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ABSTRACT 

The process of spray atomization is ubiquitous in industry yet quite complex to 

analyze theoretically and study experimentally. Magnetic resonance imaging (MRI) is a 

non-invasive measurement technique successfully employed to study fluid features in flow 

systems. This thesis focuses on the use of MRI to study three areas of spray research: the 

flow inside the spray nozzle; the "near-nozzle" region; and the freezing spray accumulation 

on a cold surface. 

The features of the spray strongly depend on internal nozzle flow. One of the areas 

of great interest is a measurement of flow inside the nozzles, where the flow has a high 

velocity (m/s) in a small channel structure (sub-mm). In motion-sensitized MRI, when 

displacement during the encoding time becomes greater than the pixel size, a velocity 

misregistration takes place. To address this issue, the encoding time must be reduced. We 

demonstrate how the reduction of the encoding time can be achieved by applying a Time-

Of-Flight (TOF) approach. 

Another interesting region of spray atomization is spray imaging in the "near-

nozzle" region. Standard preparation schemes are difficult to employ due to sprays’ fast 

speeds (>10–20 m/s) and low density. In this thesis, the interval between the preparation 

and the readout stages was reduced by performing a Single Point Imaging (SPI) encoding 

[10] on the rising gradients. This also enabled the use of 90-degree flip angles to maximize 

the spray signal and saturate the stationary water signal. 

The third area of research in this thesis is spray deposit. One important example of 

spray deposits is sea spray icing. It causes ice accretion on ships and offshore structures 
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which leads to marine disasters. We show that a portable Magnetic Resonance (MR) 

instrument could be an efficient tool to evaluate the features of the sea spray spongy ice. A 

portable unilateral magnet permits to characterize the evolution of sea-ice brine inclusions 

in two types of ice: stationary seawater ice; and seawater spray ice. Using a unilateral MR 

device, features such as spray ice growth, brine content, and distribution can be examined. 
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Chapter 1 – Introduction 

1.1 Research motivation 

Sprays are described as dynamic clusters of droplets distributed in a gas. They 

are used in many industrial, medical and agricultural applications. Because of the wide 

range of applications of sprays in daily life, quantitative measurements are essential for 

a better understanding of spray formation and dynamics.  

Many measurements have been performed to understand the flow and droplet 

features within the nozzle, upstream ("near-nozzle" region) and downstream ("far-nozzle" 

region). Most commonly used techniques for spray studies are optics-based. However, 

optical techniques require a transparent medium; therefore, these techniques are severely 

limited in optically dense or opaque regions, such as inside the nozzle and in the "near-

nozzle"  region.  Magnetic Resonance Imaging (MRI) is an alternative approach to 

overcome limitations of optical diagnostics. MRI is a non-invasive measurement 

technique which its sensitivity increases with the spin density. MRI holds promise for 

quantitative studies of the flow inside the nozzle and liquid atomization. 

Studies of sprays can be divided into two categories. The first category 

investigates the spray formation known as atomization. A good understanding of 

atomization is necessary for designing a nozzle that will generate a spray optimal for 

operation. 
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The second category of spray studies investigates spraying applications. The 

main applications of sprays are based on the ability of sprays to distribute the liquid in a 

volume (fire extinguishers, fuel injection, etc) or onto a surface (agriculture, painting, 

etc).  

1.2 Characterization of spray formation 

The atomisation process can be divided into three stages: internal nozzle 

flow, primary breakup (liquid breakup) and secondary breakup (droplet breakup). This 

will be discussed in more detail in the following sections [1-2]. 

 

1.2.1 Internal nozzle flow 

The internal nozzle flow depends on many different factors such as the internal 

geometry, the pressure inside the nozzle, and the mass flow rate through the nozzle.  

At the same time, the internal flow features can have direct influences on the 

atomization of the spray. As much of the literature has established, the internal nozzle 

flow is critical to the disturbance and subsequent breakup of the issuing liquid jet. 

Therefore, the investigation of the internal flow field in the nozzle is important. In this 

category of studies, subjects such as the flow’s velocity profile and cavitation are 

investigated.      
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1.2.2 Primary breakup or liquid breakup 

As the liquid exits the nozzle, it is broken down into ligaments and droplets. 

Primary breakup is usually caused by cavitation and turbulence in the liquid phase, which 

results in wave structures. The instability growth leads to a liquid sheet breakup.  

The relative velocity of the liquid and the air determines the effect of 

aerodynamic forces on liquid breakup. At very low injection speeds, the surrounding gas 

has a negligible influence on spray breakup; in that case the surface tension is the 

dominant effect.  

Aerodynamic forces have a stronger influence on the jet when the relative 

velocity between the jet and surrounding gas is greater, which causes the jet to break up 

earlier.  

 

1.2.3 Secondary breakup or droplet breakup 

Primary breakup of the droplets may be followed by secondary breakup, with 

droplets disintegrating into smaller drops. It occurs when the droplets interact with each 

other or with the surrounding gas. The relevant factors in this phenomenon are surface 

tension force and viscosity. 

1.3 Techniques for spray studies 

Many measurements have been performed to understand the flow and droplet 

features within the nozzle, upstream ("near-nozzle" region where primary break up 
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happens) and downstream ("far-nozzle" region where secondary break up happens). Most 

commonly used techniques for spray studies such as laser interferometry and particle 

imaging velocimetry are optics-based. Optics- based techniques have their advantages 

and limitations. Results of multiple experiments have revealed that the optical techniques 

can provide detailed information of spray parameters: droplet size distribution, velocity, 

volume flux, when droplets are well developed in the "far-nozzle" region of sprays (>>10 

diameters of the nozzle). However, optical techniques require a transparent medium; 

therefore, these techniques are severely limited in optically dense or opaque regions, 

such as inside the nozzle and in the "near-nozzle"  region.   

The limitations of optical measurements have led to the development of new 

measurement approaches, such as CT and X-ray radiography [3–6], that can be used to 

measure the flow features within and near the nozzle region [7,8].  

Magnetic Resonance (MR) and its spatially resolved version, Magnetic 

Resonance Imaging (MRI) are other alternative approaches to overcome limitations of 

optical diagnostics.   [9-12]. 

1.4 Studies of spray applications 

In addition to the spray characterisation studies, there is another category which 

focuses on spray application studies. In such studies, sprays can be used to investigate a 

phenomenon which results from spraying materials onto a  surface or into a volume. 

Freezing rain or spongy ice are great examples: icing occurs when water spray is 

deposited on a cold surface ( e.g. vessel or offshore structure) and the air temperature is 
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below the freezing temperature of water. Icing can be caused by freezing rain, and 

freezing sea sprays. The freezing sea spray caused 80 – 90% of all offshore icing 

incidents. In nature, a sea spray icing occurs when a spray of cold seawater is deposited 

on a cold surface at a temperature below the freezing point of the water [14-16]. Due to 

the insufficient heat transmission rate, the water partly freezes as a spongy ice, in such a 

way that during the freezing process, water accumulates into pockets between ice 

crystals [13]. Several approaches, such as gravimetry and optical measurements, have 

been developed to examine the structure of sea ice [17-19]. Modeling of the sea spray 

ice has also been extensively investigated [20-22].  

It has been shown that MR measurements can provide insights into the study of 

sea ice as the MR signal from the ice is proportional to the quantity of brine content [23]. 

Recently, MRI was used to quantify the freezing of sea spray for three different freezing 

regimes. The results show considerable differences in the amount of brine and its 

distribution [24].  

1.5 Thesis outline 

This thesis is organized in seven chapters following the article format according 

to UNB thesis guidelines. 

Chapter 1 provides the research motivation, as well as an outline of the thesis 

work. 

Chapter 2 introduces the relevant MRI background. 
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Chapter 3 describes several approaches used to study and monitor the 

atomization process, droplet velocity, droplet size in near- field and far field. Most of 

these approaches are based on optical and X-ray techniques. 

Chapter 4 describes MRI flow measurements within a nozzle. This chapter 

presents MRI velocimetry using time of flight and motion sensitized SPRITE for a 

complex fast flow in a model nozzle. The chapter is largely based on a paper submitted 

to the journal Applied Magnetic Resonance [25]. The manuscript was written by the 

author of the thesis with the assistance of Prof. Mastikhin. 

Chapter 5 presents an application of a rapid magnetization preparation for MRI 

measurements of sprays in the "near-nozzle" (upstream) region. In this approach the time 

interval between the preparation and the readout stages was reduced by performing SPI 

encoding on the rising gradients. A successful use of 90-degree flip angles to increase 

the SNR and to saturate the stationary water signal was demonstrated. Two preparation 

schemes were applied: Time-of-Flight (TOF) and 𝑇1𝜌-weighting schemes. This chapter 

is largely based on the article "A rapid magnetization preparation for MRI measurements 

of sprays" published in the Journal of Magnetic Resonance [26]. The author of the thesis 

was a co- author of this paper. 

Chapter 6 describes studies of periodic seawater spray icing with unilateral NMR. 

This chapter is largely based on an article published in the Journal of Magnetic 

Resonance. The author of the thesis was a author of this paper [27]. 

Chapter 7 is the conclusion of the work and a discussion on future studies. 
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Chapter 2- Magnetic Resonance Theory 

The method of magnetic resonance has been successfully applied to measure the 

magnetic moment of the various nuclei. The principal feature of this method is the 

observation of transitions, caused by resonance of an applied radiofrequency field with 

the Larmor precession of the moments around a constant magnetic field [1, 2]. 

In this chapter a summary of the essential principles of Magnetic Resonance 

(MR) and Magnetic Resonance Imaging (MRI) relevant to this thesis is presented. A full 

description of the theory of MR and MRI can be found in greater detail in the extensive 

literature. For more information and in-depth details on magnetic resonance in materials 

physics, the works of Abragam [3], Callaghan [4], Kimmich [5], Blumich [6], and Brown 

[7] are recommended references.  

2.1 Nuclear Magnetic resonance   

2.1.1 Magnetization 

Many atomic nuclei such as 1H, 13C, 14N, and 19F have a magnetic dipole moment 

µ and a non-zero spin angular momentum, I. The magnetic moment takes only discrete 

values defined by the allowed values of angular momentum according to: 

                                                                   μ =  𝛾
ℎ 

2𝜋
  √𝐼(𝐼 + 1)                                           (2.1)                        

where γ is the gyromagnetic ratio, h is the Planck's constant, and I is the spin quantum 

number. 
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In the absence of an external magnetic field, magnetic moments are randomly 

distributed (Figure 2.1a). In the presence of a magnetic field B0 magnetic moments take 

discrete energy levels, their magnetic moment becoming partially aligned with the 

direction of the B0 (Figure 2.1b). 

 

Figure 2.1 Dipole moment orientation a) in the absence of a magnetic field are 

randomly distributed, b) in the presence of a magnetic field B0 becoming partially 

aligned with the direction of the B0. 

 

The vector sum of all magnetic moments for N nuclei, which is called the 

magnetization (M0), is given by: 

                                                                M0 =  N
γ2h2I(I+1)

3(4π2)KT
 B0                                        (2.2)          

where k is Boltzmann’s constant, T absolute temperature, h is the Plank’s constant, I is 

the spin quantum number of nuclei. The spin gyroscopic property forces the nuclei to 
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precess at a angle α with respect to the direction of the external field B0. The spins will 

rotate around B0 with the speed of precession, 𝜔0, given by the Larmor equation: 

                                                                         𝜔0 = 𝛾𝐵0                                                        (2.3) 

There are two energy states for protons in magnetic fields. The proton is at the 

low energy level when the Z-component of the magnetic moment is parallel to B0, and 

at the high energy level when the Z-component of the magnetic moment antiparallel to 

B0. These two energy levels are separated by an energy gap given by: 

                                                                             ∆𝐸 =
ℎ

2𝜋
𝜔0                                                (2.4) 

At thermal equilibrium, most nuclear spins exist in the lowest energy state. 

Suppose N↑ is the number of spins parallel to the field, N↓ is the number of antiparallel 

spins. The difference in the spin populations is given by the Boltzmann factor as: 

                                                                                
𝑁 ↑

𝑁 ↓
= 𝑒

∆𝐸
𝑘𝑇                                                 (2.5) 

2.1.2 Radio Frequency Excitation and Detection 

The net magnetization simply precesses about B0 at the Larmor frequency (Figure 

2.2a). Application of another magnetic field B1 oscillating at the Larmor frequency and 

perpendicular to B0 will rotate the net magnetization. The amount of rotation, or flip 

angle α away from the z axis, can be changed by changing the duration or amplitude of 

the external magnetic field B1. In general: 
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                                                                 𝛼 = ∫ 𝛾𝐵1(𝑡)𝑑𝑡
𝑡𝑅𝐹

0

                                                (2.6) 

For a constant amplitude of the external magnetic field B1, equation 2.6 can be 

described as: 

                                                                        𝛼 =  𝛾𝐵1𝑡𝑅𝐹                                                     (2.7) 

where tRF represents the time duration of the oscillating B1 known as a Radio Frequency 

(RF) pulse. A 90° pulse will place the magnetization onto the transverse plane  

(figure 2.2b).  

From Faraday’s law of induction, any changing magnetic field produces an 

electromotive force (EMF) in a conductive circuit. After the RF pulse is applied, the 

transverse magnetisation rotates around 𝐵0  and induces an EMF in the surrounding 

receiver coils. As the transverse magnetisation rotates around 𝐵0, nuclear spins dephase, 

losing phase coherence, and the emf signal induced in the receiver coils decays with 

time. 
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Figure 2.2 a) Phase orientation of spins at a) thermal equilibrium, where phases are 

randomly distributed, and the net magnetisation is longitudinal; b) Following 

application of a 90° RF pulse, magnetisation is in the transverse xy-plane. 

 

The simplest pulse sequence is the free induction decay (FID) sequence, 

consisting of only one RF-pulse at the Larmor frequency of the protons. The pulse 

excites the spins, bringing the net magnetization away from the equilibrium state 

(longitudinal axis z), creating a transverse magnetization in the xy-plane. After the RF-

pulse is turned off, the magnetization relaxes, coming back to the equilibrium state. The 

signal acquired is a so-called FID. An example of the sequence is given in figure 2.3, 

where a 90- degree RF-pulse is applied. 
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w  

Figure 2.3   Schematic of an FID pulse sequence. The time - dependent signal from 

receiver coil after a RF pulse is turned a free induction decay. 

 

2.1.3 Relaxation Times 

The reduction in energy and phase coherence of the spins after applied RF pulses 

is called MR relaxation. There are two main kinds of MR relaxation: longitudinal (spin-

lattice) relaxation (𝑇1), and transverse (spin-spin) relaxation (𝑇2).  

In the equilibrium state, the net magnetization is in the z direction  

aligned with the static magnetic field B0. In this state, the longitudinal component is Mz 

= M0, and the transverse component is Mxy = 0, where M0 is the equilibrium longitudinal 

magnetization. 
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 An RF pulse disturbs the equilibrium state conditions and moves the system to 

a non-equilibrium state. Relaxation times define the return processes of the net 

magnetization from a non-equilibrium state to an equilibrium state by dispersing the 

energy which was added to the system by applying an RF pulse. 

After the RF pulse, the longitudinal relaxation takes place due to the return of the 

spin population to its equilibrium state. The longitudinal relaxation leads to a recovery 

of the z-component of the magnetization. The relaxation time dependence on Mz in the 

presence of B0 can be described by the Bloch equations as: 

                                                              
𝑑𝑀𝑧

𝑑𝑡
= −

(𝑀𝑧 − 𝑀0)

𝑇1
                                             (2.8) 

                                            𝑀𝑧(𝑡) = 𝑀𝑧(0)𝑒
− 𝑡

𝑇1 +  𝑀0 (1 − 𝑒
− 𝑡

𝑇1 )                                   (2.9) 

where 𝑇1 is the longitudinal relaxation time constant. 

There are several approaches to measure the 𝑇1 relaxation time, with Inversion 

Recovery and Sthe second pulse measures the magnetizationaturation Recovery being most 

common. The Inversion Recovery (IR) pulse sequence consists of 180o and 90o pulses, 

and the Saturation Recovery (SR) sequence has two 90o pulses. In both approaches, the 

first pulse initiates the spin evolution, and the second pulse, after some recovery time 𝜏, 

allows the prepared magnetization to be measured. For IR, the magnetization after the 

recovery time 𝜏 equals to: 

                                             𝑀𝑧(𝑡) =  𝑀0 (1 − 2𝑒
− 𝜏

𝑇1 )                                               (2.10) 
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with the magnetization change range being  2𝑀0, while for SR, the z-magnetization is:  

                                                      𝑀𝑧(𝜏) =  𝑀0 (1 − 𝑒
− 𝜏
𝑇1 )                                              (2.11) 

For SR, the range of the magnetization change is one-half that of the IR experiment. 

