibility driven relaxation rate changes linearly with the 

airflow rate. 
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induced relaxation rate in s-1 vs. airflow rate in CCPM. 
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The relaxation effects are reduced at shorter encoding times. If one desires to measure 

the void fraction map without performing r; mapping (as was the case in this work) but 

rather by simply using the SPRITE sequence with short encoding times, it is imperative 

first to measure the signal in the absence of the bubbly flow. The resulting dataset will 

carry information on the r; of water in the absence of the flow, with a single point 

-tp 

intensity of S = S0 e CT; ) . The intensity of the dataset for the bubbly flow will be then 

( 
1 1 ) tp 

-tp '"""T+ * -( * ) 
S = S0 e T 2 T 2,bubble • The intensity will be then reduced by the factor of e T z,bubble • 

If the deviation of less than 5% from the true value of the void fraction is desired, then it 

is easy to show that tp = -r;,bubble * ln(0.95). Having * 
1 

=300 s-1 as for our 
T 2,bubble 

highest flow rate, the encoding time required for accurate measurements of the void 

fraction must be less than 170 µs. 

r;-diffusion distribution maps are displayed in figure 4-4 A-C for the airflow rates of 

(A) 12.43, (B) 36.37, and (C) 94.92 CCPM. Axes are in logarithmic scales. As the 

airflow rate increases, diffusion increases steadily up to 10-5 m2/s until two distinct peaks, 

separated both along the diffusion and r; relaxation axes, appear at the highest airflow 

rates (starting at 72.4 CCPM, not shown). This indicates a transition from the clustered 

bubbly flow to slug flow; characterized by the appearance of large (several mm radius) 

and coalesced "cap" bubbles, which is also confirmed by visual observations. 

For the measurement time of 15 ms, the maximum bubble size reliably estimated from 

the r;-diffusion and the void fraction data is on the order of 0.07 mm. The employed 

model assumes bubbly flow well separated spherical bubbles. For the lowest airflow 

rates, this requirement still holds, and we can calculate the average bubble size as a 
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function of the airflow rate, shown in figure 4-4 D. The model considers bubbles as non

interacting spheres. When bubbles grow, they begin to interact, and the model will no 

longer be useful. We can estimate its upper applicability range as the one when diffusing 

spins experience magnetic field gradients of more than one bubble. We can represent 

each bubble as surrounded by a sphere of doubled radius. The close-packing of equal 

spheres has a maximum filling volume fraction of 0.74. For the case of bubbles as equal 

spheres surrounded by double radius spheres, the maximum void fraction is then 0.74/8 = 

0.0925. This, of course, is the uppermost limit; in reality, bubbles begin to interact at 

much lower void fractions. 

When bubbles interact, regions with the magnetic field gradients begin to overlap, and 

the total gradient experienced by water spins in the bubbles' vicinity will be reduced. 

Therefore, at very low airflow rates, when the bubbles do not interact, the relaxation rate 

will follow linearly the airflow rate increase. When the airflow rate increases further, and 

the bubble numbers become such that the bubbles actively interact and coalesce, the 

relaxation rate will increase more slowly. To summarize, we should expect that the 

average bubble size, as measured with the proposed approach, would be underestimated 

at higher airflow rates. 

The optical method, on the other hand, overestimates the bubble size as larger bubbles 

prevent detection of smaller ones, and the light reflection on their menisci visually 

exaggerates bubble sizes. There is also a principal difference in that the employed optical 

measurement does not measure the bubble density, only their average sizes at a fixed 

moment in time whereas the MR measurement uses the signal averaged over time and 

over volume: either over the whole sample as in the bulk measurement or over the voxel 
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as in the 3D spatially resolved measurement. The bubble radius estimates obtained with 

the bulk MR and optics-based methods are compared in figure 4-4 D. The error bars of 

the optics-measured bubble size show the standard deviation, which increases with the 

airflow rate (not completely shown for the highest flow rate as the bubble size becomes 

comparable with the pixel size) where the presence of ( at least) two distinct bubble sizes 

manifests itself also in the MR measurements. 

84 



-1 -1 

-1 .5 -1.5 

-2 -2 

E -2.5 E ·2.5 
« N « N .... .... 

-3 -3 

-3.5 -3.5 

-8 -6 -4 -2 0 -8 -6 -4 -2 0 

Diffusion [m2/s] Diffusion [m2/s] 

-1 

D 
-1.5 0.3 

0 optics-based 

'e' • NMR-based 
-2 

.5, 0.25 

Cl) 

E 
:, 02 

« N 
-2.5 i 

I 
.... D: 0.15 

.! 
-3 :8 

::J 0.1 

i a:i 

-3.5 0.05 ! 
' t 

-8 -6 -4 -2 0 00 20 40 60 80 100 

Diffusion [m2/s] Flow Rate [CCPM] 

Figure 4-4 The Ti-diffusion distribution map for the airflow rates of: (A) 12.43, (B) 36.37, and (C) 

94.92 CCPM. Axes are in logarithmic scales. (D) The average bubble radius estimates in mm 

measured with bulk MR and optical methods for 6 different airflow rates. 
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4.4.2 Spatially Resolved Measurements: 

SPRITE MRI seems a promising technique for the study of two phase gas-liquid 

dynamic systems (generally all systems that can be described by time averaged 

properties) for four main reasons: (1) it can image samples with short r; due to short 

encoding times, (2) it is not affected by time domain artifacts like those caused by 

magnetic susceptibility and chemical shift, (3) fast flow rates can be imaged successfully 

without being affected by the ghosting effect because of its short characteristic phase 

encoding times, and, (4), when combined with a centric k-space sampling scheme, it can 

provide quantitative spin density weighted images. A typical SPRITE acquisition time for 

a 3D dataset is several minutes so the information about a fast-changing sample becomes 

statistically averaged. The characteristic measurement time of SPRITE, however, is the 

encoding time, i.e. time between the RF pulse and the data acquisition of the resulting 

FID, and it can be quite short. In our measurements, the longest encoding time was 2 ms. 

That imposed limitations on the average bubble size estimation: for bubbles larger than 

-0.05 mm, the fast diffusion limit would not hold (see Theory and figure 4-1). That also 

means that the magnetization decay would no longer be mono-exponential if larger 

bubbles dominated the volume. 

We performed r; mapping with the 3D conical SPRITE by acquiring datasets at 8 

different encoding times for the airflow rate of 36.37 CCPM, and did the mono

exponential fitting of the measured FID to extract both the spin density and r; 

information. The goodness of the mono-exponential fitting was checked by calculating 

the R2 values. Figure 4-5 A shows the middle slice of the resulting 3D R2 map. R2 values 

greater than 0.95 almost everywhere confirm the mono-exponential fit as a perfect model 
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for the void fraction and Tl mapping (R2 value can take any value between O and 1 and 

closer to 1 means a better fitting) except near the top of the sample where R-square 

values are lower. That was expected as the gaseous bubbles, after propagation through 

the liquid phase started coalescing and approaching the free surface by forming non

spherical over-sized bubbles comparable to the pixel size. The quality of the diffusion 

measurement mono-exponential fit was also found to be satisfactory based on its R2 map 

(figure 4-5 B) except for the right end of the sample starting at column# 43 to the right, 

which is omitted in the figure. This portion of the sample was lying in the non-linear part 

of the RF probe with a 12% reduction in sensitivity. This manifested itself more in the 

SE-SPI measurement where an exact refocusing pulse is required. 
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Figure 4-5 The middle slice of the R-square map for: (A) T; fit of the SPRITE T; mapping, and (B) 

diffusion fit of the SE-SPI diffusion mapping. R 2 value closer to 1 is indicative of a good agreement 

with the mono-exponential decay. The pixel size in the Z and X or Y direction is 0.625 mm and 

0.47 mm, respectively. Maps correspond to the airflow rate of 36.37 CCPM. 
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The mono-exponential decay of the conical SPRITE signal made it straightforward to 

extract r; relaxation time and spin density (void fraction) information. The middle slice 

of the 3D void fraction map is presented in figure 4-6 A. Figure 4-6 B shows the axial 

view of the void fraction taken from column # 17 immediately next to the frit (indicated 

by the white dashed line in figure 4-6 A). The middle slice of the 3D bubble-induced 

relaxation rate map is also shown in figure 4-6 C, and figure 4-6 D illustrates the bubble

induced relaxation rate on the same axial plane. According to the axial view maps, the 

highest void fraction and bubble-induced relaxation rate values are located on the upper 

left comer and lower central part of the frit. The non-uniformity of the void fraction and 

bubble-induced relaxation rate values on the axial maps indicates an uneven gas stream 

through the frit, which was caused by blocked holes. The analysis of the Y-Z views 

reveals that void fraction and bubble-induced relaxation rate values are higher close to 

the frit, and they become smaller as moving away from the frit to the other end of the 

sample. This may suggest that it is the density of gaseous bubbles that is the determining 

factor. This agrees well with our visual observations in which a denser population of 

bubbles was observed at the bottom of the sample where the glass tube had its smallest 

diameter; as bubbles reached the wider section of the glass tube they scattered all over the 

available space. It should be noted that the data does not represent an instantaneous 

image of the bubbles, but an average void fraction and bubble-induced relaxation rate 

over the measurement time (several minutes for each phase encoding times). 
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Figure 4-6 The 30 void fraction map: (A) middle slice, and (B) axial view. The color scale shows void 

fraction numbers. The 30 bubble-induced relaxation rate map: (C) middle slice, and (0) axial view. 

The color scale is in s-1
• The position of the axial views is indicated by the white dashed line for each 

case. The pixel size in the Z and X or Y direction is 0.625 mm and 0.47 mm , respectively. Maps 

correspond to the airflow rate of 36.37 CCPM. 

90 



With SE-SPI, reading the MR signal in the absence of the spatial encoding gradients 

enables a narrow filter width for better SNR. No linewidth restriction on image resolution 

(no extra blurring), as the other positive feature of the sequence, makes the sequence a 

perfect choice for accurate diffusion measurements in heterogeneous media where 

magnetic susceptibility variation within the sample can be an obstacle for quantitative 

measurement. The middle slice of the 3D diffusion map is illustrated in figure 4-7 A. We 

hypothesize at least two different mechanisms pushing the diffusion about 103 times 

greater than that of ordinary water: the bubble density and bubble coalescence. The 

diffusion map shows the formation of the greatest diffusion values where an active 

coalescence of micro-bubbles and generation of over-sized ones was occurring (the right 

end). Two other distinct diffusion regions on the left half of the map correspond to areas 

with a dense population of primary and secondary micro-bubbles. 

Figure 4-7 B shows the resultant bubble size distribution map. Numbers, representing 

the average radius of bubbles, are in the range of 5-100 µm with the smaller numbers 

close to the frit (region 1 ), and bigger ones occupying region 2: this illustrates the growth 

process of gaseous bubbles, which is mainly governed by the coalescence of primary 

bubbles observed in region 1. 
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Figure 4-7 (A) The middle slice of the 3D diffusion map. The color scale is in m2/s. (B) The middle 

slice of the average bubble radius distribution map. The color scale is in meters. The vacant spaces 

correspond to zero void fraction and bubble-induced relaxations rate values. The pixel size in the Z 

and X or Y direction is 0.625 mm and 0.47 mm, respectively. 
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The average bubble radii obtained with the 3D SPRITE/SE-SP! measurement are in 

good agreement with those obtained with the bulk measurement. There is also a 

reasonable agreement with the optical measurements at the low airflow rates. 

As discussed in the theory section, this analytical approach holds as long as the spin 

motion in the bubble vicinity is random, no matter if it is caused by the molecular 

diffusion or by bubbles rising in water. Our dispersion measurements yielded values of 

dispersion 1000 times greater than diffusion in quiescent water. The bulk measurements 

agree well with our spatially resolved measurements of dispersion, meaning that the 

bubble-inflicted stochasticity takes place at less than the voxel-size level. High R2 values 

for the mono-exponential fitting of the diffusive decay further indicate that there is a 

uniform mixing on the voxel level (i.e. two distinct pools of water with different diffusive 

decays are not present). Furthermore, inside each voxel for the airflow rates employed in 

this paper, there are at least 12 bubbles of 30 µm radius. The signal from each voxel thus 

will be an average over all these different ensembles of spins. It is not the goal of this 

paper to identify a specific randomization mechanism of the spin motion near the bubbles 

but it is reasonable to state that there are two levels of randomness present in the system 

under investigation: one at the molecular level (molecular diffusion), and the other, 

dominant, at the bubble level. Reasonable agreement between the optical and MR 

measurements, in our opinion, lends further support to this statement. 