Transverse relaxation (also known as spin-spin, or 𝑇2 relaxation) will lead to a 

reduction in phase coherence as the energy is distributed between spins. This results in 

a decay of the transverse magnetization (Mxy). Its evolution is described by the Bloch 

equations as:  

                                                              
𝑑𝑀𝑥𝑦

𝑑𝑡
= −

𝑀𝑥𝑦

𝑇2
                                                     (2.12)  

                                                             𝑀𝑥𝑦(𝑡) =  𝑀0 𝑒
−𝑡
𝑇2                                                   (2.13) 

 

Interactions between spins are not the only source of dephasing of transverse 

magnetization. A static magnetic field inhomogeneity (𝛥𝐵0) can cause a reduction of the 

transverse magnetization as well, a phenomenon described by the effective spin-spin 

relaxation time, 𝑇2
∗. The time constants 𝑇2 and 𝑇2

∗ are related as: 

                                                    
1

𝑇2
∗  =

1

𝑇2
 + 𝛾𝛥𝐵0                                                (2.14) 

The reduction of magnetization caused by 𝑇2
∗  is reversible. In 1950, E.L. Hahn [8] 

discovered that if two RF pulses are separated by time τ, an echo will be formed at time 

TE = 2τ due to the refocusing of the spins dephased during time τ (figure 2.4). 
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Figure 2.4 The spin echo sequence consisting of a 90o excitation pulse and a 180o 

refocusing pulse.  

 

At TE, the transverse magnetization relaxation can be expressed as: 

                                                                 𝑀𝑥𝑦(𝑡) =  𝑀0 𝑒
− 𝑇𝐸

𝑇2                                        (2.15) 

 Later, H. Y. Carr and E. M. Purcell. [9] presented a sequence which begins with 

a 90o pulse and is followed by a series of 180o pulses which create a series of spin echoes. 

The coherence lost by the spin-spin interaction is not recovered, so that each element in 

the series of echoes have a reduced amplitude. The evolution of the detected signal is 

described by the equation 2.16. 
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                                                               𝑀𝑥𝑦 = 𝑀0𝑒
− 

𝑛𝑇𝐸
𝑇2                                                   (2.16) 

where n is the number of echoes collected. 

The field inhomogeneities can have different origins. One of them is instrument-

based. It is very difficult to construct an NMR magnet which has a uniform B0 throughout 

the sample volume. Variation in the field (B0 inhomogeneity) leads to a range of offset 

frequencies ω. Magnet manufacturers attempt to build MR instruments with magnetic 

field B0 as homogeneous as possible; however, it is difficult to generate a completely 

homogeneous magnetic field. Another cause of field inhomogeneity is interaction 

between the sample and the magnetic field: the variations in magnetic susceptibility can 

lead to variations of the magnetic field within the sample. Yet another common source 

of offset frequency is chemical shift. Chemical shift refers to small variations in resonant 

frequency because of different molecular environments of nuclei. Chemical shift results 

in the presence of offset frequencies within the chemical structure of a sample.  

The last source of magnetic field inhomogeneity is due to intentionally created 

magnetic field gradients. Therefore, the resonance frequency becomes a function of 

spatial position. Magnetic field gradients can be used to modify the main magnetic 

field for the purpose of encoding spatial, velocity, and diffusion information in NMR 

signal. More about that will be explained in the following section. 
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2.2 Magnetic Resonance Imaging 

After a signal has been generated in an MRI experiment, spatial data can be 

encoded into the signal. To encode spatial information, an applied magnetic field 

gradient G makes the precession frequency dependent on the position. If the magnetic 

field that the object experiences at position r⃗ is G⃗⃗⃗ ∙ r⃗ , its NMR signal will precess at the 

frequency described by: 

                                                          ω(r⃗) = γB0 + γG⃗⃗⃗ ∙ r⃗                                            (2.17) 

The two most common approaches to encode spatial data into the signal are 

frequency encoding and phase encoding. Both approaches require the addition of 

magnetic field gradients, in a way that the z component of the static magnetic field varies 

as a function of the position. The k-space describes a connection between spatially 

encoded data and the resulting image via Fourier transformation.                                                                                                              

2.2.1 k-Space 

k-Space is known as the reciprocal space domain, representing spatial frequencies in the 

MR image. Constructing a MR image commonly involves collecting a series of data, 

called acquisitions. In each acquisition, an RF excitation produces new transverse 

magnetization, which is sampled along a distinct trajectory in k-space. A 2D k-space is 

treated as a 2D grid of points (kx, ky), where kx, ky can be described as: 

                                                       kx =
1

2π
γGxtx                                                      (2.18)      
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                                                            ky =
1

2π
γGyty                                                 (2.19) 

where tx, ty correspond to the time in which the respective gradient is constant. The pulse 

sequence provides a real time trajectory in k-space. Figure 2.5 shows an example of a 

trajectory in k-space. 

 

Figure 2.5 Schematics of a pulse sequence with varying gradients and the 

corresponding trajectory in k-space. 

 

The combination of three effects limits the total number of points sampled per 

acquisition. Firstly, magnetization decays exponentially with time (𝑇2
∗ decay). This limits 

the useful acquisition time. Secondly, the acquisition time depends on the 𝑇1  of the 

sample. After each RF pulse, a time is required for recovery of longitudinal 

magnetization (Mz) to repeat the pulse sequence. Finally, the gradient system 
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performance, that is, how quickly gradients can be turned on and off, limits the speed at 

which k-space can be traversed.  

2.2.2 Frequency Encoding 

The k-space can be varied by changing either G or t. Varying k-space by maintaining a 

constant gradient value and incrementing time is known as frequency encoding.  

The acquired signal is frequency encoded because frequency, ω(r⃗) , varies 

linearly with position. Then by performing a Fourier transform it is possible to obtain 

spatial information from the detected signal 

𝑆(𝑡) = ∫ 𝜌(𝑟)𝑒[−𝑖𝛾(𝐵0+𝐺⃗∙𝑟)𝑡]
∞

−∞

𝑑𝑟 = [∫ 𝜌(𝑟)𝑒[−𝑖𝛾(𝐺⃗∙𝑟)𝑡]
∞

−∞

𝑑𝑟] 𝑒−𝑖𝜔0𝑡        

where 𝜌(𝑟)  is the spin density at position 𝑟 . The term 𝑒−𝑖𝜔0𝑡  is constant for all 

isochromats. By choosing a reference frequency of 𝜔0  and measuring deviations from 

this frequency, the signal equation can be simplified to 

𝑆(𝑡) = ∫ 𝜌(𝑟)𝑒[−𝑖𝛾(𝐺⃗∙𝑟)𝑡]𝑑𝑟    
∞

−∞

 

k-vector for frequency encoding is dependent on the varying time   𝑘⃗⃗ = (
𝛾

2𝜋
) 𝐺⃗𝑡 

                                       𝑆(𝑘) = ∫ 𝜌(𝑟)𝑒[−𝑖2𝜋(𝑘⃗⃗∙𝑟)]𝑑𝑟
∞

−∞

                                               (2.20) 
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The frequency encoding gradient G⃗⃗⃗, the so-called readout gradient, is turned on during 

data sampling, and the signal from different locations of the sample along the gradient 

axis will contain different frequencies.  

 

2.2.3 Phase Encoding 

Suppose we already have a transverse magnetization with all the spins in phase. 

If we apply a gradient, for example along the y axis, then the precession of the nuclei 

will speed up or slow down according to their position along the y axis. This causes the 

spins to dephase as long as the gradient is applied. When we switch off the gradient, all 

the nuclei will revert to their original frequency, but will keep their different phase 

angles. This approach is called phase encoding. The relative phase differences between 

signals in different locations remain until either another gradient is applied, or the MR 

signal decays due to 𝑇2 relaxation. k-vector for phase encoding is dependent on the value 

of the gradient, not on time variations 

                                                    𝑘⃗⃗ = (
𝛾

2𝜋
) 𝐺⃗𝑡𝑝                                                                  (2.21) 

The phase encoded signal from the entire object is: 

               𝑆(𝑡) = [∫ 𝜌(𝑟)𝑒−𝑖𝛾(𝐺⃗∙𝑟)𝑡𝑝  𝑑𝑟
∞

−∞

] 𝑒−𝑖𝜔0𝑡                                                        (2.22) 

A useful version of phase encoding for material science applications was 

introduced by Emid and Creyghton [6] who developed a single point imaging (SPI) 
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method, which includes a pulse followed by a free induction decay (FID). A single data 

point is collected at a fixed time after the pulse. An SPI experiment involves many RF 

pulses, separated by a time TR, with the gradients incremented after each pulse. The 

gradient increment Ginc is determined by the field of view, 𝑘𝑖𝑛𝑐, and phase encoding time 

according to: 

                                                           𝐺𝑖𝑛𝑐 =
2𝜋 𝑘𝑖𝑛𝑐

𝛾𝑡𝑝
                                      (2.23) 

 Figure 2.6 shows a pulse sequence diagram for a conventional SPI, where a small 

flip angle RF pulse and a gradient are typically used for imaging.     

 

Figure 2.6 A diagram of one part of a single point imaging (SPI) pulse sequence. A 

single data point is acquired at a fixed time tp after a RF pulse. A SPI experiment 

involves many RF pulses, separated by a time TR. Each tp occurs in the presence of 

a different gradient amplitude on Gx with the increment Ginc between gradients. 
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SPI, or constant time images, are less prone to distortions generated by B0 

inhomogeneities, chemical shifts, susceptibility, and other time-dependent interactions.  

The reason for that insensitivity is that that their contribution is measured at a fixed time 

interval. 

However, the SPI sequence is time inefficient. The finite time required to 

repetitively switch magnetic-field gradients on/off can be a limiting condition. 

Mechanical vibration of the gradient set can become extreme for repetition times faster 

than 50 ms. This time restriction of SPI sequence can be avoided by modifying the way 

that gradients are applied.  

Single-Point Ramped Imaging with 𝑇1 Enhancement (SPRITE), introduced by B. 

J. Balcom et al. in 1996 [11], is a modified SPI technique that uses ramped phase 

encoding gradients. In the SPRITE sequence, unlike the conventional SPI sequence, the 

gradients are not switched on/off for each acquisition. Instead, the gradient is ramped in 

discrete steps and by applying an RF pulse, a single data point at each gradient can be 

collected (figure 2.7) 
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Figure 2.7 SPRITE sequence with a gradient incremented with an RF pulse applied 

at each step. 

A SPRITE measurement puts less demand on gradient hardware than a 

comparable SPI measurement, so it is possible to reduce the repetition time TR and the 

measurement time.  

 

2.3 Flow Imaging with MRI 

Flow MRI measurement approaches are based on the combination of an imaging 

sequence with an MR flow detection measurement. The result is a velocity-sensitized 

image or spatially resolved profile. There are several studies on the use of MRI to study 

flow in material science areas [12-14]. In this section, we address three major methods 

to image flow: Phase contrast (PC) [15], time of flight (TOF) method [16], and tagging 

approach [18-21]. 
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2.3.1 Phase Contrast Flow Imaging  

The idea that flow velocities could be encoded by phase was developed by Paul 

R. Moran in the early 1980s [17]. When applying a gradient to change frequencies, if an 

equal in magnitude but opposite in direction, gradient of duration τ is applied afterward, 

then the stationary protons will have no phase shift. However, moving 1H will undergo 

varying degrees of phase shift because their location along the gradient is constantly 

changing and the net phase shift is proportional to its velocity (figure 2.8). By measuring 

changes in phase, velocity can be measured. 

 

 

Figure 2.8 Effect of bipolar phase-encoding gradients. Net phase gain is zero for 

stationary spins but non-zero for spins moving in the direction of the gradients. 
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The pulse sequences used in phase contrast studies are designed to impart a phase 

shift to nuclei that is proportional to the velocity of the nuclei. The measured phase is 

determined within a range from -π to π. If a nucleus is moving such that the accumulated 

phase lies outside this interval, the phase will be incorrectly interpreted causing an effect 

referred to as aliasing. 

 The translational motion of spins as a function of time is 

                                                                     𝑥(𝑡) = 𝑥0 + 𝑣𝑥𝑡                                              (2.24)      

where x0 is the initial position at time t = 0 and vx is the uniform velocity. These spins 

move into a different magnetic field as they move through the gradient. The phase 

behavior during the dephasing lobe of the read gradient is given by: 

𝜙− (𝑡) =  − ∫ 𝑤(𝑡) 𝑑𝑡
𝜏

0
 =  𝛾 ∫ 𝐵(𝑡) 𝑑𝑡

𝜏

0
  

  =  𝛾 ∫ 𝐺𝑥(𝑡)𝑥(𝑡)𝑑𝑡  
𝜏

0

 

   = 𝛾𝐺 ( 𝑥0𝑡 +
1

2
 𝑣𝑥𝑡2)      

                                𝜙− (𝑡) = 𝛾𝐺 𝑥0𝜏 +
1

2
 𝐺 𝑣𝑥𝜏2          0 < 𝑡 < 𝜏                               (2.25)  

where τis the duration of the gradient pulse. Also, there is an additional phase 

accumulated from τ to t during the rephasing 

                            𝜙+ (𝑡) =  −𝛾𝐺 𝑥0( 𝑡 − 𝜏)  −
1

2
 𝐺 𝑣𝑥  ( 𝑡2 − 𝜏2)                                 (2.26)    
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The total phase accumulated by the end of the second gradient is given by 

𝜙 (𝑡) =  𝜙−(𝑡) + 𝜙+(𝑡) 

                  =  𝛾𝐺 𝑥0𝜏 +
1

2
 𝐺 𝑣𝑥𝜏2  − 𝛾𝐺 𝑥0( 𝑡 − 𝜏)  −

1

2
 𝐺 𝑣𝑥  ( 𝑡2 − 𝜏2)                   

                                             =  − 𝛾𝐺 𝑥0(𝑡 − 2𝜏) −
1

2
 𝐺 𝑣𝑥  ( 𝑡2 − 2𝜏2)                        (2.27)   

 

Using 𝑡′ = 𝑡 − 2𝜏 

 𝜙 (𝑡′) =  − 𝛾𝐺 𝑥0𝑡′ −
1

2
 𝛾𝐺 𝑣𝑥 ( 𝑡′2 + 4𝜏𝑡′ + 2𝜏2) 

 𝜙𝑠 (𝑡′)  =  − 𝛾𝐺 𝑥0 𝑡′ 

𝜙𝑣 (𝑡′)  = −
1

2
 𝛾𝐺 𝑣𝑥 ( 𝑡′2 + 4𝜏𝑡′ + 2𝜏2) 

𝜙 (𝑡′) =  𝜙𝑠 (𝑡′) + 𝜙𝑣 (𝑡′) 

At 𝑡′= 0  

                                                                𝜙𝑣0  =  −𝛾𝐺 𝑣𝑥𝜏2                                                 (2.28)    

where  𝜙𝑠  and 𝜙𝑣  represent the phase change of the stationary and moving spins 

respectively. 
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The phase shift in phase contrast imaging corresponds directly to the 1H velocity 

in the direction of the gradient. With this data, an image can be created which indicates 

how the translational motion of the spins varies through the sample. For example, pulsed 

field gradient technique (PFG) can be used to create images of the velocity (velocity 

maps).  

If the velocity encoding and spatial encoding occur at different times, the velocity 

measurement is not related to the time where it was spatially encoded but to the time it 

was velocity-encoded. 

There are several flow-sensitized versions of such imaging sequences as Echo 

Planar Imaging (EPI), Single point imaging (SPI), and its variant SPRITE; each of them 

has their advantages and disadvantages. In this thesis, a three-dimensional Conical 

SPRITE pulse sequence was used. A motion-sensitisation gradient was added to the 

Conical SPRITE pulse sequence to encode the velocity [53]. In this sequence, pairs of 

opposite polarity gradient pulses were added within the phase encoding interval tp 

following each RF pulse. Figure 2.9 shows the motion-sensitisation SPRITE sequence 

in which the motion sensitised gradients were added to the Gx gradient axis. 
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Figure 2.9 A diagram of the motion-sensitised conical SPRITE sequence. The 𝐆𝐳 

line shows a bipolar motion-sensitised gradient added to the initial SPRITE phase-

encoding gradient to encode velocity in the z-direction 

 

Phase contrast imaging allows variable velocity encoding and provides 

directional flow information. This sequence can measure extremely high velocities 

(inside the structures which have a large enough size structure). The range of phase 

contrast velocity imaging can be adjusted from just a several mm/s to 100 m/s. At lower 

velocities there are limitations due to the self diffusion and at higher velocities due to 

short travel time inside the coil (coil residence time). 
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2.3.2 Time of Flight 

Time-of-flight techniques exploit the contrast between the high signal intensity 

of inflowing, fully magnetized flow and the low signal intensity of saturated stationary 

samples. During acquisition of a time-of-flight image, the sample repeatedly experiences 

RF pulses that result in saturation of the non-moving (stationary) spins. As fully 

magnetized flowing spins enter the imaging section, there is greater signal intensity from 

the unsaturated spins than from the surrounding stationary parts of the sample. This 

results in a substantial difference in signal intensity between the flowing part and the 

stationary part. 

In one implementation of the TOF technique, an additional 180° pulse is applied 

with a certain delay (𝑡𝑇𝑂𝐹) before the imaging sequence [7]. An inversion SE pulse 

sequence to visualize flow in 1D is shown in figure 2.10. For example, if a pulse 

sequence with 𝑡𝑇𝑂𝐹 <𝑇1 is used, the stationary spins do not generate a MR signal. The 

flowing spins experience the inversion pulse with a slightly different timing compared 

to stationary spins. As a result moving spins generated an MR signal proportional to their 

velocity. 

In this technique, the stationary samples are saturated with very short TR: thus, 

the longitudinal magnetization of these samples does not have time to regrow, and their 

signal weakens. At the same time, as the flowing sample has not been saturated, its 

longitudinal magnetization is maximal. The strength of the flowing sample signal 
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depends on the flow velocity and type of flow and the sequence parameters: TR, flip 

angle, TE, and slice thickness. 

 

Figure 2.10 Spin echo fast inversion recovery sequence for 1D flow imaging. 