4.5 Conclusion: 

In this paper, we evaluated the applicability of pure phase encode methods, SPRITE 

and SE-SPI, for measurements of void fraction and average micro-bubble size (up to 0.07 
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mm) in vertical bubbly flows. To this end, we employed an approach previously 

developed for the analysis of MR signal from a medium-filled stable micro-bubbles. The 

air-water susceptibility difference at the bubble interface generates magnetic field 

gradients; reducing the MR T;. The approach has been previously applied to extract 

information on local pressure parameters when the initial micro-bubble size is known 

beforehand [5,11,12]. We attempt to extract information on the unknown micro-bubble 

size from MR parameters. For that to be successful, it is essential that the water motion in 

the bubbly flow satisfies the fast diffusion limit with respect to the measurement time. 

For quiescent water, the fast diffusion limit requires long measurement times 

incompatible with short encoding times in the SPRITE sequence. However, a very fast 

dispersion in bubbly flow, three orders of magnitude faster than in quiescent water, 

makes the use of phase encoding methods practical. The combination of void fraction, 

r;, and dispersion maps yields the 3D resolved bubble size maps. 

The theoretical analysis is derived for non-interacting bubbles so it is expected that as 

the number of bubbles increases with the airflow rate, the bubble size estimates will be 

underestimated. For low bubble density (void fraction) and small micro-bubble sizes, the 

measurement reliability increases. This makes the presented measurement well suited for 

studies of micro-bubbles in cavitating media where the bubble sizes do not exceed 

several dozens of microns and the void fraction is on the order, or well below, 1 % for the 

total volume [ 13]. With the limitations of the analytical approach, Monte-Carlo 

simulations [ 12, 14] should be considered as an alternative technique to relate the average 

bubble size, dispersion, and MR relaxations at greater void fraction and airflow rates. 
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The measurement approach, an acquisition of statistically averaged MR signal 

modulated by the air-water susceptibility difference in the bubbly flows, represents an 

interesting counterpoint to recent ultra-fast MRI measurements of a single bubble where 

the susceptibilities of air and water are matched [15]. While much more time-consuming, 

our approach enables measurements of micro-bubbles of sizes below MRI spatial 

resolution and at greater bubble numbers and faster airflow rates. 

The bulk measurements of the bubble size were robust and rapid. Although the 

susceptibility effects are naturally greater at higher fields, very strong changes in T; 

caused by the bubbly flows make possible an implementation of a similar type of 

measurement on medium-field benchtop systems for industry-oriented research. 
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5 - MR relaxometry of micro-bubbles in the vertical bubbly flow at a 

low magnetic field (0.2 T) 

5.1 Introduction 

Most studies on multi-phase systems (see Section 1.3 and Chapters 3 and 4 in this 

thesis) were performed at high magnetic fields [1-13]. Those studies employed advanced 

MRI techniques that required fine-tuned pulse sequences with a sophisticated 

manipulation of magnetic field gradients. Direct implementation of such techniques on 

low-field instruments is difficult, if not impossible. At the same time, a quantitative MR 

measurement performed on a low-field system could be of major practical interest, as 

such systems are commonly used in industry-oriented research. 

In this chapter, bulk measurements of vertical bubbly flow at a low magnetic field of 

0.2 T were performed. The void fraction measurement was straightforward. The 

susceptibility-induced modulation of the CPMG decay was quite considerable. To 

determine if a quantitative analysis of this modulation was possible, we applied Gaussian 

approximation approaches (as distinct from Dharmakumar's approach, employed in 

Chapter 4), originally developed by Sukstanskii et al. [14], for randomly distributed, 

randomly oriented, and isolated impermeable spheres, and Ziener et al. [15], for a simple 

model of a spherical particle. These new approaches are expected to provide better 

estimations than those from Dharmakumar' s. The simulations run by Dharmakumar et al. 

in [16], demonstrated a scaling factor of about an order of magnitude between theory and 

simulation results. In contrast, Ziener et al. obtained a very good agreement between their 
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theory and experimental results. This is partly because of larger number of assumptions 

made by Dharmakumar et al. for their derivation, and the fact that the analytical 

expressions by Sukstanskii et al. and Ziener et al. are based on geometry specific 

solutions of the diffusion equation through boundary conditions at these surfaces. 

Sukstanskii et al. also propose a very detailed validity criterion for their method, which 

permits a more reliable determination of the applicability range of their equations. 

The accuracy criterion of the Gaussian approximation was discussed, and its adequacy 

was verified by control measurements of two different suspensions of silica beads with 

the same void fraction and different bead radii, 1 and 3 µm. We analyzed the MR SE and 

CPMG signal attenuation functions that relate the void fraction, relaxation rate, spins' 

randomness, and average micro-sphere radius, in both long and short-time limits. The 

control measurements of the silica bead suspensions showed that long "characteristic 

measurement times" (i.e. inter-echo times) and smaller inclusion sizes permit describing 

the CPMG relaxation rate in the long-time limit regime as linear vs. inter-echo times, and 

obtaining estimates of the average inclusions' size with a good accuracy. 

Two simplified equations were extracted from the short and long-time regimes of the 

CPMG transverse relaxation rate expressions, which can, for appropriate inter-echo time 

values r 180, yield estimates of the void fraction and R2/D with basic relaxometry, without 

prior information on the system's diffusion or mechanical dispersion, or gas-liquid 

susceptibility difference. 

For bubbly flows, the much more complex dynamics of the system along with the 

shorter range of echo times ( employed due to the limited signal lifetime), added an extra 

error to the estimates due to the inherent limitations of the theory. Good agreement was 
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observed between the MR and optics-based estimates for the slowest airflow rate. The 

deviation, however, increased for higher airflow rates. The simplified equations provided 

void fraction estimates in excellent agreement with those measured from the FID, and 

better bubble size estimates than those obtained with the long-time limit equation. 

This approach seems well-suited for the study of multiphase systems like cavitating 

media and ideally separated bubbly flows. 

5.2 Theory 

Magnetic susceptibility is a measure of the magnetization of a material placed in a 

magnetic field that either increases or decreases the magnetic field in the material. When 

a magnetized object is embedded in a given medium with a different magnetic 

susceptibility, it perturbs the present uniform static magnetic field by introducing 

magnetic field gradients at the boundaries. This phenomenon can be described for a 

spherical object at a spherical coordinate system (r,8) in SI units with Eq. (1) [17] : 

1 (R)3 ~B(r) = 3. -;- . ~X- B0 . (3cos 2 8 - 1) (1) 

where ~X is the magnetic susceptibility difference, B0 is the present uniform static 

magnetic field, and ~B ( r) is the field offset created. These magnetic field perturbations 

play a significant role in the process of MR signal formation by enhancing the apparent 
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rate of MR spin-spin relaxation, which, in fact, occurs as a result of phase accumulation 

by spins diffusing through the non-uniform magnetic fields. 