 

Another example of the TOF pulse sequence to visualize fast flows is shown in 

figure 2.11. This pulse sequence is a 1D SE pulse sequence. Stationary spins that 

experience both the 90° and 180° pulses generated a strong spin echo pulse. Moving 

spins that flow fast enough, exit the excitation/detection area and do not experience one 

of the RF pulses. In that case, a reduction of the spin echo signal is proportional to the 

flow. The pulse sequence shown in figure 2.11 is repeated twice, once when all the spins 

are stationary and once when the spins are moving. A difference between the magnitudes 

of their Fourier transform is an indication of the velocity profile inside the sample.  
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Figure 2.11 Simplified spin echo for 1D imaging of fast flow. 

 

 

2.3.3 Tagging 

Various combinations of RF pulse and gradient shapes can be used to excite spins 

with specific frequencies or to track the motion of a particular group of spins. These 

combinations are generally used for spin tagging techniques.  

The use of tagging for motion tracking allows quantitative measurement of 

motion. Various tagging techniques are available. Basic techniques emerged in 1988 

with the invention of tagging by magnetization saturation by Zerhouni et al [18] and 

continued with the inventions of SPAMM [19], DANTE [20], and CSPAMM [21] 

techniques. They underwent developments which resulted in different versions suitable 

for various applications.  

These techniques depend on the creation of a observable magnetization pattern, 

usually parallel lines (grid pattern) on the reconstructed images. The idea behind tagging 
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techniques is based on perturbing the magnetization to create visible markers that can be 

imaged and tracked.  

During tagging preparation, slice-selective RF pulses are applied to perturb the 

longitudinal magnetization at specified locations. The rest of the imaging is not affected. 

Longitudinal relaxation has an effect on the tagged magnetization, causing the restoring 

of the tagged magnetization with exponential rate. Therefore, the longer the time 

between tagging and imaging the lower the contrast between the tagged and nontagged 

parts. 

SPAMM is based on wrapping the magnetization in a periodic (sinusoidal) 

pattern by applying only two nonselective RF pulses separated by a gradient. The first 

90° RF pulse tips the magnetization into the transverse plane with all spins in phase. A 

gradient pulse follows along the desired tagging direction. Then the modulated 

magnetization is restored to the longitudinal position by the second 90° RF pulse. A 

spoiler gradient follows the second RF pulse to remove the transverse magnetization 

before image acquisition. Using an image sequence, the data can be collected. 

 If the applied gradient is along the x direction and of the amplitude Gx, then the 

phase is:  

                                                        𝜙 (𝑥, 𝜏) =  −𝛾𝐺𝑥𝑥𝜏                                                     (2.29) 

Wherever 𝜙 is a multiple of π, the spins are parallel to the x direction. After both 

pulses are applied, the transverse magnetization is: 
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                                                        𝑀𝑥 =  𝑀0 𝑠𝑖𝑛 ( 𝛾𝐺𝑥𝑥𝜏)                                                (2.30) 

The transverse magnetization can be removed (destroyed) by applying a spoiling 

gradient. Then the only remaining magnetization will be longitudinal, with the spatial 

dependence as: 

                                         𝑀𝑧 =  𝑀0 𝑐𝑜𝑠 ( 𝛾𝐺𝑥𝑥𝜏)                                                              (2.31) 

The gap between the dark bands is: 

                                                          𝛥𝑥 =  
  1 

2 𝛾𝐺𝑥𝜏
                                                             (2.32) 

The larger Gx or τ, leads to a smaller space between tags, and the thickness of the 

bright region of the tag xw can be estimated as the FWHM of the longitudinal 

magnetization. Figure 2.12 shows SPAMM sequence. 

 

Figure 2.12 SPAMM tagging pulse sequence   
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Mosher and Smith presented a tagging technique called DANTE, which 

generates a high-density pattern of thin tags [16]. DANTE sequence consists of a series 

of short hard pulses which are separated by a constant inter-pulse delay time. This pulse 

train can be modulated by an envelope function, such as a Gaussian, a sinc, or rectangular 

function. Spins at periodic Larmor frequencies are excited, so when a constant gradient 

is applied simultaneously with a pulse train, a series of parallel bands results. The 

transverse magnetization can be destroyed with a spoiler gradient. The longitudinal 

magnetization has periodic spatial patterns like those produced by the SPAMM 

sequence. A following imaging pulse sequence produces an image that contains a series 

of dark and bright tags at various locations. A dark pattern shows the location where the 

magnetization is saturated. In the presence of a concurrent gradient Gtag the frequency 

separation of these replicates is converted to different spatial locations along the gradient 

direction. Let Δr be the gap between two neighboring tags. Then:  

                                                                 𝛥𝑟 =  
2𝜋 

𝛾𝜏𝐺𝑡𝑎𝑔
                                                    (2.33) 

2.4 Single Sided (unilateral) Magnetic Resonance 

As already pointed out in the introduction, one of the main focuses of this thesis 

is to test the applicability of unilateral NMR for sea ice measurements. In this section 

some of the concepts related to unilateral NMR are reviewed. 
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In a conventional NMR experiment, the sample is placed in a homogeneous 

magnetic field produced by a superconducting or resistive solenoid. This enables a 

uniform sample excitation and provides high signal to noise ratio. However, it limits the 

range of sample sizes that can be examined. In recent years, this limitation has been 

addressed through single sided (unilateral) magnet NMR where the sample is placed 

outside of the magnet array. The open geometry of the unilateral magnet makes it a 

powerful testing tool to characterize arbitrarily sized samples. 

 The unilateral NMR instruments collect the signal from a sensitive volume, or 

sensitive spot, where components of the 𝐵0 and 𝐵1fields are orthogonal. Furthermore, 

small size permanent magnet designs are easily transported, making unilateral magnets 

appropriate for field (in- situ) applications [22-23]. 

Unilateral NMR has become a versatile scientific instrument, permitting 

magnetic resonance experiments on more complex and challenging samples. A wide 

range of applications have been developed in different areas such as polymer analysis 

[24–26], food analysis [27–29], investigation of biological tissues [30-31], geophysical 

analysis [32-33], construction material analysis [34-35], cultural heritage conservation 

[36-37] and other in situ NMR measurements [38-39]. 

As the ratio of sample size over magnet size increases, the field inhomogeneity 

increases, and the magnet geometry becomes more open. When the sample is small 

compared to the magnet, the field across the sample can be made high and homogeneous. 

The most inhomogeneous fields across the object are produced by magnets, small 
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compared to the object. These correspond to open magnets such as those used for single-

sided NMR devices like well-logging sensors [40]. The signal-noise-ratio (SNR) of 

magnetic resonance measurements is usually proportional to field strength and 

homogeneity [41] according to equation 2.34: 

                                               𝑆𝑁𝑅 ∝  𝐵0
2                                                   (2.34)                         

As can be seen field strength and homogeneity are opposing parameters. 

Improving one comes at the cost of reducing the other [22]. 

There are several approaches to acquire 1D profiles in the presence of a constant 

gradient. The first strategy selects thin slices at different depths by switching the 

excitation frequency. It has been shown that a change in the transmitter frequency of the 

unilateral magnet produces a change in the location of the sensitive volume of the device, 

particularly in the depth of the slice that is producing the NMR signal [42-43]. The 

second one keeps the excitation frequency constant but requires repositioning of the 

sensitive slice through the object. Hence, either the sample is moved with respect to the 

sensor or the sensor with respect to the sample. In practice, the second option appeared 

to be more convenient in which case, a lift system is used to reposition the sensor relative 

to the sample. This mechanism allows one to move the sensor up and down [44]. The 

third strategy uses the fixed frequency but excites a slice much thicker than in the first 

two cases. The FT of the echo acquired in the presence of the constant gradient will yield 

profiles across the slice. This strategy, known as FT STRAFI [45-46]. This approach can 

be quite advantageous; it does not require additional equipment such as a high-precision 
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lift and does not require switching RF pulse frequencies. The spatial information already 

stored in the echoes can be extracted without additional measurement time. 

It is a challenge to excite a sensitive spot at any greater distance from a surface 

coil than the diameter of the coil itself. The rapid decay of 𝐵1with distance from the coil 

requires the employment of high power and/or long duration RF pulses in order to excite 

the desired region properly. Both factors can be troublesome. High power RF pulses 

require high quality capacitors for tuning the RF probe in order to avoid electric arcing 

during the excitation. Long duration RF pulses reduce the excited spot size 

compromising SNR during reception. 

Using unilateral NMR, it is possible to perform many kinds of different NMR 

measurements, which allow one to extract important information for the characterization 

of the analysed sample. A lot of studies have been undertaken including, 2D/3D imaging 

[47], velocity measurements [48,49], and high-resolution NMR [50–52].  
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Chapter 3- Nozzle and Spray Studies 

3.1 Introduction 

Sprays are challenging fluid mechanics phenomena, which are present 

everywhere in modern life: from the automotive, agriculture, and pharmaceutical 

industries to manufacturing and the food industry. There are two ways to atomize liquid 

in spray nozzles: by discharging liquid at low velocity into fast moving gas streams, or 

by discharging liquid at very high velocity into slow moving streams. There is a wide 

variety of nozzles designed for a wide range of particular applications. 

Several aspects of sprays are complicated. Firstly, spray atomization is a complex 

interaction between two phases, the liquid flow and gaseous environment, and it is not 

described by an exact analytical solution. Instead, it is typically characterized as a 

stochastic process, with only approximate formulas describing general relationships 

between parameters. Secondly, liquid in sprays is characterized by strong turbulence, 

and it is injected into a turbulent environment. Also, several complex phenomena are 

involved in the atomization processes such as primary and secondary atomization, 

droplet collisions, and gas–liquid heat and mass transfer. Finally, the high droplet 

number in dense spray regions makes the measurements more complicated due to 

complex interactions between droplets. 

In this chapter the spray regions and the measurement techniques for each of the 

regions will be briefly discussed. 
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3.2 The major spray regions 

Figure 3.1 illustrates three principal spray regions from upstream to downstream:  

 

Figure 3.1. Diagram of spray regions 

 

- The upstream internal nozzle flow region, often characterized by a presence of 

hydraulic cavitation due to a sudden drop in pressure. 

- The near-field (near-nozzle) spray-formation region in which the liquid sheet or 

column that emerges from the nozzle undergoes primary breakup (also known as 

primary atomization) into relatively large flow structures. In this region, the 

breakup is affected by the internal nozzle flow. 
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-  The far-field developed-spray region where primary breakup subsequently 

undergoes secondary breakup (also known as secondary atomization) into 

smaller droplets. 

 

3.3 Spray measurement techniques 

Many techniques in spray measurement technology have been developed over 

the past few decades. Spray diagnostics have improved significantly as a result of major 

technological advancements and the wide availability of lasers, cameras, electronics, and 

computers. The new instruments provide a means to characterize sprays rapidly, and 

cover a wide range of the spray features such as determination of the injector geometry, 

spray pattern, penetration, droplet size and velocity within nozzle and near-field to far-

field spray regions. In this section, these approaches and experimental measurements at 

different regions of the spray process will be reviewed. 

3.3.1 Optical imaging 

When light passes through a spray, it is scattered by the droplets at various angles. 

It can also be absorbed, but for spray research, absorption analysis is usually avoided in 

optical techniques. The light scattering from particles or drops strongly depends on the 

relative size of the scatterer droplet which is given by: 

                                                                  𝛼 =  
2𝜋𝑑

𝜆
                                                              (3.1) 
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Where 𝛼 is the angle of scatter d is the diameter of the droplets and 𝜆 is the wavelength 

of light.  

There are different types of the optical techniques which can be applied to spray 

experiments.  

 

3.3.1.1Phase Doppler Interferometer (PDI) 

Phase Doppler interferometry is a well-established, non- invasive, optical 

diagnostic technique for simultaneously measuring the velocity and size of individual 

droplets in complex spray environments. 

Point interferometric methods work by splitting a coherent laser beam into two 

beams that converge at a certain angle in the spray. The recombination of these two 

beams produces an interference pattern. This region defines the measurement volume of 

the interferometer. When a droplet traverses the measurement volume, it scatters light. 

By collecting and focusing the light onto a photodetector, the signal intensity can be 

converted into voltage. The Doppler frequency (the rate of intensity fluctuation) reveals 

how long it takes for a droplet to travel the distance between two fringes. The spatial 

frequency of the fringe pattern is inversely proportional to the droplet size. The velocity 

of the droplets can be calculated using the fringe separation distance. 

To measure the spacing of the interference fringes, pairs of detectors are located 

in the fringe pattern. When the particle or droplet is moving, the usual Doppler difference 
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frequency of the scattered light occurs. A moving droplet produces the usual Doppler 

difference frequency of scattered light. Due to the difference between the Doppler 

frequency shifts of beam 1 and beam 2, the fringe pattern appears to move. Each detector 

produces a signal that is similar in frequency but shifted in phase [1].  

By analyzing the data, it is possible to determine the drop size, velocity, and 

volume flux distribution over the spray pattern. Figure 3.2 shows a typical, basic setup 

of a PDI system.  

 

Figure 3.2 Schematic showing basic operating of Phase Doppler Interferometry. 
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3.3.1.2 Shadowgraph 

Shadowgraph photography allows the recording and measurement of several 

characteristics such as velocity and direction of motion, the dynamic surface tension and 

the surface profile of modulated jets, droplet size distribution of sprays, the straightness 

or angle of deviation of jetted droplets and the effects of nozzle defects on the 

directionality of jetted droplets. 

Most shadowgraph systems consist of two main components: the illumination 

source and the recording element. Figure 3.3 shows a schematic view of the 

shadowgraph system. In the shadowgraph technique, the object is illuminated from 

behind using an optical system. In this way, the light that hits the photographic film is 

that which passes through, without interacting with the object and the light that interacts 

with the object is absorbed or deviated due to it having a refractive index greater than1 

and does not hit the film. Therefore, shadowgraph images consist of a bright background 

and the shadows of the interfaces between regions with different refractive indexes. 

There are several variables that must be controlled and adjusted to obtain useful 

images for analysis. The specifications of these components are important as the contrast, 

sharpness and brightness of shadowgraph images depend on parameters such as the 

magnification, light sensitivity, field of view, depth of field, and focal length of the 

optical system. 
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Figure 3.3 Schematic showing basic operating of shadowgraph. 

 

3.3.1.3 Particle image velocimetry 

Particle image velocimetry (PIV) is an optical flow visualisation technique for 

determining velocity and associated characteristics in fluids. The most common PIV 

apparatus consists of a camera, a laser (which illuminates only a specified physical 

region), the seeding particles and the fluid of interest. Small particles of tracer are added 

into the fluid, with the assumption that they will follow the flow dynamics. A plane of 

flow is illuminated and two images of tracer particles are acquired with a very small time 

delay ∆t. As a result of the particle displacements, the fluid motion can be represented. 

The first-order velocity estimate can be defined as: 
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                                                                    𝑉 =  
𝛥𝑥 

𝛥𝑡 
                                                                  (3.2)                 

where ∆t is the time delay between the two recordings and ∆x is the average displacement 

of the tracer particles in the fluid [2]. 

PIV is a quantitative method of measuring flow fields in which several 

instantaneous velocity vectors are measured simultaneously [3-4]. PIV implementation 

presents a number of challenges, including the determination of the displacement vectors 

associated with local groups of seed particles. A variety of techniques have been 

proposed to automate the process of computing average displacements. In the past this 

was done manually. 

A good tracer particle achieves two goals: it follows the local fluid motion and 

scatters sufficient light for imaging. These requirements are a trade-off, as smaller 

particles more accurately follow fluid motion with higher frequency response, while 

larger particles scatter more light for imaging. By applying high power lasers, the size 

of tracer particles can be reduced. Since smaller particles follow the flow more closely, 

the accuracy of the measurements of PIV will be increased.  

In the PIV method determination of the time intervals between the laser pulses is 

critical. The time interval should be long enough to record the displacement of the 

particles and short enough so that the particles do not leave the light sheet Also, the 

investigation area should be small enough so that there is no significant velocity gradient 

within the area. 
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Figure 3.4 Schematic showing basic operating of particle image velocimetry. 

3.3.1.4 Laser Doppler Velocimetry 

Laser Doppler Velocimetry (LDV) uses lasers to measure the velocity of flow. 

In this approach the seed particles are added into a flow, these particles are tracked in 

time to estimate the velocity of the flow. It is assumed that the tracer particles are closely 

following the flow. The main difference between this approach and PIV comes from the 

fact that LDV measures a point using a photodetector while PIV is a planar approach. 
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LDV is used to measure the velocity of a flow. The technique is capable of 

measuring all the three velocity components. LDV sends a monochromatic laser beam 

toward the object and records its reflection. As a result of the Doppler effect, the shift in 

wavelength of the reflected radiation depends on the targeted object's relative velocity. 

Thus, the velocity of the object can be determined by monitoring the variation in 

wavelength of the reflected laser light, resulting in the appearance of an interference 

fringe pattern. 

A flow is seeded with tracer particles that are illuminated by a known frequency 

of laser light. The scattered light is measured by a photomultiplier tube (PMT). PMT is 

a device that produces a current equal to absorbed photon energy. Basically, the shift 

between the primary and scattered light frequencies is known as the Doppler shift. By 

evaluating the Doppler-equivalent frequency of the laser light scattered by the particles 

within the flow, the local velocity of the flow can be measured. 

 

3.3.1.5 Doppler Global Velocimetry 

An alternative laser velocimetry method is known as Doppler global velocimetry 

(DGV). This method allows the recovery of planar three-component velocity data of an 

entire particle field illuminated by a laser light. 

The method is based on the evaluation of the frequency-shifted light scattered by 

the particles suspended in the fluid flow. 
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In this method, it is not necessary to monitor particles individually, instead only the 

scattered light could be monitored. The method is suitable for applications with low 

optical access where methods such as LDA and PIV are less effective.  

DGV assumes that the frequency of the scattered light is shifted in frequency because of 

the Doppler effect: 

                                                     𝛥𝜈 = 𝜈 − 𝜈0                                                     (3.3) 

Where 𝜈0 is the laser frequency, 𝜈is the scattered light frequency and 𝛥𝜈 is the Doppler 

shift. If the propagation direction of the laser light sheet is represented by the unit vector 

𝐼, and the propagation direction of the collected scattered light represented by the unit 

vector 𝑂 , the velocity component measured is parallel to (𝑂 − 𝐼) . Thus, for a flow 

velocity vector 𝑉 is dependent on the vectorial dot product between the velocity vector 

V and the measurement vector (𝑂 − 𝐼) as shown in equation: 

                                                                   𝛥𝜈 =  
𝜈0 (𝑂−𝐼) .𝑉

𝐶
                                              (3.4) 

Many researchers prefer to use planar velocimetry techniques in sprays studies 

compared to other methods. There are several reasons for this, including the fact that 

LDV, PDI and PIV are highly sensitive to strong changes of the index of refraction, 

specifically at high pressures where they tend to fail. On the other hand, DGV does not 

image individual particles and hence is less sensitive to changes of the index of refraction 

[5]. 
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Figure 3.5 Schematic showing basic operating of Doppler global velocimetry 

 

3.3.1.6 Molecular tagging velocimetry 

Molecular tagging velocimetry (MTV) is a non-invasive optical method to detect 

velocity of flow. It is a time-of-flight measurement technique, which employs 

fluorescent molecules as markers instead of macroscopic particles used in PIV or PTV, 

and mainly, a pulsed laser is applied to tag a portion of flow. 
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1D-MTV is the simplest form of MTV, because it uses only one laser system [6]. 

When multiple laser lines are applied in various directions, a  grid pattern is created. The 

tagged regions are then analyzed twice. The distortion of this grid pattern and its 

distortions in time can be observed through a time-lapse series of images which can yield 

the calculation of the velocity. The measured displacement vectors give estimates of the 

average velocity over each small region during the interval between two measurement 

times [7]. 

 

Figure 3.6 Schematic showing basic operating of molecular tagging velocimetry 
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3.3.2 X- ray techniques and Phase contrast X- ray techniques 

Optical measurements are limited due to the scattering of light by droplets' 

surfaces. If the region has a high density of liquid droplets, for instance near the liquid 

injector orifice, the scattering effect becomes more significant. A further issue related to 

the optical technique is that in this method the orifice nozzle and liquid must be 

transparent.  

In order to address the limitations of optical methods, X-ray radiography has been 

developed for spray examinations. X-rays are mainly absorbed by spray droplets (versus 

being scattered) providing quantitative analysis of spray features. Also, X-ray methods 

allow measurements of optically opaque injector and liquid [8,9]. 

An X-ray intensity is first obtained prior to the spray event. The X-ray beam passes 

through the spray, and then the X-ray intensity is obtained as a function of time.  During 

the spray event, the liquid enters the path of the X-ray beam, absorbing a portion of the 

beam intensity. Reduction in the X-ray intensity can be calculated as: 

                                                    𝐼 = 𝐼0𝑒−𝜇𝑥                                                         (3.5) 

Where 𝜇 is the linear attenuation coefficient of the liquid, x distance traveled, and I and 

𝐼0  are the X-ray intensities during and before the spray event, respectively. This 

evaluation should be time-dependent to understand dynamic characteristics of the spray, 

as well as a function of position to understand the spray’s three-dimensional structure. 
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For these experiments, the X-ray beam should be a monochromator with enough 

energy and a narrow spectrum of X-ray wavelengths. This energy allows a good 

compromise between absorption and penetrating intensity, allowing significant 

absorption due to the spray while keeping sufficient intensity through the spray. 

An avalanche photodiode (APD) with a very short response time (1ns) is used to 

measure the X-ray intensity. The APD signal corresponds to the X-ray intensity, which 

can be mathematically transformed into the spray density. 

Standard X-ray imaging techniques use the absorption of X-rays as a source of 

contrast and this reduction of the X-ray intensity can be detected directly using an X-ray 

detector. In contrast, in phase contrast X- ray (PCI X-ray Projections acquired contain 

mixed information related to both the object’s attenuation and refraction properties. 

PCI X-ray imaging is a practical approach for the analysis of low contrast 

structures in weakly absorbing samples [10,11]. 

3.4 Spray measurements 

In this section, applications of the aforementioned techniques to the study of 

spray features in different regions of the spray are briefly reviewed. 

3.4.1 Upstream internal nozzle flow region 

It has been established that the features of the spray mainly depend on the internal 

nozzle flow. However, the mechanism and extent of this effect has not been completely 

determined. This is due to a need to quantify the link between injector geometry and 
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spray structure which is perhaps the most complex part of spray research. Consequently, 

understanding the flow within the injector nozzle is essential, as the flow determines 

spray pattern and initial atomization in this region [12-14]. A variety of visualization 

techniques have been employed to examine the effects of nozzle geometry on 

macroscopic spray characteristics, such as the spray pattern. 

To study the dynamics of the flow in this region, one can use real nozzles which 

are usually small ( about several millimetres long) and the flow through the nozzle moves 

very quickly (from metres per second to hundreds of meters per second). Therefore, a 

direct measurement of the nozzle flow can be challenging [15,16]. To solve this problem, 

using scaled-up model nozzles is beneficial. In addition, it is possible to examine the 

inside flow by using small nozzles with simplified geometry. 

However, understanding of the internal nozzle geometry for real spray nozzles is 

essential to link these features to external spray characteristics. The main reason the exact 

dimensions of the orifice is not known is mainly due to the small dimensions of the 

orifice.  

The opaque material makes injection nozzles challenging to study optically. X-

ray and Phase-enhanced X-ray imaging techniques have been applied to study the real 

geometry of the nozzles and micronozzles. Cavitation in opaque nozzles can be observed 

by using time-integrating X-ray methods. Additionally, X-rays can be used to provide 

precise measurements of the projected mass distribution of sprays, and these same 

techniques can be applied to cavitating flows [20].   
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To understand the internal flow characteristics such as liquid velocity and 

cavitation, real-size transparent nozzles were studied using LDV and PIV methods. 

These can provide simultaneous cavitation visualization in a single-shot injection under 

high-density condition using a high-speed camera [18,19]. 

 

3.4.2 "Near-nozzle" spray-formation region 

"Near-nozzle" liquid jet formation is determined by internal nozzle flow and the 

resulting fluid-dynamic instability is governed by the initial break-up process of the 

injected liquid. 

Analyzing the spray process at the nozzle exit and near downstream is more 

challenging than in the other two regions because the liquid phase can take the form of 

a sheet, droplet clusters, or individual droplets. 

The effects of injection pressure on the initial spray pattern have been examined. 

Analyses of initial spray patterns showed that for lower-pressure sprays fluid usually 

emerges from the nozzle tip as a liquid sheet with growing surface waves. By increasing 

injection pressure the breakup moves closer to the nozzle exit and the liquid sheet 

develops a thinner thickness and shorter length. When the liquid sheet oscillates, 

measurements become more challenging [21-23].  

Direct measurement in the "near-nozzle" region is difficult because of the small 

scale, the extremely transient processes and the dense spray. Various optical techniques 

such as PDI and LDV have been used to analyze the flowing liquid jet core. However, 
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optical techniques have some limitations. As these models are based on the optical 

propagation within an atomizing liquid jet, there will unavoidably be some scattering 

that will affect the intensity of the propagating light. Consequently, for long liquid sheets, 

the method fails to succeed as a result of the complete attenuation of the propagating 

light along the liquid.  

Other methods have been suggested for the measurement of the length of the 

flowing jet [24-26], including X-radiography. X-ray absorption has been used to measure 

the structure and dynamics of high-pressure sprays. The quantitative x-radiographic 

measurement determines the time-resolved position of liquid mass in a fast-moving 

spray, which otherwise is difficult to measure in the optically dense "near-nozzle" region. 

Powerful X-ray sources can be combined with rapid X-ray detectors to perform 

high-speed time-resolved measurements. Then the X-ray images can be acquired at a set 

of time intervals. Unlike the optical methods which cannot determine the liquid mass 

distribution, sprays can be x-radiographed to determine the mass density distribution 

[27,28]. 

The slip-velocity (relative velocity between gas and liquid) is critical to primary 

and secondary breakup. As it is difficult to measure the velocity of both liquid and gas 

phases simultaneously at the same location, there is no suitable means that can reliably 

measure the slip velocity in sprays. To estimate the slip velocity, planar imaging 

techniques such as PIV and PTV may be used. These planar imaging methods are 

attractive because they have the capability of measuring spatial distributions of fluid 
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flow velocity and have the potential for simultaneously measuring drop velocity, which 

could yield information on slip velocity [29]. 

The slip velocity (velocity of both phases, liquid and gaseous) in a dense spray 

can be measured by means of flow tagging using a highly sensitive intensified high-

speed camera. In addition to the velocity characterisation of each phase, the investigation 

of both phases enables the calculation of the relative velocity between droplets and the 

vapour phase. This yields improved accuracy for the slip velocity, which is an important 

quantity that could not be measured in many ultra-dense sprays [30,31]. 

The most appropriate method for the study of a particular region of a spray 

depends on whether the region is dense (with muliple scattering) or only moderately 

dense. 

In the optically dense spray region with a multiple scattering probability, in addition to 

the presence of the liquid sheets, large non-spherical drops and the surrounding dense 

cloud of small droplets can make near field optical measurements difficult or impossible. 

There is no clear consensus on how to define a dense spray, however, the most basic 

physical parameters to characterize spray density are the droplet number density and the 

liquid volume fraction. 

In the spray process, droplet–droplet interactions which lead to breakup and 

coalescence of droplets are typically most prominent in the near-field region where the 

droplet number density is highest. If the droplet number is not too high, high-resolution 
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imaging methods such as PDI can offer direct detection of collisions, but it can be 

challenging to acquire statistical data.   

The major limitation of the current existing laser techniques for particle 

characterization is commonly related to attenuation and multiple scattering. It is assumed 

that Beer's law is valid for the laser attenuation through the dense sprays. Several 

approaches have been discussed to address the attenuation of laser light in optically 

dense sprays. Usually, the correlation scheme is based on accumulation of the light losses 

along the path of the laser in the image, and then compensation pixel by pixel. Using this 

method, the optical density from the recorded signal on the camera can be calculated 

mathematically and the laser's attenuation by the spray can be determined. This 

compensation adjusts for the laser being attenuated on its path into the spray, but it 

neglects the attenuation of the scattered light on its way to the detector [32]. 

Another approach was suggested to correct laser attenuation in moderately dense 

sprays which involves sequential illumination of the spray by counterpropagating laser 

sheets [33]. The technique makes use of two laser sheets from the left and right 

directions. 

In using the phase Doppler system, special attention needs to be paid to the choice 

of the measurement volume dimensions. Generally, a small measurement volume is 

desired in dense sprays. This minimizes the possibility of more than one particle being 

present in the volume simultaneously, which can result in considerable data loss and 

significant errors in the determination of fluxes [34,35]. 
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In another approach, it has been suggested that an additional sensor be added to 

the traditional PDI. Implementation of this approach led to improved phase Doppler 

measurements in a dense spray. Reflection, scattering, and noise errors are more easily 

identified with the additional independent phase shift. This minor modification has a 

significant impact on the limitations of the PDI technique and enhanced the ability to 

discriminate liquid droplets from solid particles [36]. 

Since multiple scattering effects are negligible in the X-ray regime, X-ray 

radiography and X-ray phase-contrast imaging have provided significant information on 

the breakup of dense sprays. For single-wavelength (monochromatic) X-rays transmitted 

through a spray, the absorption (due to interacting with droplets or other liquid 

structures) has yielded important results in the inside the nozzle, "near-nozzle" and "far-

nozzle" region. 

Conventional optical imaging techniques have not yielded sufficient information 

about the morphology of high-pressure sprays in the near-field region. To address this 

issue, an ultrafast X-ray technique (4D) has been developed to investigate the 

fundamental breakup characteristics such as liquid breakup mechanism or the spray mass 

distribution. The time-resolved quantitative fluid distribution resulted in a mathematical 

fluid dynamic simulation with initial conditions determined by the measurement, which 

indicates where the fluid has completed the primary breakup upon exiting the nozzle 

[37]. 
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In order to directly measure droplet size in the "near-nozzle" region, small angle X-ray 

scattering is a well-established technique for studying particles in this region. The 

theoretical basis of these measurements is described in [38].  

The "near-nozzle" jet morphology of the single-hole and multi-hole spray nozzle were 

obtained using single-shot ultrafast X-ray phase-contrast imaging technique, to better 

understand the primary breakup mechanisms of injectors. The results showed the 

outstanding spatial (dozens of micrometers) and temporal (dozens of microseconds) 

resolution of the liquid-gas interface by the phase-contrast X-ray imaging technique [40]. 

3.4.3 "Far-nozzle" spray-formation region 

Most detailed spray experiments have been done in the far-field developed-spray 

region. The reason is that performing the experiments and interpreting the results in this 

region is much easier than in the other regions. Furthermore, all the measurements 

techniques reviewed in the previous section are applicable in this region. 

The droplet size distribution is a major feature of a spray in the developed spray 

region. Conventionally used measurement methods suffer from limitations caused by 

multi-scattering effects, high drop velocity and concentration and also nonspherical 

shapes. In [41] the authors have developed a super high resolution photography system 

to measure the small size droplets in a single spray. The strength of image-based methods 

compared to other methods is its potential to determine the shape of the liquid particles 

that are not fully atomized [42,43].  
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Several experimental methods have been developed to concurrently measure the 

size and velocity components of droplets in a spray field. In [44], a 2D method was used 

to determine droplet size from extremely small droplets (a few microns) to very large 

drops (millimeters), in addition to droplet velocity and concentration. This droplet 

imaging velocimetry and sizer approach uses a PIV method. In another study [45] 

assessment of the size and 3D velocity distribution of droplets in a spray field illuminated 

by a thin laser-light sheet was suggested. The velocity of individual droplets is obtained 

by 3D particle tracking velocimetry (3D-PTV). 

The size of the droplet can also be determined from the spacing of interference 

fringes caused by the converging, defocused images of the two glare points of side-

illuminated droplets [46]. The image is composed of a series of out-of-focus spots, each 

displaying an identifiable droplet, and superimposed on which is a set of fringes 

corresponding to the angular intensity oscillations of that droplet. 

Methods based on discrete-droplet imaging offer the benefit of probing; 

therefore, short laser pulses were applied to a monodisperse droplet stream, which 

demonstrated the applicability of the polarization ratio method for rapid droplet size 

determination at high spatial resolution. The polarization ratio method uses the signal 

ratio of perpendicularly and parallel polarized elements of scattered light. When this 

method is used on study sprays, it yields signal ratios corresponding to the diameter of 

the droplet [47,48]. The use of ultra-short laser pulses eliminates oscillations in the 

scattered signal generated by interference between different scattering orders.  
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In the single drop flame sprays, the convective time scale is related to the slip 

velocity of the droplets. They can be measured by the 3D phase Doppler technique. 

Measurements of droplet-gas slip velocity are easier in the far-field developed spray than 

in the near field. The lower number density facilitates PDI measurements of droplet 

velocity. In most of these cases, gas-phase velocity is taken as the velocity of the smallest 

droplets which are considered small enough to follow the gas flow [49]. 

3.5 Spray measurements and MRI  

The optical techniques require a transparent medium, and these techniques are 

severely limited in optically dense or opaque regions, such as inside the nozzle and in 

the "near-nozzle"  region.  MR and MRI are other alternative approaches to overcome 

limitations of optical diagnostics. Studying flows by MR/MRI is advantageous as it can 

be used as a non-invasive technique for measuring visually opaque fluid in optically 

inaccessible regions in spray studies. Moreover, MR/MRI methods are sensitive to many 

physical parameters. 

 During the last decades, MRI velocimetry development has enabled a reliable 

study of velocity fields.  Most of these studies used phase encoding, time of fight (TOF) 

and tagging measurements to assess the velocity of a fuid media [50-53]. MRI 

measurements of individual suspended droplets [15,16] provided insight into liquid 

motion and freezing/drying processes.  
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Even though there is a wide range of velocimetry measurements of various types 

of flow, there has been a very limited number of MRI studies of spray nozzle flows or 

spray formation region to date.  

Kuethe et al. [54]. measured velocities of a water mist and the gas separately, 

obtaining information on the droplet size distribution and interaction between the two 

phases. More recently, UNB MRI Centre studies of flow inside a nozzle and spray region 

demonstrated the ability of MRI to visualize fast flows (m/s) inside small structures 

(mm). However, these studies also showed disagreement between expected flow speeds 

and MRI-measured ones due to flow rapidly accelerating over a short distance [55-57]. 
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Chapter 4 Velocity Measurement of Fast Flows Inside Small 

Structures with Tagged MRI 

 

Measurement of flows inside nozzles is particularly interesting and challenging 

since high flow velocity (m/s) transpires inside a small structure (sub-mm). There is a 

wide range of velocimetry measurements in various types of flow.  