Magnetic susceptibility-induced inhomogeneities originating from structure-specific 

objects (e.g. spherical or cylindrical inclusions) can provide useful information about the 

object's structure and function. Assuming a Gaussian approximation for phases 

accumulated by diffusing spins in the susceptibility induced field offsets, the MR signal 

can be formulated as [14]: 

S(t) = S0 (t)exp-r(t) (2) 

where S0 (t) is the MR signal from the bulk liquid, and f(t) is the signal attenuation 

function due to the presence of perturbers. For the SE signal (experiment with 90° -

tE/2 - 180° - tE/2), the attenuation function f(t) has been derived in [14] for 

randomly distributed and isolated impermeable spheres of radius R for two asymptotic 

limits: 

For the long-time limit tE » t 0 : 

In the short-time limit, tE « t 0 : 
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4 2 2 [3 3 36( 4 - "'2) 7 / 4 ] 
r(tE) = 45 cp(y~xBo) . to . 4T - 35rc112 T 2 + O(T ) (4) 

where cp is the void fraction, y is the gyromagnetic ratio, ~X is the magnetic susceptibility 

difference, Bo is the field strength, t 0 is the characteristic diffusion time, defined as R2/D, 

and T =tE/t0 . D, here, is a measure of the randomness of the spins' motion, which can be 

of any origin. Molecular diffusion or mechanical dispersion will satisfy the theoretical 

requirements as long as the spins randomly move across the bubble-induced magnetic 

field gradients. For the bubbly flows, bubbles rising in stagnant water introduce a 

substantial velocity gradient into the water motion, and the migration of water molecules 

across this gradient greatly enhances the random molecular displacement, hence, called 

mechanical dispersion. 

We can further simplify Eqs. (3) and (4) for very long and very short r times [14]. For 

very long echo time tE » t 0 (i.e. T » 1), the long-time expansion of the attenuation 

function (Eq. (3)) is linear in time, and the relaxation rate ~R2 induced by impermeable 

spherical objects can be approximated by the leading term in Eq. (3): 

(5) 

However, for smaller -r values, one should consider the contribution of the other terms, 

otherwise, it may lead to an erroneous result, as they remain substantial up to very large -r 

values, and their contribution decreases with time slowly. 
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For very short echo time tE « t 0 (i.e. T « 1), the contribution of the second term 

(-/fz) in the short-time regime of the attenuation function (Eq. (4)) might also be 

ignored. 

Ziener et al., in [15], obtained the same results for the SE signal attenuation for a 

spherical particle for both long and short-time limits. In the long inter-echo time limit, 

T 180 ~ oo, they also showed that the SE and CPMG converge to the same asymptotic 

form in Eq. (5) above. For the opposite limit of short inter-echo times, T 180 ~ 0, 

however, their expression for the CPMG relaxation rate differs by the numerical factor 4 

from the leading term in Eq. ( 4): 

- 1 2 t~ 
LlR2 - 60

. cp. (yLlxB0 ) • to (6) 

The further analysis of Eqs. (5) and (6) shows that we can extract two important sets of 

parameters from the measurement of CPMG relaxation rates at long and short inter-echo 

times. By multiplying Eqs. (5) and (6), we can derive an equation for the inclusion's void 

fraction cp, which could be used for rough estimates: 

( 
9/2 ) 

cp = ( Ll B )2 .J75 * LlR2,1t * LlR2,st 
Y X o * tE,st 

(7) 

By dividing Eqs. (5) and (6), we can also derive an equation for R2/D, which can be 

employed to estimate the inclusions' average size: 
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R2 27 * LlR2,1t * t~,st 
= 

D 64 * LlRz,st 
(8) 

where subscript "lt" and "st" refer to the long and short inter-echo times, respectively. 

A major potential advantage of this manipulation is the possibility of estimating the 

void fraction and R2/D with basic T2 relaxometry measurements, without the need to 

employ a magnetic field gradient. In addition, R2/D estimates can be obtained without 

prior information on the gas-liquid susceptibility difference. 

Generally, the Gaussian approximation framework is considered to be valid for the 

above stated limits if: for short times, diffusing spins accumulate sufficiently small 

phases, and in the case of long-time regime, spins sample all possible magnetic field 

values before the significant decay of the signal. The latter occurs when the characteristic 

diffusion time t 0 is much smaller than the characteristic dephasing time tc (defined as 

(3/yllxB0 ) for spherical inclusions). Sukstanskii and Yablonskiy [14] discussed, in detail, 

the adequacy of the Gaussian approximation for systems with non-uniform magnetic field 

gradients (as in the case of susceptibility-induced field inhomogeneities). Accordingly, 

the discrepancy between the exact signal and its Gaussian approximation on the interval 

0 ~ T ~ T* (T* is the time for the signal decay by e·1
) can be described by the exponential 

function (9): 

E = Aexp(-k. (p.cp) 1!2 ) (9) 
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where A~ 1.25 and k ~ 27, and p, a dimensionless parameter, is defined as 

tc/t0 = 3D/(y~xB0 R2). It can be understood from (9) that the Gaussian approximation can 

describe the exact signal with an accuracy up to 10% for p * cp > 0.01, and for 

p * cp < 0.01 the error increases exponentially fast with the decrease of the parameter 

p. cp. 

5.3 Methods 

Two different silica monodisperse bead suspensions with a void fraction of 0.019, and 

bead radius sizes of 1 and 3 µm (Microspheres-Nanospheres, NY) were employed as 

control samples. The control measurements were performed on a vertical bore 

superconducting 4.8 T magnet (Cryomagnetics) with the Apollo console (Tecmag, TX). 

The silica bead suspensions were shaken prior to each acquisition for a uniform bead 

distribution. It was impossible to avoid losses of beads during the pipette transfer of the 

suspension to the MR cell due to their excessive precipitation on all surfaces, with the 

actual void fraction different from the tabulated one. As a result, in our analysis, we 

relied on the bead radii as the reliable control parameter. 