Recently MRI studies of flow inside a nozzle and spray region demonstrated that 

MRI can visualize fast flow rates (m/s), however, a disagreement emerged between 

expected and measured flow velocities in these studies. Most of these studies used either 

phase encoding or time of fight (TOF) measurements to assess the velocity of fluid 

media. In the current chapter, the accuracy of MRI velocimetry measurement techniques 

in fast flow imaging (m/s) inside the small structure is investigated. 

This chapter is largely based on the paper “Velocity Measurement of Fast Flows 

Inside Small Structures with Tagged MRI” published in the Applied Magnetic 

Resonance journal. We follow the notation for variables and equations recommended by 

the Applied Magnetic Resonance. The format of references in this chapter follows that 

of the original article. 
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Abstract 

Velocity is one of the most important parameters to study in complex fluid flow 

systems. MRI is a non-invasive tool for quantitative visualisation of fast fluid flows. 

Many of the flow studies by MRI measure the velocity of a fluid media by using either 

phase encoding or time of flight (TOF) measurements. Until now, motion sensitised 

SPRITE is the best method for the velocity assessment of very fast flows when the 

structure is large enough compared to flow displacement during the encoding time (tp). 

However, when displacement during the encoding time becomes greater than the pixel 

size, velocity misregistration takes place. To detect the velocity with accuracy, we need 

to reduce the encoding time. There is a restriction on the encoding time reduction in 

motion sensitised SPRITE: both the velocity encoding, and spatial encoding times take 

place simultaneously, causing longer encoding time. If these two steps are separated, it 

is possible to reduce the encoding time. In this paper, we demonstrate how this can be 

achieved by applying a TOF approach where the fluid is labeled by a spatially periodic 

modulation of the magnetization. The modulation part is performed when the liquid is 

still moving slowly, and the imaging part does not require the bipolar gradient to be 

switched on and off. This leads to a reduction of the encoding time and greater accuracy 

in the detection of the fast flow velocity.           
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4.1 Introduction  

Velocity is one of the most important parameters to study in fluid flow systems. 

Information about velocity distributions enhances our understanding of basic knowledge 

of complex fluid phenomena, which, in turn, will improve the performance and operation 

of a variety of equipment used in industry and science. One of the areas of great interest 

is a measurement of flow inside the nozzles where the flow has a high velocity (m/s) 

inside a small structure (sub-mm) [1]. For example, information of flow inside the 

nozzles used in internal combustion engines is critical for improving engine efficiency 

but is very difficult to obtain due to their optical opacity. 

There is a wide range of velocimetry measurements in various types of flow. For 

example, optical methods like LDV and PIV, assess the velocity of a flow based on the 

evaluation of light scattering caused by the presence of small particles (tracers) [2–7]. 

These methods are based on the optical measurement of the velocity of tracers instead 

of the flow’s velocity. The assumption of these methods is that the velocity of the tracer 

elements is the same as the flow velocity. The accuracy of these methods can be affected 

by inertia and buoyancy forces. Another major problem with optical methods is that 

optical transparency requirements for both flow and equipment can be restrictive.  

Also, the ultrasound velocimetry method can be a highly effective flow 

visualisation method. For many years the Ultrasound Doppler Velocimetry (UDV) has 

been applied for measuring velocity fields in liquid flows. The ultrasound Doppler 

velocimetry requires acoustic inhomogeneities in the fluid to measure. In the simplest 
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implementation, an ultrasonic measuring system uses a single ultrasound transducer 

serving as an emitter as well as a receiver of acoustic waves. It emits a short ultrasonic 

pulse consisting of a few harmonic wave trains in a frequency range ( of 1 to 10 MHz), 

which propagates in direction of the normal of the transmission plane as a longitudinal 

wave with the sound velocity of the media. At this process, a part of the acoustic energy 

is scattered at the inhomogeneities (particles) and reverberated to the transducer. The 

transducer receives an echo signal composed of the scattering echos of all particles in 

the propagation zone of the pulse with the transit time of the scattering echos relative to 

the pulse emission in the received signal reflecting the axial position of the respective 

scattering particles. After a specific time, the pulse emission is repeated. By means of 

differences in transit time of the scattering echos between consecutive pulse emissions, 

resulting from a finite shift of particle position, the movement of the scattering particles 

and consequently the flow velocity in the axial direction can be determined [8]. 

The application of NMR as an instrument to study fluid flow dates back to the 

early 1950s. NMR has been a topic of extensive studies due to the benefits it offers: no 

need for physical contact with the flow and no transparency limitations to make a 

measurement. Also, the non-invasive nature of NMR makes it highly appropriate for 

studying systems with hazardous chemicals, or extreme pressures and temperatures [9–

11]. During the last decades, MRI velocimetry development has enabled reliable study 

of the velocity fields. While there are many papers on using NMR for the flow 

measurement, we suggest papers by Caprihan and Fukushima [12], Singer [13], 

Stepisnik [14], and a review by Gladden and Sederman [15] for further information. 



86 

 

 More recently, MRI studies of flow inside a nozzle and spray region demonstrate 

the ability of MRI to visualize fast flows (m/s) inside small structures (mm). However, 

these studies also showed disagreement between expected flow speeds and MRI-

measured ones due to flow rapidly accelerating over a short distance [16, 17]. 

Most of these studies used either phase encoding or TOF measurements to assess 

the velocity of a fluid medium. Furthermore, several MRI studies have been done to 

compare the result of these two methods. Moser et al. [18] used both techniques to study 

velocity measurements of the flow inside a pipe with step stenosis. In their experiment, 

flow with a maximum velocity of less than 0.1 m/s was investigated. The experimental 

results show that for slow velocities (cm/s), the phase encoding method gives more 

accurate results than TOF techniques. At the same time, the TOF method provides the 

deformation of a stripe pattern which can be observed at different flow regimes. 

Conventional frequency-encoding MRI measurements have been shown capable 

of producing informative images of flow fields [19,20], including snapshots of velocity 

fields in turbulent flows with speeds reaching 0.7 m/s. These methods encounter 

problems in fast flows when a displacement of an element of a fluid during the 

acquisition degrades the point spread function[21, 22]. Secondly, local distortions in the 

magnetic field can lead to reduced MRI signal lifetime and image distortions. 

Motion sensitised SPRITE is based on phase-encoding MRI where a single point 

is acquired at a fixed interval after RF pulse excitation while the encoding gradient is 

changed for each acquisition to sample the k-space. This approach makes imaging 
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immune to local field distortions. Motion sensitised SPRITE can perform velocity 

assessment of very fast flows (m/s) when the structure size is larger than the 

displacement of flow during the encoding time tp  [23, 24]. However, when the 

displacement of flow during the encoding time becomes greater than the pixel size, a 

velocity misregistration occurs. 

 To detect the velocity with more accuracy, we need to reduce the encoding time; 

however, there is a restriction to reducing this time in motion sensitised SPRITE. In this 

method, the velocity encoding and spatial encoding times are simultaneous, resulting in 

a longer encoding time. 

 If these steps are separated, it is possible to reduce the encoding time. This aim 

is achievable by applying the TOF method. Many studies have been done to detect the 

velocity by TOF, but, to our best knowledge, this study is the first one to apply a tagging 

method for fast flows in the m/s range. 

 The purpose of this study is to extend the work of Moser et al. to evaluate the 

accuracy of MRI velocimetry measurement techniques in fast flow imaging (m/s) inside 

a small structure. Typical ceramic nozzles have outlet diameters of 1-2 mm or less. 

Getting a sufficiently resolved image with a pixel size below 100 µm would require high 

gradient strengths during tp of 0.1 ms. Hence, imaging processing for a real nozzle was 

not applicable due to limitations on the gradient strength of the instrument employed. 

Therefore, a model setup was employed as a model version of a real nozzle. We restricted 

the scope of this study to the investigation of fast fluids (m/s) inside the small geometries 
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(mm), with an emphasis on the ability of the TOF method to make encoding time shorter 

(by separating velocity and spatial encoding steps). This resulted in a greater accuracy 

of the fast flow velocity measurement. 

4.2 Methods 

Two MRI velocimetry sequences were utilized: a TOF sequence and a motion 

sensitised SPRITE sequence (MS- SPRITE).  

 

4.2.1 Tagging methods 

4.2.1.1 Tagging with MRI  

The pulse sequence used for tagging experiments is shown in figure 4.1 This 

method requires the application of the sample tagging and tracking of the fluid. This 

sequence has three parts: preparation (DANTE sequence in this case), delay time, and 

imaging. During the preparation, the sample was labeled by a spatial modulation of the 

magnetization. The geometry of the strips (thickness and distance between tags) can be 

adjusted by modifying the parameters: duration of RF pulses and strength of the tagging 

gradients [25]. As shown in figure 4.1, DANTE sequence consists of six equally spaced 

30-degree RF pulses with the same magnitude. A tagging gradient (Gt = 0.2 T m⁄ )   

was simultaneously applied in the flow direction (z-direction). Tags can be created inside 

the sample along the direction of the applied gradient. In this experiment just one tag 

was created in the region with low velocity and tracked inside the region with high 
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velocity. A smearing artifact was not considered significant at the chosen imaging 

parameters (at  v = 2 m s⁄  and tpreparation = 300 μs , ∆x = vt ≤ 0.6 mm ). After 

preparation, a variable delay time interval was set; during this time, the tagged portion 

of the fluid is moving. Eleven delay times of 1 µs, 200 µs, 400 µs, 600 µs, 800 µs, 1000 

µs, 1200 µs, 1400 µs, 1600 µs, 1800 µs, 2000 µs were used. By increasing the delay 

time, the subsequent images of the tag motion were then acquired.  

Because of the long relaxation time of the sample (T1 =519 ms), the modulated 

magnetisation will not change significantly at delay times of up to several milliseconds. 

At this point, the spatial configuration can be captured by any suitable imaging sequence. 

In this work, a spiral 3D SPI pulse sequence was applied with a 1.4 ms gradient rise time. 

The first image acquired at the shortest TOF delay time (1 µs) was used as a reference 

image.  
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Figure 4.1 Pulse sequence diagram for tagging experiments. This sequence consists 

of three parts: a DANTE sequence, delay time and an imaging part.  

 

4.2.1.2 Tagging with CFD  

In order to compare and verify the results obtained with the TOF method, 

computational fluid dynamics (CFD) simulation of the flow has been done using the 

Ansys Fluent Package. The domain consists of two regions: the inlet region with a 

diameter and length, respectively 3 mm and 18 mm, and the outlet region with a length 

of 15 mm and a diameter of 2 mm (as used in the model set up for experiments). 

Regarding the boundary conditions, a uniform velocity profile is used at the inlet with 

v = 2.25 m/s. At the outlet, the flow is assumed fully developed, and at the pipe’s 

surface, the no-slip wall boundary condition is used. The grid development for this 

simulation is the same as the spatial resolution of the TOF experiments (0.46 mm). 

Simulation of the tag in this study is conducted using the volume of fluid (VOF) method, 

where the main flow and the tag have been treated as two different flows with similar 

properties (standard water). In this approach, the solution domain is initialized with 

phase 1 (main fluid) and phase 2 (tag). After solving the Navier-Stokes equation and 

completing the VOF model, in each step, the solutions are achieved and the positions of 

the tag are determined. 

https://en.wikipedia.org/wiki/Computational_fluid_dynamics
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4.2.2 Motion sensitised SPRITE method  

The Conical SPRITE imaging sequence was modified to become a motion-

sensitised sequence by adding bipolar gradients in the desired velocity encoding 

direction [26]. Figure 4.2 shows a diagram of the motion-sensitised conical SPRITE 

sequence. The encoding time tp , which is the time interval between excitation and 

detection, was 500 µs. In figure 4.2, the black boxes in Gz line show a bipolar motion-

sensitised gradient combined with the imaging SPRITE phase-encoding gradient to 

encode the motion information in the z-direction. It should be noted that MS- SPRITE 

uses the tp duration for both motion encoding and spatial encoding. 

 

Figure 4.2 A diagram of the motion-sensitised conical SPRITE sequence. The 𝐆𝐳 

line shows a bipolar motion-sensitised gradient added to the initial SPRITE phase-

encoding gradient to encode velocity in the z-direction.  
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4.3 Experimental 

The experimental apparatus is shown in figure 4.3. MRI measurements were 

performed on a vertical bore superconducting 4.8T magnet (Cryomagnetics, TN) with 

the Redstone console (Tecmag, TX), a homemade 3D gradient set with the maximum 

strength of 0.72 T/m and 20 mm inner diameter. To avoid overheating, the maximum 

gradient value employed in experiments was limited to 0.13 T/m. RF probe was tuned to 

1 H NMR resonance frequency (200 MHz). A Teflon pipe with an inlet region and outlet 

region diameters of 3 mm and 2 mm and with the length of 18 mm at inlet and 14 mm at 

outlet regions was placed vertically inside the magnet bore; the pipe was positioned so 

that a constriction in the pipe was within the sensitive region of the probe. The inlet 

region is connected to a wider tube of 14 mm diameter. Manganese sulfate doped 

([MnSO4] = 0.2 mM) distilled water was pumped by a Diener gear pump with a BLDC 

motor (Diener Precision Pumps, CA) installed in a custom housing. The water flow rate 

was 0.5 L/min at a continuous pump-generated pressure of approx. 5 bars. All MRI 

experiments had a field of view of 30×20×20mm3 (ZXY) orientation, with the spatial 

resolution of 0.46×0.15×0.31 mm3. 
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Figure 4.3 Experimental setup. 

 

4.4. Results and discussion 

During the tagging sequence, the magnetization inside the tag is destroyed so that 

the signal intensity reaches its minimum value near the center of each tag. figure 4.4 

shows a series of tagged images of fluid flow in the experimental setup at delay times of 

(a) 1.5 ms, (b) 2.2 ms, (c) 2.6 ms and (d) 3.4 ms. The identification of the tagged region 

relies on the contrast between tagged spins and surrounding untagged spins. The dark 

stripe pattern indicates the location and thickness of the tag. These images show that the 
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tagged magnetization is moving in an organized way. It should be noted that the tag 

evolves very fast: differences in TOF delays are shorter than 1 ms. An alternative 

approach can be a slice selection instead of the DANTE preparation. A small volume of 

the fluid is excited, and then its position is detected as it moves with the flow. However, 

this approach would reduce the overall image intensity and SNR, which can be 

problematic for small samples. 

 The shortest delay time between the end of the DANTE and the beginning of SPI 

is 1 µs, but because of the gradient rising time of 1.4 ms in SPI, the actual delay time is 

1 µs + 1.4 ms + 0.15 ms (encoding time). During this time interval, the tag moved. Hence 

even at the shortest delay the tag has some small deformation. This image was chosen as 

a reference image. The only difference in the imaging protocol for these series of images 

was the delay time. Therefore, the accuracy and imaging uniformity of the method for 

all the images should be the same. Based on the displacement of the tag in consecutive 

images, information on the flow can be extracted. 
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Figure 4.4 A series of tagged images of fluid flow at different delay times: (a) 1.5 

ms, (b) 2.2 ms, (c) 2.6 ms and (d) 3.4 ms. The dark stripe pattern indicates the 

location of the tag. 
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To enhance the tag contrast, tagged images were subtracted from the image 

obtained without the DANTE preparation. The results are shown in figure 4.5, where the 

inverted tag appears as a bright region. Its intensity can be quantified as follows: 

 

Sinv.tag =  Snon.tagged − Stagged 

S(non.tagged)xy  ∝  M0. sinθ. exp (−
tp

T2
∗ )   ; 

S(tagged)xy ∝  M0(1 − exp (−
Δ

T1
). sinθ. exp (−

tp

T2
∗ )   ; 

                       S(inv.tag)xy∝ M0 . sinθ . exp (−
Δ

T1
) . exp (−

tp

T2
∗ )                                      (1.4)  

 

where Sinv.tag is the intensity of the inverted tagged image and Snon.tagged is the intensity 

of the non-inverted tagged image.  
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Figure 4.5 Inverted tagged image obtained by subtracting the tagged image from 

the image without the DANTE preparation. In these images the inverted tag 

appeared as a bright region at different delay times: (a) 1.5 ms, (b) 2.2 ms, (c) 2.6 

ms and (d) 3.4 ms. 
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In our experiments, T1and T2
∗ of the doped water solution were 519 ms and 20 ms, 

respectively; both parameters were much longer than the TOF delay (1.5 ms – 3.4 ms) 

used in tagging experiments. This ensured that relaxation effects on the tag intensity 

were negligible. Inside the inlet region, the flow is transitional (Re = 3500), only the 

displacement of the tag is noticeable, and the tag’s shape is almost symmetric in both 

horizontal and vertical directions. In the inlet region, deformation of the tag is negligible. 

Once the tag moves into the outlet region where the flow is turbulent (Re = 7000), 

deformation of the tag becomes noticeable and the shape of the tag changes. From this 

deformation, quantitative information of the flow can be extracted.  

Figure 4.6 shows corresponding inverted signal intensity profiles for 11 delay 

times. As the tag is moving, the shape of the tag is changing; therefore, the profile 

intensity will change. There are two significant differences between the shapes of these 

profiles: the inverted signal intensity of the peak and the total expansion of the profiles. 