We completed the bubbly flow measurements on a vertical bore permanent 0.2 T 

magnet (Oxford Instruments, UK). For these measurements, a 2 cm-diameter cylindrical 

glass tube was filled with water to the length of 5 cm; with the liquid column entirely 

within the RF probe sensitivity region. The tube was equipped with a 1.2 cm diameter frit 

(14-16 µm sized porous glass, "medium" size, Aldrich, ON) at the bottom (figure 5-1). 

Airflow, regulated at different airflow rates by a Matheson flow meter, was then injected 

into the water phase through the frit. All bubbly flow measurements were done at 3 
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specific airflow rates: 12.43, 22.67, and 36.37 CCPM. Water was doped with a small 

amount of manganese sulfate (MnS04) to reduce the apparent MR spin-lattice and spin

spin relaxation times for faster acquisition. 
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Figure 5-1 Experimental setup for bubbly flow measurements. 
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Optical measurements were performed with a Dantec Dynamics N anosense MKIII 

High speed camera (815 Hz) with resulting image pixel resolution of 39 µm. Only 

bubbles with well-defined shapes were considered, and those smaller than the camera's 

resolution, as well as blurry bubbles due to the insufficient focal depth of the camera, 

were excluded from the measurement. The number of image pixels along the longest 

diameter of each selected bubble was manually counted, and, then, converted to mm 

based on the camera's image pixel resolution. The results were then averaged out. 

5.3.1 Bulk measurements of void fraction, D, and T 2: 

To calculate the void fraction of the bubbly flows, the FID of the MnS04 solution was 

acquired with 5120 acquisition points ( to be used for the analysis of the FID Gaussian 

shape), DW 8 µs, and 32 signal averages using the standard single RF pulse sequence. 

The sample glass tube was filled with the solution to occupy completely the RF probe 

sensitive volume. The measurements were done for the stationary sample and the above

stated airflow rates. FID amplitudes at 26 µs were used to calculate the bulk void 

fraction: 

_ (M~ sin(a))5t-CM~ sin(a))now 

<p - (M~ sin(a))st 
(10) 

The mechanical dispersion D information of the bubbly flows were collected using the 

standard PFGSE sequence for ~=3, 20, and 40 ms. The measurements were done for 8 

nonlinearly spaced gradient values (0 - 19.55 g/cm) with 8=350 µs. Diffusion was also 
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measured in the 1 µm silica bead suspension using the PFGSE with 8=2.25 ms and 

~=12.5 ms for 8 gradient values (0 - 0.36 g/cm). 

The MR T2 relaxation rates were measured from the standard CPMG pulse train at a 

wide range of echo times tE: 0.57, 0.65, 0.75, 0.85, 0.95, 1.95, 3.95, 5.95, 9.95, 19.95, 

39.95 and 79.95 ms for the 1 µm silica bead suspension, and 0.5, 1, 2, 4, 6, 10, 20, 40, 80, 

and 100 ms for the bubbly flows. The number of echoes collected, however, was different 

for different measurement points, and determined by the signal lifetime: from 1024 for 

0.57ms tE to 6 for 79.95 ms tE for the 1 µm control sample, and from 3072 for 0.5 ms tE to 

16 for 100 ms tE for the bubbly flows. 

The field of flow was calculated for 8=350 µs, ~=40 ms, and ~G = 0.2 g/cm to be 

(-0.43 to +0.43 mis). The propagator analysis for the highest airflow rate showed a 

symmetric propagator, with the majority of the water spins stationary. The fraction of the 

fastest spins to the stationary spins, and to the total number of spins was calculated to be 

12.6% and 5.9%, respectively. 

5.4 Results and Discussion 

5.4.1 Control Measurements 

Diffusion D was measured in the 1.0 µm silica bead suspension to be (2.44 ± 

0.019) * 10-9 m2/s at temperature 15°C as read from the gradient set's cooling system. 

This is slightly greater than the water's molecular self-diffusion coefficient at that 

temperature, which is most likely caused by beads settling during the signal acquisition. 
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The susceptibility-induced relaxation rate for the 1 µm silica bead suspens10n 1s 

presented in figure 5-2 for different echo times. The observed almost linear increase in 

the relaxation rate at longer echo times (i.e. beyond 20 ms, T » 1) agrees with the 

predicted Eq. (3). The susceptibility-induced relaxation rate was also measured for the 

3 µm silica bead suspension at two echo times of 0.57 and 39.95 ms. 
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Figure 5-2 Susceptibility induced relaxation rate vs. echo time in the 1 µm silica bead suspension: A 

direct relation between the induced relaxation rate and echo time is shown. The scale on the 

horizontal and vertical axes is in s and s·1
, respectively. Error bars represent the standard error. The 

bigger error for longer echo times is due to the smaller number of echoes acquired. 
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Theoretical accuracy up to 5% is expected using the Gaussian approximation for the 

1 µm silica beads, based on the value of the parameter p. cp (i.e. 0.0149). Considering the 

dimensionless time T of 195 ( corresponding to echo time of 80 ms, the longest employed 

due to the signal lifetime limitations), the linear approximation (Eq. ( 5)) was employed to 

calculate the actual void fraction via the bead radius. (As mentioned in the Methods 

section, the bead size was more reliable control parameter than the tabulated void fraction 

due to precipitation of beads during the transfer to the cell on the pipette and the cell 

walls.) The void fraction was found to be 0.0071 ± 0.0001. 

Then the 1 µm suspension's void fraction was approximated through the simplified 

Eq. (7), using the CPMG relaxation rates measured for the bulk water and 1 µm silica 

bead suspension at the echo times of 0.570 ms and 80 ms. Note that Eq. (7) does not 

require information on the bead radius. The calculated void fraction was equal to 0.0066 

± 0.00004, in a good agreement with the value calculated via Eq. (5). 

Finally, the bead radius was calculated using the simplified Eq. (8), and obtained 

1.04 ± 0.0053 µm, in a very good agreement with the tabulated value of 1.0 µm. Please 

note that the simplified Eqs. (7) and (8) are independent, and do not require prior 

knowledge of one of the two parameters, void fraction or bead size, to calculate the other. 

Therefore, the simplified equations were considered as sufficiently accurate when applied 

to the control system of 1.0 µm beads. 

The discrepancy between the exact bead size and its estimate is partly due to the theory 

limitations, and partly due to the tE » t 0 (i.e. T » 1) assumption (as discussed by 

Sukstanskii et al. in [14], even for T = 100, the difference between an exact result and a 

linear approximation is still on the order of 10%). 
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If the requirements for the short and long time limits are not met, the theoretical 

assumptions will not hold and the discrepancy between the calculated parameters and the 

true values will increase. In control measurements, it was demonstrated by using 3 µm 

beads vs. 1 µm beads, which will lead to a difference of 9 in the characteristic diffusion 

time t0 . For 3 µm beads, assuming the same diffusion as previously, Eq. (8) was 

employed to calculate the radius of the 3 µm silica beads. It was found to be 1.13 ± 

0.043 µm, showing an expected much bigger error (It is also possible that the faster 

settling of the 3 µm beads in water might impose a bigger D value; its exact measurement 

was prevented by the fast settling of the beads). 

5.4.2 Bubbly Flow Measurements 

The bulk void fraction values measured for the bubbly flows were 0.0114 ± 0.0012, 

0.0202 ± 0.0016, and 0.0318 ± 0.0014 for airflow rates 11.2, 23.8, and 38.2 CCPM, 

respectively, which demonstrates a linear relationship between the void fraction and 

airflow rate. The strong susceptibility driven MR Ti effects did not influence the void 

fraction measurements because of the very short signal evolution time of 26 µs prior to 

the data acquisition. 

Figure 5-3 shows the mechanical dispersion D as a function of fl in the bubbly flows. 

As seen, dispersion shows a time-dependent behavior, and it is greatly enhanced for 

longer fl times. A direct relation between the airflow rate and dispersion is also suggested 

by the figure. Changing the rate of the airflow alters the bubble population and their 

velocity, which affects the degree of disturbance caused to the surrounding water spins. 

113 



This is clearly a case of anomalous dispersion. A possible physical model is a 

combination of strong dispersion events caused by rising bubbles, and weaker ones in the 

interim. The susceptibility-induced relaxation rate increase is caused by the motion of 

spins through the bubble-generated magnetic field gradients (i.e. during the strong 

dispersion event). 
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Figure 5-3 Mechanical dispersion vs. A in the bubbly flows: Direct dispersion-airflow rate and 

dispersion-A relations are observed. The scale on the horizontal and vertical axes is in s and m2 /s, 

respectively. 
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The simplified Eqs. (7) and (8) are derived from (5) and (6) assuming that dispersion 

next to the bubbles is the same at any echo times. In other words, it is the strong 

dispersion event that contributes to the relaxation rate change. As long as this dispersion 

event is close to Gaussian, the simplified equations should be still applicable. To check if 

this is correct, we calculated the bubble void fraction using Eq. (7). The calculated values 

were 0.0164 ± 0.0013, 0.0216 ± 0.0017, and 0.0317 ± 0.0027, in excellent agreement 

with those measured with FID: 0.0114 ± 0.0012, 0.0202 ± 0.0016, and 0.0318 ± 0.0014. 

Figure 5-4 presents the bubble induced relaxation rate in bubbly flows for different 

echo times. Even at the 0.2 T field, the relaxation rate shows the same functional 

behavior with the echo time as observed for the reference sample. Furthermore, we can 

detect an increase in the driven relaxation rate with the increase in airflow rate. When air 

passes with a higher velocity through the frit, larger gaseous bubbles are formed in the 

water phase, which perturbs the magnetic field within the sample more significantly 

(~B0 oc R3, Eq. (1)) resulting in a more severe drop in the apparent MR spin-spin 

relaxation time. 
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Figure 5-4 Bubble induced relaxation rate vs. echo time in the bubbly flows: A direct relation 

between the induced relaxation rate, echo time, and airflow rate is observed. The scale on the 

horizontal and vertical axes is in s and s-1
, respectively. Error bars represent the standard error. 
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According to Eq. (9), and for the void fraction cp and mechanical dispersion D values 

measured for the bubbly flows at 8 0 = 0.2 T, the maximum bubble radii which could be 

reliably estimated using the Gaussian approximation with an accuracy up to 20%, were 

342.6, 535.9, and 767.7 µm, for airflow rates 11.2, 23.8, and 38.2 CCPM, respectively. 

Larger bubble sizes will be underestimated according to Eq. (9). 

Figure 5-5 A-C shows the bubble size distribution obtained usmg the optical 

measurements and demonstrates the complexity of the bubbly flow systems. As the 

airflow rate increases, the bubble size distribution broadens, with appearance of bubbles 

with sizes well beyond the applicability of the presented analytical method. Figure 5-5 D 

compares the average bubble radius estimates obtained with the MR (Eqs. (5) and (8)) 

and optical methods. The MR-estimated values with Eq. (5) are 325.2 ± 18.2, 

376.9 ± 16.0, and 437.7 ± 11.6 µm for bubbly flows from the lowest to the highest 

airflow rate, respectively, and the ones obtained from the optical method are 333.4 ± 20, 

547.2± 56.5, and 959.7 ± 119.3 µm. Although there is a good agreement for the lowest 

airflow rate, the estimates from the two methods diverge with the airflow rate increase: 

from 3 % for the slowest airflow rate to 2 times difference for the fastest. 
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Using the simplified Eq. (8), we also estimated the average bubble radius for each 

airflow rate to be 370.0 ± 15.9, 495.8 ± 20.4, and 666.1 ± 29.4 µm, in better agreement 

with the optical method than the ones obtained with Eq. (5). 

The MR model employed considers bubbles as non-interacting well-separated spherical 

objects, and this requirement still holds to an acceptable degree for the lowest airflow 

rate. Analysis of the FID signal for bubbly flows also showed that the Gaussian phase 

accumulation by diffusing spins was a better approximation for the slowest airflow rate 

than for the fastest airflow rate (R2 of 0.9991 vs. 0.9904), meaning that the Gaussian 

approximation was at least justified for the slowest airflow. However, with the increased 

airflow rate and a greater number of bubbles in the water phase, bubbles started 

coalescing more actively, changing to non-spherical shapes, and interacting, which led to 

the loss of accuracy of the employed model. In addition, the insufficiently long 't time 

(i.e. roughly 3 .4 for the bubbly flows, corresponding to the echo time of 40 ms) added an 

extra error to the estimates due to the linear approximation made in ( 5) which is valid 

only for very long 't values. 