The maximum intensity of the inverted tag decreased when the tag moved from the inlet 

to the outlet region while the flow regime changed from transitional to turbulent. Another 

noticeable feature is the blurring of the tag boundaries. In our opinion, this is caused by 

the turbulence. In turbulent flow, unsteady vortices appear. Therefore, the pixel 

compartments in this flow do not always contain the same fluid elements: it is possible 

the pixel’s contents are intermixed and some fluid elements enter the pixel while others 

are leaving. Therefore, the tagged and non-tagged magnetisations were mixed. This is a 

possible explanation of why pixels located at the tag boundary have a lower intensity 



101 

 

and become more faded than those at the center of the tag. Total expansion of the profiles 

occurs because different parts of the tag experience different velocities and movement. 

 

 

 

Figure 4.6 Signal intensity profiles for eleven delay times. 

 

 

Figure 4.7 shows the tag flow simulated with the CFD. Due to the formation of a 

velocity profile, which is zero at walls and maximum at the pipe’s center, the tag 

undergoes a stretch in the flow direction. Also, the dispersion effect produces a smooth 

transition between the tag and the main fluid. The shape, size, and location of the initial 
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tag in the simulation are based on the parameters of the tag at the shortest TOF delay 

used in TOF experiments. 

 

 

Figure 4.7 A simulated tagged flow using a CFD region at different delay times: (a) 

1.5 ms, (b) 2.2 ms, (c) 2.6 ms and (d) 3.4 ms. 

 

4.4.1 Velocity evaluation by TOF  

To find the velocity, 1D profiles of inverted signal intensity of the tag were plotted 

for all delay times. In each delay time, the maximum value of the distribution 

demonstrates the center of the tag. To find the velocity, it is essential to choose a 

reference point to find the displacement of the tag. This point can be located on the front, 

back or central point of tagged fluid on the 1D profile. The reference point on the front 

and back of tagged fluid were chosen such that full width half maximum (FWHM) of 

the 1D profile is passing through these points. The displacement (Δzevo) is the change 

of the pixel number (Δp) multiplied by the spatial resolution (R). The estimated velocity 

(vz) of the tag along the flow direction (z- direction) is given by:  
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                                                             Δzevo = Δp × R                                       (4.2) 

                                                               vz =
Δzevo

Δtevo
                                              (4.3) 

 

Figure 4.8 shows the velocities calculated by tracking the front, the back, and the 

central point of tagged fluid displacements. The plot shows that different parts of the tag 

are moving with different velocities: the velocity calculated from the back of tagged fluid 

displacement shows the minimum range of the velocity while the front of tagged fluid 

shows the maximum velocity. The measurement of the central point velocity yields the 

tag’s mean velocity. As long as the shape of the tag (1D profile) is symmetric, these 

velocities are in the same range. However, as the 1D profile becomes anti-symmetric 

with increasing delay times, the front of the tagged fluid offers more accurate results 

than the either back of tagged fluid or the central point. The accuracy of the measurement 

is determined by the spatial resolution and the TOF time. For the pixel size of 0.46 mm 

in the z-direction, the accuracy improved from 0.3 m/s (TOF = 1.5 ms) to 0.13 m/s (TOF 

= 3.4 ms). 
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Figure 4.8 Velocities calculated by TOF method for the front, back and central 

point on the intensity profile. 

 

4.4.2 Velocity evaluation by MS-SPRITE method 

Figure 4.9 shows the 2D velocity map extracted from the 3D data sets acquired 

with MS-SPRITE. The velocity maps are as expected: as the water flows into the outlet 

region, the pipe diameter decreases, and the flow speed increases. According to the 

velocity map, the water speed increased from 1 m/s to 6 m/s within several millimeters 

(2 mm), staying mostly constant along the cross-section of the pipe. 
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Figure 4.9 2D velocity map extracted from the 3D data sets acquired with MS-

SPRITE. 

 

One of the most important considerations for the MS-SPRITE measurement of the 

fast flow inside the small structures is the presence of misregistration (smearing) artifacts 

in the images. Because of the application of the motion-sensitising bipolar gradient 

during each phase-encoding interval, the phase-encoding time becomes significantly 

longer than for the spin density imaging. For example, in this experiment, encoding time 

was tp = 500 µs for the flow measurements versus tp =150 µs used in the SPI sequence 

employed in the TOF measurements. Consequently, during the long phase-encoding 

time, fast flow moves a greater distance than the voxel size. In this experiment, regions 
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with a flow speed greater than approximately 1 m/s (v ≥
Δx 

tp
 ) in the z-direction was 

affected by the misregistration artifact. This artifact is more pronounced if the system 

has a strong acceleration. With a moving sample, to clarify the dependence of phase on 

velocity and acceleration, where position depends on time, a Taylor expansion of the 

position gives a phase of: 

 

      ∅ = r(0). ∫ G(t)dt + v(0). ∫ G(t)tdt +
1

2

tp

0

tp

0
 a(0). ∫ G(t)t2dt

tp

0
 + …               (4.4) 

 

Therefore, an adjustment was required for a balance between the field of view (FOV), 

the phase-encoding time (tp), and the presence of the misregistration artifact.  

 

4.4.3 Comparing the results of velocity measurements 

Fig.10 shows the comparison of the velocities measured by TOF, MS-SPRITE, 

and CFD. The inlet region was connected to a much wider tube (14 mm). Due to the 

change in the dimensions of the two tubes, the flow at the beginning of the inlet region 

was not stabilized yet. The velocities were measured at a point in the middle of the inlet 

and outlet regions, respectively. Based on the continuity equation A1V1 = A2V2 (where 

A is the cross-sectional area of flow and V is the mean velocity), the velocity at the outlet 

region should be 2.25 times the velocity in the inlet region, i.e. 7 m/s, which is the same 

as the velocity obtained by the CFD method. The velocities measured by TOF show a 
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good agreement with the predicted results of the continuity equation, while the MS-

SPRITE offers the underestimated results. 

 

 

Figure 4.10 Comparison of velocities measured by displacement of the front and 

central point of tagged fluid, the CFD, and motion sensitized SPRITE.  

 

For the velocities between 4 m/s to 6 m/s, the results for the central point velocity 

are close to the results for the MS-SPRITE method. When the flow goes downstream, 

for velocity greater than 6 m/s, the central point velocity was still increasing, while MS-

SPRITE showed constant velocity. The reason that the MS-SPRITE velocity does not 
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exceed 6 m/s can be attributed to the encoding time, which is long when compared to 

changes in the flow rate. In this experiment, during transition of flow from the inlet to 

the outlet region, acceleration was approximately 16 × 103  m s2⁄  for velocity changes 

from 2 m s⁄  to 7 m s⁄  over 0.3 ms. Therefore, velocity was underestimated. 

To show how the accuracy of the fast flow measurement depends on the encoding 

time, the TOF experiment was repeated for a longer encoding time (500 µs vs. 150 µs) 

while the other parameters of the experiment were kept the same. Figure 4.11 shows the 

tagged images for the long encoding time. The comparison of images with short and long 

encoding time at the equal delay time reveals that for the long encoding time, the tag 

shape expands more than during the short encoding time. During the long image 

acquisition, the smearing artifact becomes more pronounced. The velocity calculated 

from TOF data with tp = 500 µs reaches 6.43 m/s i.e., which is less accurate than when 

the encoding time is shorter. As a side note, this TOF imaging with tp = 500 µs shows 

how far the elements of the fluid move during MS-SPRITE measurements with tp = 500 

µs. 
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Figure 4.11 Inverted tagged image with longer encoding time of 0.5 ms at different 

delay times: (a) 2.2 ms, (b) 2.7 ms, (c) 3.1 ms, (d) 3.9 ms. 
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To evaluate the change of the tag’s signal intensity during each delay time, 

normalised inverted signal intensity (Rn) was calculated: 

Mn(inv.tag)xy
∝ M0 . sinθ .  exp (−

Δn

T1
) . exp (−

tp

T2
∗) 

M1(inv.tag)xy
∝ M0 . sinθ .  exp (−

Δ1

T1
) . exp (−

tp

T2
∗) 

                                Rn =
Mn (inv.tag)xy

M1(inv.tag)xy

= exp (−
(Δn−Δ1  )

T1
 )                                        (4.5) 

 

where Sn(inv.tag)xy
 and S1(inv.tag)xy

 are inverted signal intensity of the tag at nth and 1st 

delay times respectively. Figure 4.12 shows the integrated relative signal intensity for 

different delay times. There is a small but noticeable decrease in signal intensity with 

increased delay time. The relaxation time (T1) for the fluid used in this experiment was 

selected to be of the order of 519 ms, much longer than delay times. Therefore, this 

reduction in intensity cannot be attributed to the effects of relaxation time.  
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Figure 4.12 Relative signal intensity integrated over the tag for different delay 

times. 

 

 

4.4.4 Dispersion coefficient 

Another useful result that can be extracted from the tag’s shape is related to the 

diffusion coefficient. In our setup, the randomization of the NMR signal was caused not 

by self-diffusion but by the turbulent flow [27-29]. In place of “mechanical dispersion”, 

we are going to use “dispersion” from this point forward. At the delay time of 2.4 ms, 
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after the initial expansion of the tag due to the faster flow in the outlet, the whole tag is 

in the outlet, undergoing turbulent motion. As the delay time increases further, the tag 

shape becomes broader and more blurred at the edges, particularly at the tail of the tag. 

To evaluate the dispersion, each tag profile intensity was fitted to a Gaussian curve:  

 

f(x, t) = C e
−x2

4Dt  

 

where  C =
1

√4πDt
 

The full width at half maximum (FWHM) ω =  √(16ln2Dt) and the dispersion 

coefficient D can be expressed as: 

                                                             D =
ω2 − ω0

2

16τln2
                                                              (4.6) 

where τ = t − t0, and ω0is the FWHM of the original tagged line at time t0. The FWHM 

linewidth increases with the delay time. Figure 4.13 shows a straight line fit for the 

dispersion data corresponding to a dispersion coefficient D of 1.06 × 10−6 m2 s⁄   (R2 = 

0.89).  
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Figure 4.13 Straight line fit which is corresponding to the dispersion coefficient. 

 

 

The TOF approach of evaluating dispersion requires an observation of the tag 

evolution for a number of TOF delays and, as such, is cruder than the phase encoding 

gradient approach where a signal decay due to the loss of magnetization coherence is 

measured in each pixel. However, for changes in the flow happening on a sub-ms-scale, 

and a relatively slow dispersion, the use of the phase encoding approach requires 

extraordinarily strong and extremely fast switching gradients. In our model setup, for 
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dispersion D = 10−6  m2 s⁄  and tp = 500 µs, the gradient strength must be 1.78 T/ m 

to attenuate the signal by a factor of 10. 

 

4.5 Conclusion  

Studying fast flows with MRI has its own challenges. One of them is related to 

spatial resolution vs. time. To date, the best MRI technique to measure fast flows (v ≥

1 − 10 m/s) is the MS- SPRITE. The MS- SPRITE technique uses a bipolar gradient to 

encode velocity data into the phase. To apply the motion-sensitizing bipolar gradient 

during each phase-encoding interval, the phase-encoding time must be significantly 

longer than for spin density imaging, because the gradient must be switched on and off. 

Long encoding time tp leads to misregistration when the acceleration is high, and the 

system is small relative to the imaging resolution. A reduction of tpwould resolve the 

problem. However, in MS-SPRITE, tp cannot be made shorter than the two gradient 

(bipolar gradients) rise times necessary for the velocity encoding. 

     An alternative solution is to use a TOF technique where preparation and 

detection are separated. In this approach, the fluid is labeled by a spatially periodic 

modulation (preparation) of the magnetization. In the image acquired immediately after 

this modulation procedure, the modulated spins appear as a grid of dark and bright 

stripes. Fluid motion between the acquisition of the first and subsequent acquired images 

is analysed from the displacement and distortion (deformation) of the grid. Since the 

modulation part can be performed when the liquid is still moving slowly, and the imaging 
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part does not require the bipolar gradient switching on and off, it is possible to 

considerably reduce the characteristic measurement part and detect the fast flow with 

greater accuracy. 

In this study, both MS-SPRITE and TOF methods were applied to detect the 

velocity inside the small structure pipe. Then CFD was employed to verify and compare 

the results of these two methods. Figure 4.10 shows that the measured velocity by the 

motion sensitised SPRITE experiment is in a good agreement with the result of the CFD 

in the region that had low flow velocity (2 m/s). However, when the flow velocity 

increased to the higher velocity (7 m/s) within 3 mm, the detected velocity by MS-

SPRITE has an error around 7%. This error is attributed to the long encoding time. The 

TOF preparation scheme (tagging part) reduces the encoding time of the imaging 

sequence. In this experiment, the encoding time for TOF was 150 µs versus 500 µs for 

MS-SPRITE, which in return permits an implementation of the imaging sequence to 

visualize and measure a wide range of flow speeds in the system at short time intervals.  

At the same time, the TOF technique suffers from its own limitations. The most 

significant one is the necessity of repeating the measurement at several TOF delays. This 

can be modified by placing a series of the SPI acquisition after a single DANTE and 

initial TOF. Another major problem involved with the tagging velocity method is that 

for very fast velocities (v ≥ 10 m/s), creating tags is challenging. In highly turbulent 

flows, the turbulence causes the mixing of the tagged and nontagged samples. In this 

work, the tags were created at a location with a low flow rate to avoid this problem. In 

this study, the velocity investigation inside the real nozzle was considered but not 
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implemented due to an insufficient gradient strength of the MRI scanner employed. 

Typical ceramic nozzles have outlet diameters of 1-2 mm or less. Getting an image with 

a pixel size below 100 µm during tp of 0.1 ms would require magnetic field gradients 6 

times stronger (0.79 T/ m) than was used in this work (0.13 T/m). Stronger gradient sets 

will enable experiments to be performed on more realistic nozzles. 

 

Acknowledgments  

The authors would like to thank Dr. F. Baratchi for carrying out the CFD 

simulation model, Brian Titus for manufacturing parts of the experimental set-up, Dr. B. 

Newling for helpful discussions and Margaret Anne Crawford for editing the paper. 

Funding from the Natural Science and Engineering Research Council of Canada is 

gratefully acknowledged. (I.M.). 

 

 

 

 

 

 

 

 

 

 



118 

 

 

4.6  Reference 

1. T. D. Fansler and S. E. Parrish, Meas Sci Technol 26 (1), 012002 (2015). 

2. N. C. Shapley, R. A. Brown, and R. C. Armstrong, J Rheol. 48 (2), 255-279 (2004). 

3. S. So, H. Morikita, S. Takagi, and Y. Matsumoto, Exp Fluids 33 (1), 135-142 (2002). 

4. F. Lemoine, Y. Antoine, M. Wolff, and M. Lebouche, Exp Fluids 26 (4), 315-323 

(1999). 

5. K. Hishida and J. Sakakibara,  Exp Fluids, 29 , 129-140 (2000). 

6. T. Schlüter and W. Merzkirch, Flow Meas Instrum 7 (3), 173-179 (1996). 

7. D. Kaftori, G. Hetsroni, and S. Banerjee, Phys Fluids 7 (5), 1107-1121 (1995). 

8. S. Manneville, L. Bécu, and A. Colin, EPJ Appl Phys 28 (3), 361-373 (2004). 

9. P. T. Callaghan, C. D. Eccles, and Y. Xia, J Phys E 21 (8), 820-822 (1988). 

10. P. T. Callaghan and Y. Xia, J Magn Reson 91 (2), 326-352 (1991). 

11. Y. Xia and P. T. Callaghan, Macromolecules 24 (7), 4777-4786 (1991). 

12. A. Caprihan and E. Fukushima, Phys Rep 198 (4), 195-235 (1990). 

13. J. R. Singer, J Phys E 11 (4), 281-291 (1978). 

14. J. Stepišnik, Prog Nucl Magn Reson Spectrosc 17 (c), 187-209 (1985). 

15. L. F. Gladden and A. J. Sederman, J Magn Reson 229, 2-11 (2013). 

16. I. V. Mastikhin, K. M. Bade, and S. Ahmadi, J Magn Reson 283, 52-60 (2017). 

17. I. Mastikhin, A. Arbabi, and K. M. Bade, J Magn Reson 266, 8-15 (2016). 

18. K. W. Moser, E. C. Kutter, J. G. Georgiadis, R. O. Buckius, H. D. Morris, and J. R. 

Torczynski, Exp Fluids 29(5), 438-447 (2000). 



119 

 

19. P. Galvosas and P. T. Callaghan, J Magn Reson 181 (1), 119-125 (2006). 

20. A. J. Sederman, M. D. Mantle, C. Buckley, and L. F. Gladden, J Magn Reson 166 

(2), 182-189 (2004). 

21. A. B. Tayler, D. J. Holland, A. J. Sederman, and L. F. Gladden, J Magn Reson 211 

(1), 1-10 (2011). 

22. P. D. Gatehouse and D. N. Firmin, Magn Reson Med 41 (5), 1023-1031 (1999). 

23. B. Newling, C. C. Poirier, Y. Zhi, J. A. Rioux, A. J. Coristine, D. Roach, and B. J. 

Balcom, Phys Rev Lett 93 (15), 154503 (2004). 

24. A. Adair, I. V. Mastikhin, and B. Newling, Magn Reson Imaging 49, 71-77 (2018). 

25. G. A. Morris and R. Freeman, J Magn Reson 29(3), 433-462 (1978). 

26. M. Halse, D. J. Goodyear, B. MacMillan, P. Szomolanyi, D. Matheson, and B. J. 

Balcom, J Magn Reson 165 (2), 219-229 (2003). 