On the other hand, the optical method might overestimate the bubble sizes as larger 

bubbles prevent the detection of smaller ones, and light reflection from bubble surfaces 

visually exaggerates their size. The limited resolution of the camera also prevented the 

detection of very small bubbles with a size comparable to the pixel size leading to the 

higher average estimates. 
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5.5 Conclusion 

In this chapter, we evaluated the applicability of MR methods at a low magnetic field 

for the measurement of void fraction and average bubble size in a vertically upward 

bubbly flow. The magnetic susceptibility difference between the air trapped in the 

bubbles and surrounding water molecules changes the apparent MR spin-spin relaxation 

time, which permitted us to extract information on the bubble size. Although the 

susceptibility effects are naturally greater at higher fields, very strong changes in 

apparent MR spin-spin relaxation time caused by the bubbly flows made possible the 

implementation of the measurements on a low field system of 0.2 T. 

Two simplified equations were derived out of the CPMG transverse relaxation rate 

expressions in long and short inter-echo time limits. These can be employed to obtain 

information on the void fraction and inclusions' radius, where the direct measurement of 

the void fraction and diffusion/mechanical dispersion is not possible, or the magnetic 

susceptibility of the phases is unknown. Its implementation requires only a standard 

CPMG measurement at a wide range of echo times. 

We employed Gaussian approximation methods previously developed by Sukstanskii et 

al. for the analysis of the MR SE signal in the presence of impermeable spherical 

inclusions, and Ziener et al. for the analysis of the CPMG transverse relaxation rate 

modulated by a simple spherical particle. For very long dimensionless time T, the long

time expansion of the SE/CPMG signal attenuation function is linear in time, and 

inclusion size information could be reliably extracted from the standard ~R2 relaxation 

rate. For that to be successful, it is essential that the R2/D be small compared to the echo 

time. We examined the validity and accuracy of the Gaussian approximation approach on 

121 



two different suspensions of silica beads with bead radii of 1 and 3 µm. The short 

characteristic diffusion time in the 1 µm silica bead suspension led to acceptably 

close ( < 4%) size and void fraction estimates, while limitations of the longest echo times 

in the 3 µm silica bead suspension, gave a much greater discrepancy. 

The bubbly flows' void fraction values, as estimated by the simplified equation, 

coincided with the ones directly measured from the FID amplitude. A good agreement 

was also observed between the average bubble radius estimated by the simplified 

equation and estimates obtained from the CPMG relaxation rate (Eq. (5)) and optical 

technique, especially for the lowest airflow rate. 

The theoretical analysis by Sustanskii et al. is derived for a Gaussian distribution of 

displacements near well-separated bubbles so as the number of bubbles increases with the 

airflow rate and the system dynamics becomes more and more non-Gaussian, the bubble 

size estimates will be underestimated. The reliability of the method increases for bigger 

p * cp and t values, which can be achieved for small micro-sized bubbles and long echo 

times. 

Given the limitations of the analytical approach, Monte-Carlo simulations [18, 19] can 

probably be considered as an alternative analysis technique. However, given the nature of 

the simulations, their use would require mapping of all possible combinations of 

parameters of interest (void fraction, bubble size distributions, diffusion/dispersion, etc.). 

This would be extremely time-consuming and not necessarily monotonic. The analytical 

approach, although crude due to its model limitations, has a benefit of providing a rough 

estimate of the system parameters immediately. 
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Despite the complexity of the fluid dynamics in the bubbly flow system, the presented 

MR measurement and analysis yielded average bubble size estimates reasonably close to 

those obtained with optical measurement, in particular for the lowest airflow rate flows. 

In our opinion, this approach shows promise in studies of gas-liquid flows where the size 

of non-interacting bubbles does not exceed several dozens of microns, and the fluid 

dynamics can be approximated as Gaussian. 
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6 - Conclusion and future work 

6.1 Conclusion 

Multi-phase systems, in particular, gas-liquid systems, encompass a wide range of 

industrial processes. Examples are cavitation (both acoustic and hydraulic), foams, oil 

transport pipelines, industrial emissions, and etc. In these processes bubbles play a 

critical role. For a better understanding of these processes, a knowledge of the bubble size 

is essential. The velocity field and bubble void fraction are other parameters of these 

systems, which are of interest. 

MRI seems a promising technique to study multi-phase systems, because it is inherently 

3D, it is non-invasive, and it can be used to study optically and acoustically opaque 

systems. This thesis examined the employment of MRI techniques, from sophisticated 3D 

pure phase encode imaging methods to basic methods, for the spatially resolved and bulk 

measurements of acoustic cavitation and vertical bubbly flows, subsets of two-phase gas

liquid systems, respectively. Pure phase encode MRI methods are immune to time 

evolution artefcats ( e.g. chemical shift, susceptibility difference, and field 

inhomogeneity). They are also suitable for the measurement of fast flows, because of 

their short characteristic measurement time. However, pure phase encode methods suffer 

from low temporal resolution, and do not provide instantaneous information from the 

medium, as they traverse k-space point-by-point rather than line-by-line. 

Due to the magnetic susceptibility difference between the phases in the two-phase gas

liquid systems, the MR T2 and T; of the liquid phase are shorter than those in the bulk 

liquid. We used to our advantage the modulation of the MR signal by the magnetic 
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susceptibility-induced effects to extract bubble size information using existing analytical 

approaches. Velocity field maps were also extracted for the acoustically cavitating liquid 

using motion-sensitized pure phase encode imaging methods. 

We obtained 3D spatially resolved voidage and velocity maps of the acoustically 

cavitating liquid for two different samples (water and a surfactant solution) at a magnetic 

field of 2.4 T. The mono-exponential decay of the FID and the fast dispersion of the 

water molecules permitted the employment of 3D pure phase encode conical SPRITE 

with short characteristic measurement times to obtain spatially resolved void fraction 

maps. 3D velocity data was also obtained with 3D motion-sensitized conical SPRITE. 

Vertical bubbly flows were studied at a magnetic field of 4.8 T. We employed an 

analytical expression originally developed for the MR analysis of stable micro-bubbles to 

extract both 3D spatially resolved and bulk bubble size information from the 

susceptibility-induced Ti changes. This analytical expression connects the void fraction, 

bubble size, and MR relaxation. We showed that the void fraction must be measured at as 

short tp as possible due to a very strong magnetic susceptibility effect on Ti. For the 

spatially resolved datasets, we obtained the void fraction and Ti information with the 3D 

pure phase encode conical SPRITE. The liquid phase dispersion was measured using the 

3D pure phase encode motion-sensitized SE-SPI with reduced k-space sampling for the 

sake of short total acquisition time. The approach introduced, as expected, 

underestimated the bubble size at higher airflow rates. This was due to the presence of 

bigger, non-spherical, and interacting bubbles; violating the theoretical requirements. 

We also performed bulk measurements of vertical bubbly flow at a low magnetic field 

of 0.2 T. Here, susceptibility-induced changes in T2 were analyzed using approaches 
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originally developed for the MR analysis of randomly distributed, randomly oriented, and 

isolated impermeable spheres, and, for a simple model of a spherical particle. Bubble size 

information was extracted from CPMG signal attenuation at very long inter-echo times. 

Two simplified equations were also derived based on the CPMG signal attenuation 

functions at very long and short inter-echo times, to be used for the voidage and inclusion 

size estimation with basic relaxometry with no need for magnetic field gradient systems 

( of course, if D is known). The adequateness of the approach was examined with the help 

of control measurements on silica bead solutions with known bead sizes. Control 

measurements results agreed well with theory. The results of our bubbly flow 

measurements were also validated through an independent optics-based technique. A 

good agreement was observed between the MR and optics-based estimates, especially, 

for the slowest airflow rate. The method introduced is practical, fast, and reliable, suitable 

for industry-oriented research where bench-top low magnetic fields are commonly 

employed. This method lends itself to studies of gas-liquid systems where the size of 

non-interacting bubbles does not exceed several dozens of microns and the fluid 

dynamics can be approximated as Gaussian. 

6.2 Future work 

We showed that the magnetic susceptibility difference in two-phase gas-liquid systems 

modulates the MR signal. Based on this, we strongly recommend the use of pure phase 

encode imaging methods in studies where a careful 3 D mapping is required. To study 

multi-phase systems, one can alternatively match the magnetic susceptibility of phases by 

adding paramagnetic salts [1]. This approach, however, would be difficult, would have 
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limited range of applications, and, most importantly, would modify the dynamics of the 

medium by changing the surface tension of the solution and other parameters, with the 

required concentration of 21.63 mM for Mn2+ to match the susceptibility of air [2]. In our 

opinion, using the magnetic susceptibility difference to advantage, is a more universal 

approach. In addition to bubbly flow studies, we see at least two more areas of research 

where the approaches developed can be beneficial: gas hydrates and sprays ( atomization). 

Gas hydrates are naturally occurring, crystalline, ice-like substances composed of gas 

molecules (methane, ethane, propane, etc.) held in a cage-like ice structure. Gas hydrates 

are of interest to industry as they block fluid flow in gas pipelines and petroleum wells. 

They are also considered for energy storage and transportation, and as a potential future 

source for natural gas. In the hydrate area, the presence of nano-bubbles is an important 

issue. They appear as spherical regions of high methane concentration during the hydrate 

dissociation (i.e. release of the gas), when the liquid water phase is supersaturated by 

methane. These nano-bubbles grow to a certain size, without leaving the water phase. 

They also act as sites for re-nucleating hydrate as they offer interfacial areas where high 

concentrations of gas and liquid are in contact. This may be one reason why a "memory 

effect" (i.e. hydrates are formed much faster from the decomposed hydrate nucleate than 

if hydrates were formed from the liquids for the first time) is observed. The relation 

between nano-bubbles and the "memory effect" in gas hydrates can be studied with our 

developed method, which can also provide an insight into the stabilized size of these 

nano-bubbles. For an accurate size estimation using Eq. (8) in Chapter 5, for a gas 

hydrate with nano-bubbles with the average radius of 200 nm and diffusion of 10-10 m
2

/ 5 , 

short and long inter-echo time requirements can be met for any T180 < 0.1 ms and 
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T 180 > 25 ms, respectively. Of course, at the short inter-echo time of 0.1 ms, observing 

any change in the T 2 of water can be very difficult. It makes the employment of a strong 

magnetic field necessary to enable the detection of any change in the MR T 2, induced by 

nano-bubbles. 

Atomization, the process of generating droplets, refers to the process of forcing liquid 

through nozzles to generate small droplets of liquid. Each spray can form a range of 

droplet sizes, which can vary significantly from one type of nozzle to another. Sprays are, 

in fact, another form of two-phase gas-liquid systems, in which the water phase appears 

as droplets in the gas phase. Sprays are presently used in almost all industrial operations 

such as gas cooling, combustion systems, air/gas conditioning, fire suppression, spray 

drying, and agricultural spraying. Due the wide range of applications, the velocity 

distributions, and, especially, accurate size information of water droplets in nozzle sprays 

are important factors in the overall effectiveness of spray nozzle operation. Our proposed 

technique seems a promising approach to extract the droplet size distribution information. 

Of course, due to the small volume of the water phase compared to that of the gas phase 

in sprays, a low SNR can make the detection of MR signal difficult. This, however, might 

be overcome by employing a high magnetic field and an RF coil with a small sensitive 

volume. For sprays, with average droplet sizes of 15, 30, and 75 µm and gas diffusion of 

10-6 m
2/s, meeting the short inter-echo time limit would be rather easy for R=30 and 75 

µm with any T 180 < 0.15 ms and T 180 < 1 ms, respectively. But, for R=15 µm, at least, 

T 180 < 0.05 ms is required, which can be limited by the RF probe dead time. At this 

short inter-echo time, detecting any change in the gas T 2 relaxation time could be also 

difficult. On the other hand, employing any -r180 > 15 ms and -r180 > 50 ms, the long 
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inter-echo time limit can be perfectly met for R=15 and 30 µm, respectively. Satisfying 

the long inter-echo time limit, however, for the largest droplet size would be limited by 

the signal lifetime, as, at least, a -r180 > 280 ms would be needed. We can also calculate 

the range of droplet radii and void fraction values that can be reliably measured using the 

Gaussian approximation in Chapter 5. Assuming 8 0 = 4.7 T, llx = 9.41 * 10-6 , and the 

fixed droplet volume fraction cp of 10%, the maximum droplet radius which could be 

reliably estimated with the accuracy up to 10% would be 50 µm. For fixed droplet sizes R 

of 15, 30, and 75 µm, the lower limit for reliable estimation of the droplet volume 

fraction would be 1 %, 4%, and 22%, respectively. 

For droplet sizing in sprays, one may also employ the Bayesian approach developed by 

Holland et al [3]. In this approach, a likelihood function is developed relating the 

measured MR signal to the bubble size distribution in the multi-phase system. This 

approach eliminates the need for a stable system during the acquisition, and only assumes 

a constant average bubble size distribution over time. 
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