27. D. O. Kuethe, Phys Rev A 40 (8), 4542-4551 (1989). 

28. J. C. Gore, Med Phys 18 (5), 1045-1051 (1991). 

29. T. Q. Li, J. D. Seymour, R. L. Powell, K. L. McCarthy, L. Ödberg, and M. J. 

McCarthy, Magn Reson Imaging 12 (6), 923-934 (1994). 

 

 

 

 

 



120 

 

Chapter 5 – A rapid magnetization preparation for MRI 

measurements of sprays 

Optics-based techniques can provide detailed information on spray parameters in the 

"far-nozzle" region of sprays. However, these techniques present major challenges to 

characterize the "near-nozzle" region.  

NMR is a non-invasive measurement that holds promise for quantitative studies of the 

liquid atomization. However, conventional preparation schemes are difficult to employ 

for studies of sprays due to their fast speeds. This chapter presents an approach to 

imaging sprays with a magnetization preparation stage. 

This chapter is largely based on the paper “A rapid magnetization preparation for 

MRI measurements of sprays” published in the Journal of Magnetic Resonance. We 

follow the notation for variables and equations recommended by the Journal of Magnetic 

Resonance. The format of references in this chapter follows that of the original article.  

 

Abstract 

The process of spray atomization, i.e., the transformation of a continuous liquid jet 

into μm-sub-mm sized droplets, is ubiquitous in industry yet quite complex to analyze 

theoretically and study experimentally. One of the main strengths of MRI is its ability to 

sensitize spatially-resolved MR signal to a wide variety of physical and chemical 

parameters. However, standard preparation schemes are difficult to employ for studies 

of sprays due to sprays’ fast speeds (>10–20 m/s). In addition, sprays are usually low-
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density systems, leading to a poor signal-to-noise ratio (SNR) and a need for massive 

signal averaging and long acquisition time. In this paper, we reduced the interval 

between the preparation and the readout stages by performing SPI encoding on the rising 

gradients. This also enabled the use of 90-degree flip angles to maximize the spray signal 

and saturate the stationary water signal while avoiding unwanted slice-selection. The use 

of gradients during preparation stage was eliminated due to their time-consuming rise 

and stabilization times limiting possible preparation schemes to a combination of RF 

pulses and delays. The two preparation schemes presented here are Time-of-Flight 

(TOF) and 𝑇1𝜌 -weighting schemes. The total duration of the sequence (without TR) was 

240–1100 μs for the TOF and 410 μs for 𝑇1𝜌. The 𝑇1𝜌 prepared images of the near-

atomization region (11 spin-locking frequencies, 0–15 kHz) showed a strong signal 

attenuation at higher frequencies. In series of TOF images the clearly noticeable 

displacement of the liquid parcel can be utilized to measure spray speeds  

Keywords: Magnetic Resonance Imaging, SPI Magnetization preparation, Sprays, 

Flows Multiphase media 

 

5.1 Introduction 

The process of spray atomization, i.e., the transformation of a continuous liquid jet 

into µm-sub-mm sized droplets, is ubiquitous in industry. Its efficiency determines how 

well the liquid is mixed with air (direct injection engines) or spread over a surface 

(painting, agriculture). At the same time, the process is extremely complex (‘‘among the 
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most intellectually challenging and practically important topics in fluid mechanics”, [1]), 

requiring quantitative measurements for experimental verification of theoretical models.  

A considerable arsenal of spray measurement techniques, from ultra-high speed 

imaging to Phase Doppler interferometry (see reviews [1,2]), can provide detailed 

information on spray parameters (droplet size distribution, velocity, volume flux, etc) 

when droplets are well-separated, i.e., in the "far-nozzle" region of sprays (10 diameters 

of the nozzle). However, most of these techniques are optics-based, and the 

characterization of the ‘‘near-nozzle” region (also known as the spray formation region), 

where the fluid is optically dense and/or incompletely atomized, presents major 

challenges. New measurement approaches such as CT and synchrotron-based X-ray 

radiography ([3–6]) are emerging to investigate the region. The MR sensitivity increases 

with the spin density and MRI, an non-invasive method with its wealth of signal 

sensitization techniques, holds promise for quantitative studies of the liquid atomization. 

 A recent pioneering study of MRI of mist demonstrated the advantages from the 

method in the field of highly disperse media by performing both density and velocity 

mapping of both gaseous and liquid phases for slowly moving (0.1 m/s) mist [7]. We 

have recently reported on Magnetic Resonance Imaging of water sprays inside the spray 

nozzle and in the "near-nozzle" regions [8]. A relatively low flow speed of approx. 2 m/s 

inside the nozzle made measurements of velocity maps possible. The density maps were 

acquired both for the inside-nozzle region and its vicinity. However, it was found that 

outside the nozzle the 10-fold increase in flow speed reduced the spin density 
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accordingly which, along with the increased dispersion, prohibited quantitative 

measurements beyond 3 mm downflow from the nozzle. 

 One of the main strengths of MRI in studies of materials and processes is its ability 

to sensitize spatially-resolved MR signal to a wide variety of physical and chemical 

parameters (velocity, diffusion, viscosity, spin mobility, sensitivity to local magnetic 

field inhomogeneity, and many others). The sensitization is commonly done at the 

preparation stage [9–12] via a specific combination of RF pulses, magnetic field 

gradients and delays, with a subsequent readout imaging sequence. The separation of the 

preparation and readout permits a quantitative analysis of contributions of each part into 

the signal. 

 However, standard preparation schemes are difficult to employ for studies of 

sprays due to their fast speeds. All steps of the pulse sequence must be executed while a 

significant portion of the sample still remains within the sensitivity region of the RF 

probe. This requirement means that, for an RF probe length of L and the average sample 

speed V, the duration of the pulse sequence must be shorter than T = L/V. For speeds of 

20 m/s = 20 mm/ms, the inhomogeneity region of an RF probe approx. 20 mm, and at 

least a half of the sample still inside the probe by the end of the sequence, this translates 

into the pulse sequence time T shorter than 0.5 ms. This duration must include the 

excitation, preparation, spatial encoding, and readout stages. 

 An additional complication is the nature of the medium: at such speeds, flows are 

quite turbulent, with the eddy diffusivity playing a prominent role in reducing the signal 

phase coherence [13–15]. The single-point imaging approach with the fixed acquisition 
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point presents clear benefits in working with such systems [16] as the time-evolution 

artefacts will be ‘frozen’, making the signal intensity easier to analyze. Therefore, given 

the time constraints, the preparation stage should be done for each acquisition step. 

However, coupled with the low spin density of the spray system, this will lead to very 

long acquisition times if a good signal-to-noise ratio is desired. Also, the traditional SPI 

and SPRITE sequences [17–19] do spatial encoding by exciting spins in the presence of 

the constant gradient which limits the duration of the RF pulse. 

 In this paper, we present the following approach to imaging sprays, and fast-

moving flows in general, with a magnetization preparation stage. First, we reduced the 

interval between the preparation and the readout stages by performing spatial encoding 

on the rising gradient. This led to a possibility of using 90-degree flip angles in the 

absence of the gradients thus circumventing the issue of slice-selection during the 

acquisition of higher k-space points. The use of 90-degree pulses also maximized the 

signal and increased the SNR. Second, if the sequence repetition time TR > L/ V, the 

magnetization of the water spray will always be unsaturated as the nuclei exposed to the 

previous excitation will have evacuated the RF probe volume. Third, the magnetization 

associated with the stationary water on the setup walls will be heavily saturated and thus 

will not contribute significantly to the acquired signal. This allowed us to employ flat 

sprays to reduce the geometry of the system from 3D to 2D. The use of gradients during 

preparation stage had to be eliminated due to their time-consuming rise and stabilization 

times. This limited possible preparation schemes to a combination of RF pulses and 

delays. The two preparation schemes presented here are 𝑇1𝜌 -weighting and Time-of-
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Flight (TOF) schemes. The total duration of the sequence (without TR) was 250 μs for 

𝑇1𝜌 and 240–1100 μs for the TOF. 

 

5.2 Experimental 

The experimental setup used in this work was identical to the one used previously 

[8] except for a different nozzle. A Diener gear pump with BLDC motor (Diener 

Precision Pumps, CA) was installed in a custom housing and connected via high-pressure 

tubing to a custom made ceramic spray nozzle tip (Spray Systems Co., TeeJet 8001 VK) 

with an exit orifice area of 0.34 mm2 . The dysprosium (III) Chloride (Sigma-Aldrich, 

Canada) distilled water solutions were pumped from a 20 L-container placed underneath 

the NMR magnet to the top of the magnet, sprayed through the nozzle and then drained 

back to the container. The water flow rate was 0.5 L/min at a continuous pump-generated 

pressure of approx. 5 bars (according to the pressure vs flow rate chart from the 

manufacturer) and water exit speed of approx. 25 m/s. The nozzle tip generated a ‘‘flat 

fan” spray pattern with a spray angle of 15. High-speed video (HSV) was acquired at a 

rate of 10,000 frames per second using an Olympus i-Speed TR camera. 

 MRI measurements were performed on a vertical bore superconducting 4.8 T 

magnet (Cryomagnetics, TN) with the Redstone console (Tecmag, TX), a homemade 3D 

gradient set with the maximum strength of 60 G/cm and 20-mm inner diameter RF probe 

tuned to 1H NMR resonance frequency (200 MHz). The Litz RF probe (DOTY 

Scientific, SC) had the manufacturer-tabulated homogeneity volume of 18 mm in length 
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and 19-mm diameter. The nozzle was inserted into an 18-mm outer diameter 10-cm long 

Teflon sleeve to avoid contact between the sprayed water and the RF probe. With the 

spray angle of 15, the spray fan sides were expected to come into contact with the sleeve 

walls at 68 mm down from the nozzle tip. The spray was oriented in the ZX-plane.  

All MRI experiments had a Field of View of 3.6 cm × 3.6 cm (ZX orientation, with 

Z oriented along the B0-direction and along the spray) with a 32 x 32-pixel matrix size; 

at the processing stage, the images were Hanning-filtered and zero-filled to 64 × 64 

matrix sizes. The pulse sequences employed are shown in figure 5.1, with the first and 

second RF lines corresponding to the 𝑇1𝜌 -weighting and TOF preparations respectively. 

The data acquisition was performed immediately after the gradient rise time of 120 μs 

and it was followed by 1 ms of stationary gradient for magnetization spoiling and the 

sequence repetition delay TR of 5 ms. The total duration of the sequence (without the 

spoiling gradient delay and TR) was 250 μs for 𝑇1𝜌 and 240–1100 μs for the TOF. 
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Figure 5.1 The pulse sequence employed. The RF-1 line corresponds to the 𝑻𝟏𝝆 -

preparation scheme, the RF-2 line shows the TOF-preparation scheme. 

The Cartesian sequential linear k-space trajectory was employed to ensure 

saturation of the stationary magnetization by the time of k-space centre acquisition; the 

time delay between execution of each k-space line was 25 ms. The number of averages 

was 128, with the acquisition time of approx.16 min per image. The B1 field of the spin-

locking pulse was incremented from 0 to 3.56 G in 10 equal steps of 0.356 G 

(corresponding to 1.5 kHz steps in frequency up to 15.1 kHz) with the same durations of 

0.1 ms. To improve the RF field homogeneity over the region of interest, the spray region 

was placed in the centre of the RF probe. To correct for B1 imperfections, a cylindrical 

19-mm i.d. glass vessel was filled with the same water solution as the one used in spray 
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experiments. Its images were obtained with the same 𝑇1𝜌 preparation scheme and used 

as templates to remove possible effects of spatial RF inhomogeneities on 𝑇1𝜌 -weighted 

spray images. This reduced the spray image size to the template size of 19.4 mm (in X) 

25.2 mm (in Z). We should note that the RF field inhomogeneity was found to be 

considerable only at the ends of the FOV employed. 

 Several concentrations of Dysprosium chloride and Manganese sulfate were used 

in the experiments. The results presented here were obtained for 2 mM and 16 mM 

concentrations of Dysprosium chloride, with 𝑇1 and 𝑇2 of 475 (23) and 422 (0.6) ms for 

2 mM, and 81 (11) and 50.8 (0.4) ms for 16 mM respectively. The magnetic 

susceptibilities were 7.9 ppm for 2 mM and 0.9 ppm for 16 mM. A complete 

susceptibility matching with air is expected for 17.8 mM solution of Dysprosium 

chloride.  

𝑇1𝜌 was expected to be close to  𝑇2 (i.e., approx. 400 ms). Its accurate measurement 

would require the use of SL pulses of several hundreds of ms. However, due to amplifier 

overload concerns, the maximum duration of the SL pulse in bulk measurements had to 

be limited to 3 ms which precluded the accurate measurement of 𝑇1𝜌. SL experiments 

were performed with a standard spin locking X-Y scheme with phase cycling (see, for 

example, [20]). The B1 field strength was incremented from 0 to 3.56 G in 8 steps. No 

signal decay was detected at the SL pulse duration of 0.1 ms for the stationary solution 

at all non-zero B1 field strengths employed. 𝑇1𝜌 -weighted spray images I(SLi), (i = 1–

11), were normalized by the spray image acquired at SL frequency of 0 kHz (no spin 

locking) to remove the spin density contribution, leaving only the 𝑇1𝜌 -weighting term: 
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 𝐼𝑛𝑜𝑟𝑚𝑖
= 𝜋𝑟2 =

𝐼(𝑆𝐿𝑖)

𝐼(𝑆𝐿 = 1.5𝑘𝐻𝑧)
= exp [− 

𝜏

𝑇1𝜌𝑖
] 

 

The graphs in figure 5.5 were plotted using the 3×3 ROI (moving average) centered 

on the locations shown in figure 5.3. 

 

5.3 General pulse sequence considerations 

For fast-flowing samples such as sprays, their residence time T within the sensitive 

region L of the RF probe is determined by their slowest speed V: T = L/V. The total 

duration of an MRI pulse sequence, including both preparation and spatial encoding 

stages, must be shorter than T, which for flows of 20–30 m/s and RF probe sensitivity 

region of 2–3 cm is about 1 ms. The MRI pulse sequences are combinations of RF pulses, 

magnetic field gradient pulses, and delays, with the gradient pulses being the slowest to 

execute due to eddy currents extending their rise times. (For our instrument, the rise time 

was measured as 0.1 ms from 0 to its maximum value.) This means that the use of 

gradient pulses should be reduced, both for preparation and imaging. 

Performing spatial encoding on the rising gradient will result in significant time 

savings, reducing the interval between the preparation and imaging down to only 0.1 ms 

or less for fast-switching gradient sets [ 21]. The absence of gradients prior to encoding 

will also permit use of 90-degree pulses for sample excitation, utilizing completely the 

sample magnetization and increasing the signal-to noise ratio. The downside will be a 
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difficulty to perform imaging with higher spatial resolution due to the need for stronger 

gradients during a fixed encoding time, and a noisier acquisition process due to increased 

gradient vibration. 

 

5.3.1 Gradient rise and phase accumulation 

The phase 𝜑 (𝑡) encoded by a gradient G(t) over time t is given by: 

𝜑 (𝑡) =  ∫ 𝐺 (𝑡′
𝑡

0

) 𝑥(𝑡′)𝑑𝑡′ 

In case of a standard phase encoding, the encoding time t is kept constant, and the 

magnitude of the gradient G is incremented linearly up to its maximum value Gmax. Using 

the first three terms of the Taylor expansion of the sample position x (𝑡′) = x0 + v𝑡′ 

+a𝑡′2/2, the accumulated phase 𝜑 (𝑡)= (γGt) [x0 + vt/2 + at2/6] where the second and 

third terms are motion-induced shifts in space, i.e., the smear artefact. 

If the phase encoding is performed by the gradient rising as a linear function 

 G (𝑡′) = A𝑡′ , the accumulated phase 𝜑 (𝑡)= (γAt2 /2) [x0 + 2vt/3 + at2 /4]. By keeping 

the rise time t constant and incrementing A linearly, we will encode the spatial position 

in the same manner as we would in case of the standard phase encoding provided that 

the maximum gradient rise value Grise_max = Amaxt = 2Gmax. Also note that the smear 

artefact terms are now greater by 4/3 and 3/2 for the velocity and acceleration terms 

respectively. 

The actual gradient performance of gradient sets can differ greatly from the 

waveforms sent by the computer console to the instrument due to gradient amplifiers’ 
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bandwidth parameters and gradient sets’ eddy currents [22]. As we are interested in the 

accumulated phase and not in the phase evolution during gradient rise, the potential 

deviation of the gradient rise from linearity does not matter too much as long as the 

integral (1) grows linearly. A is the operator-controlled gradient parameter and, if very 

short encoding times are required, it can in principle be incremented non-linearly to 

ensure the linearity of the resulting phase encoding. However, this will make the imaging 

process more demanding, and will lead to nonlinear changes to the smear artefacts. 

To check for phase linearity, we performed a series of experiments comparing 

Field-of-View of 1D 32-point profiles obtained with a standard SPI pulse sequence and 

the proposed one at two fixed encoding times (60 and 120 μs). The maximum gradient 

rise values Grise_max were incremented up to the maximum strength for the gradient set 

employed (approx. 60 G/cm). The deviation from linearity was not observed in profiles 

with 120 μs encoding times for all maximum gradient rise values. It was, however, 

observed in profiles with 60 μs encoding times at maximum gradient rise values 

exceeding 40 G/cm. In our subsequent experiments, we employed 120 μs encoding times 

with maximum gradient rise values of 19.6 G/cm to ensure the phase encoding linearity. 

 

5.3.2 Choice of the flip angle. Moving vs stationary magnetization 

Both SPI and SPRITE sequences commonly use flip angles lower than 90 degrees 

for the following reasons. First, since the RF pulses are applied in the presence of the 

gradient, long pulses might cause the slice selection during acquisition of k-space 
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extremities. Second, especially in case of centric SPRITE, for the pulse repetition times 

TR less (or much less) than the sample’s 𝑇1 , low flip angles reduce the transient 

magnetization-induced k-space modulation that might otherwise result in the resolution 

loss [11,12]. The employment of a flip angle close to the sample’s dominant Ernst angle 

is usually a prudent choice (provided that the pulse duration is sufficient for exciting the 

whole sample at high k-space points). 

 However, if TR is chosen so that TR > T = L/V, then the sample will depart the 

RF probe completely between the RF pulses, and the sample magnetization will always 

be unsaturated. This permits the use of 90-degree flip angles to maximize the transverse 

magnetization. The absence of gradients thanks to the rising gradient approach 

eliminates the slice-selection issue at higher k-space acquisition (the 90-pulse duration 

was approx. 19 us for the employed RF probe). 

 In addition, the 90-degree flip angle will lead to the fastest transition of the 

stationary longitudinal magnetization (that of residual water in the setup and on the 

walls) to the steady-state: 

 

𝑀𝑧 =  𝑀0 

1 − 𝑒𝑥𝑝𝑡 (− 
𝑇𝑅
𝑇1

)

1 − exp (−
𝑇𝑅
𝑇1

)  𝑐𝑜𝑠𝛼
=  𝑀0[1 − exp (−

𝑇𝑅

𝑇1
)] 

 

For 𝑇1 of 0.475 s (for 2 mM concentration of Dy (III) Chloride) and TR of 6.5 ms, 

the saturated magnetization will be 0.014 of its unsaturated value. This presents us with 

an opportunity to considerably reduce the contribution of the stationary water into the 
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measured signal, enabling the use of two-dimensional imaging for water samples with 

long 𝑇1s and flat geometry such as flat sprays. The sequential k-space sampling from  

- kmax to kmax through the center will dephase the after-pulse transverse magnetization. 

 

5.4 Results and discussion 

5.4.1 High-Speed Video (HSV) and density imaging of sprays 

Figure 5.2 shows two representative HSV frames of the spray ejected by the nozzle 

for two viewing locations: in-plane (figure 5.2A) and perpendicular to the spray plane 

(figure 5.2B). The water jet trajectory is straight for approx. 30 mm after the ejection. 

The water sheet undergoes ever-increasing undulations and then disintegrates, with the 

atomization proper starting around 40–50 mm from the exit orifice. 

Figure 5. 3 shows images of in the upstream (figure 5.3A, first 36 mm) and 

downstream (figure 5.3B, 30 mm shift downward) regions of the spray. The image 

acquisition was performed with the 𝑇1𝜌  sequence in figure 5.1 but with no SL-pulse 

therefore image intensities are density-weighted. 
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(a)                                                               (b) 

Figure 5. 2 (A) A High-Speed video image demonstrating the streamwise span of 

the spray. (B) A High-Speed video image demonstrating the streamwise thickness 

of the spray. 
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Figure 5.3  (A) A ramped gradient-encoded image of the upstream (near-nozzle) 

region of the spray, the gradient rise/encode time of 0.12 ms, no magnetization 

preparation. ‘‘1” of the greyscale corresponds to a completely water-filled pixel. 

The numbered dots are locations chosen for plotting signal vs SL frequency in 

figure 5. 3B Same as above for the downstream region of the spray. 
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The images were acquired separately due to the limited size of the sensitive region 

of the RF probe. The image intensities are normalized by the signal from the completely 

water-filled pixel, i.e., with the water volume ratio of 1. The color scale [0–0.2] is chosen 

to demonstrate the signal drop as the spray moves from the nozzle outward. The spray 

signal is detected over the entire length of the FOV. The dots are locations used for 

plotting normalized signal dependence on SL frequency as presented in figure 5.5A and 

B. The MR signal intensity of the readout images is determined by the spin density and 

MR relaxation time 𝑇2
∗ as: 

𝑆(𝑥, 𝑦)~𝜌(𝑥, 𝑦) exp(−
𝑡𝑝

𝑇2
∗) 

 

where 𝑇2
∗ depends on the local magnetic field inhomogeneities and paramagnetic 

salt concentrations; 𝑇2
∗ of the employed bulk solution was 2.5 ms. If the atomization 

processes do not reduce 𝑇2
∗, the 𝑇2

∗ contribution to the signal intensity can be considered 

insignificant at the encoding time of 0.12 ms. The main features of the spray are 

reproduced; an increase in signal intensity in the area approaching the atomization region 

is detected, most likely due to a larger amount of liquid in the region because of the 

thickening of the sheet. It is possible that the spray can be imaged even at larger distances 

from the nozzle where the atomization is complete and the spray is fully dispersed; 

however, the imaging could not be performed due to the limited length of the our 

experimental setup. A different experimental setup with a longer homogeneity region is 
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required to remove the geometric distortions caused by nonlinearity of the RF probe 

response and the gradient set; this work is ongoing. 

5.4.2 Measurements with 𝑻𝟏𝝆 weighting preparation 

The 𝑇1𝜌 relaxation is the main mechanism responsible for the loss of magnetization 

aligned with the rotating magnetic field B1 of the RF pulse [23–25]. The 𝑇1𝜌 

measurement, also known as the spin-locking measurement, is usually performed by first 

applying an RF pulse to rotate the equilibrium magnetization into the transverse plane, 

and then applying the second, ‘‘locking”, RF pulse with the phase shifted by 90 degrees 

so that it is aligned with the magnetization. During the locking time t, the magnetization 

decays with a characteristic constant 𝑇1𝜌 as 

 

𝑆(𝑥, 𝑦, 𝑡)~𝜌(𝑥, 𝑦) exp(−
𝑡

𝑇1𝜌
) 

The 𝑇1𝜌  relaxation mechanism is the energy loss via medium mobility at 

characteristic frequencies ν =  𝛾𝐵1  where 𝛾  is the gyromagnetic ratio of the NMR-

sensitive nuclei (42.6 MHz/T for hydrogen nuclei in our measurement). The range of B1 

fields generated by the RF field depends on the RF locking (SL) frequency range of 0–

15 kHz. By varying the B1 strength of the locking RF pulse one can detect presence of 

characteristic kHz-range motions in the medium, for example, due to reorientations of 

macropolymer chains, chemical exchange or diffusion past local magnetic field 

inhomogeneities [20,24]. Recent studies by Spear et al. [24–26] show strong effects of 
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diffusion in inhomogeneous media on the relaxation in rotating frame where the local 

gradients were induced by the susceptibility differences. The diffusion led to the signal 

loss at lower B1 fields. As the B1 field was increased, the signal intensity increased as 

well. During the atomization process, the sprayed liquid undergoes a profound change 

from a bulk solution to a dispersed medium, with massive evaporation and >1000-fold 

increase in surface area. Therefore, the influence of the susceptibility-induced magnetic 

field gradients on the MR signal might increase as well. Our choice of Dy as a doping 

agent was based on its ability to change the magnetic susceptibility of the solution with 

only a relatively minor effect on its 𝑇1 (compared to other paramagnetic agents such as 

Mn). In imaging experiments, the duration of the spin-locking pulse was 0.1 ms, and the 

resulting signal attenuation in the bulk due to the 𝑇1𝜌 could be considered negligible. 

The normalized signal magnitude after the SL pulse is plotted in figure 5.3 showing no 

attenuation. For the employed imaging sequence, the measured signal depends on the 

local spin density, 𝑇1𝜌 and 𝑇2
∗: 

𝑆(𝑥, 𝑦, 𝑡)~𝜌(𝑥, 𝑦) exp(−
𝑡

𝑇1𝜌
−

𝑡𝑝

𝑇2
∗(𝑥, 𝑦)

) 

0 kHz-images (i.e., with the no SL pulse applied) were chosen as a reference point. 

Dividing all other images by 0 kHz-images removed the contributions from the spin 

density and 𝑇2
∗ weighting during imaging time tp.  

At such a short duration, one expects either no changes, as is the case of the bulk 

sample, or the intensity after SL pulse should increase with the B1 field increase if the 

diffusion mechanism of the SL signal loss is applicable. 
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Figure 5.4 The signal magnitude of the static doped solution after 0.1 ms-SL pulse 

employed in imaging experiments. It is normalized by the first point (SL frequency 

= 0 kHz). 

 

 

However, 𝑇1𝜌 -weighted images of sprays performed with the 2 mM solution of 

Dysprosium Sulfate showed a significant variation with SL frequency, in particular in 

the atomization region. Figure 5.5 shows the signal behavior vs SL frequency at four 

points: in the beginning, the middle, near the end, and the end of normalized image sets, 
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with the data from the upstream dataset in figure 5.5A and the data from the downstream 

dataset in figure 5.5B. 

The same locations ensure the same possible effects of the RF field inhomogeneity 

are present in both sets. Therefore, the difference between the signal behavior is caused 

by different 𝑇1𝜌 weightings between the two spray regions. The upstream (near-nozzle) 

region does not exhibit a significant variation in signal for the chosen locations. The 

downstream (near atomization) region, to the contrary, shows a noticeable signal drop 

close to the end where the signal at higher frequencies is strongly attenuated. 
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Figure 5.5 A The 2 mM spray signal vs SL frequency for four locations indicated in 

figure 5.3, the upstream region. It is normalized by the first point (SL frequency = 

0 kHz). (B) The 2 mM spray signal vs SL frequency for four locations indicated in 

figure 5.3, the downstream region. It is normalized by the first point (SL frequency 

= 0 kHz). (C) The 16 mM spray signal vs SL frequency for four locations indicated 

in figure 5.3, the same downstream region as in B). It is normalized by the first 

point (SL frequency = 0 kHz). The pt 4 (the end) graph has a higher intensity at 

higher SL frequencies compared to (B). 

 

 

C 
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To visualize the difference in 𝑇1𝜌 -weighting between low and high frequencies, 

we subtracted the normalized image 𝐼𝑛𝑜𝑟𝑚(SL = 0 kHz) from 𝐼𝑛𝑜𝑟𝑚 (SL = 15 kHz). The 

regions of the signal decrease will have a negative intensity manifesting themselves as 

darker regions in the image. Figure 5.6A shows the difference image for the upstream 

region (figure 5.6A) and for the downstream region (figure 5.6B). There is no major 

signal variation for the upstream region while the downstream region has a signal drop 

>50% below the 44- mm mark corresponding to the area of liquid sheet disintegration in 

HSV (figure 5.2A and B). 

To reduce effects of local gradients, we repeated the measurements with a 16 mM 

solution of Dysprosium Chloride. With its magnetic susceptibility of 0.9 ppm (vs 7.9 

ppm for the 2 mM solution), the susceptibility-induced gradients at the air-water 

interface must be almost completely eliminated. The results were processed the same 

way as for the 2 mM solution. The signal behaviour for the same locations is plotted in 

figure 5.5C. The signal drop in the atomization region is less pronounced, but still 

present. This leads us to believe that the susceptibility-induced gradients do not play the 

main role in the observed signal behaviour. 
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Figure 5.6 (A) The difference image 𝐼𝑛𝑜𝑟𝑚 (SL = 15 kHz) - 𝐼𝑛𝑜𝑟𝑚 (SL = 0 kHz) for 

the upstream region of the spray. (B) The difference image I𝐼𝑛𝑜𝑟𝑚 (SL = 15 kHz) - 

𝐼𝑛𝑜𝑟𝑚 (- SL = 0 kHz) for the downstream region of the spray. 

 



145 

 

 

 

 

Figure 5.7A)  The TOF image for TOF of 0.1 ms. B) The TOF image for TOF of 0.2 

ms. C) A difference image: (TOF = 0.2 ms)-(TOF = 0.1 ms). The white grid step is 

3 mm. D) A difference image: (TOF = 0.5 ms)-(TOF = 0.4 ms). 
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There must be another mechanism of signal attenuation during the SL pulse that 

has not been identified yet and that has to be related to the atomization processes. The 

scale of water vibrations out of the spray plane is several mms during 0.1 ms pulse. Local 

RF field inhomogeneities in axial directions, however small, could turn the preparation 

scheme into a de facto RF field gradient experiment [27]. 

 

5.4.3 MRI of sprays with the Time-of-Flight preparation 

The employed Time-of-Flight preparation scheme is based on the limited 

excitation volume of the RF probe. The excited length in Z-direction is non-uniform, and 

drops sharply beyond 3-cm. The interval between the pulses determines amount of the 

inflown liquid that has not experienced the first RF pulse. After the second pulse is 

applied, the magnetization that previously experienced the first pulse, is rotated back to 

Z-direction while the freshly arrived magnetization is rotated into the transverse plane, 

generating the strongest signal. The imaging sequence detects the spatial locations of the 

previously excited magnetization moved with the flow outward, and of the newly excited 

magnetization flown into the probe. By incrementing the TOF delay between the pulses, 

one can measure the progression of the liquid parcel in space and, correspondingly, 

measure its speed. The image intensity 

𝑆(𝑥, 𝑦, 𝑡)~𝜌(𝑥, 𝑦) exp(−
𝑡𝑝

𝑇2
∗(𝑥, 𝑦)

) 
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We employed 9 TOF delays, from 0.1 to 0.9 ms at 0.1 ms increments (the total 

duration between the beginning of the excitation and the end of detection was TOF + 

0.14 ms). The first two images, with TOF of 0.1 and 0.2 ms are presented in figure 5.7 

(A and B) showing the advance of the newly arrived magnetization as a bright area at 

the top of the images. To visualize the movement of the liquid parcel, difference images 

were generated by subtracting two subsequent TOF datasets. The changes in the size and 

shape of the displacing magnetization parcel are clearly noticeable and can be used to 

measure its speed. Two representative difference images are shown in figure 5.7: TOF 

0.2–0.1 ms (figure 5.7C) and TOF 0.5–0.4 ms (figure 5.7D). The thickness of the parcel 

is a measure of its displacement during (0.2–0.1 = 0.1) ms. To guide the eye, the white 

grid is added; its step corresponds to 3-mm image distance. In the top image, the parcel 

speed is 28.1 ± 5.6 m/s which agrees with the 25 m/s estimate based on the continuity 

equation. Also note the gap between the parcel and the previously excited magnetization, 

also of comparable thickness, corresponding approx. to the same speed. In the bottom 

image, the thickness of the parcel is considerably reduced, meaning it slowing down 

between 0.4 and 0.5 ms delays. Its left side moved to a greater distance, and is thicker, 

while the right side is behind, indicating an asymmetry in the liquid sheet movement. Of 

additional interest is the decreasing signal intensity as the parcel moves further away 

from the nozzle into the atomization region, indicating action of signal attenuation 

mechanisms. 
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5.5 Conclusion 

A new MR imaging technique suitable for imaging sprays in the "near-nozzle"  

region is demonstrated. The results show a well-defined spray region up to 5 cm away 

from the nozzle. A clear drawback of the proposed approach is the need for quickly rising 

gradients. It requires doubling gradient strengths for same encoding times as with the 

conventional constant gradient approach. It also leads to gradient set vibrations and 

subsequent noise. However, the imaging process at the employed parameters was not 

overly demanding due to the lower resolution chosen. The reduction of the duration of 

the imaging sequence permits implementation of several preparation schemes to 

sensitize the spray MR signal to a variety of parameters. A further investigation into the 

origins of the signal loss in the SL experiments is required. A further experimental 

improvement will be the use of RF inhomogeneity compensation schemes such as rotary 

echoes [28,29], permitting a more complete utilization of the FOV space. (These 

techniques were considered but not implemented due to excessively long RF switching 

times for the currently used setup). A longer and wider experimental setup will facilitate 

imaging sprays over a greater length, from the nozzle well into the atomization region, 

without the need for displacing the sample. The TOF preparation permits visualization 

and measurement of the spray motion at short time intervals. A better cancellation of the 

outflowing magnetization is required, with other pulse schemes to consider. 
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Chapter 6 – Studies of periodic seawater spray icing  

with unilateral MR 

 

Although many measurements of sea ice by MR or MRI have been carried out, 

there are few previous studies that measured seawater spray icing. It is important to 

conduct research on marine icing as ship icing can lead to difficulties in operating 

equipment and even marine disasters. 

In this study, the brine content of seawater spray ice was measured in-situ using 

a portable unilateral MR device. This study leads not only to basic research on seawater 

spray icing by MR, but also demonstrates the applicability and utility of a unilateral MR 

instrument in characterizing spray ice. The results indicate the existences of bimodal 𝑇2 

distribution for sea spray ice and unimodal 𝑇2 distribution for stationary ice.  

This chapter is largely based on the paper “Studies of periodic seawater spray 

icing with unilateral NMR” published in the Journal of Magnetic Resonance (JMR). We 

follow the notation for variables and equations recommended by this journal. The format 

of references in this chapter follows that of the original article.  
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Abstract 

Sea water ice has a complicated pore structure consisting of brine-filled pockets 

within a solid ice matrix. In this work, a unilateral Nuclear Magnetic Resonance 

instrument was used to characterize the evolution of sea-ice brine inclusions in two types 

of ice: stationary seawater ice and seawater spray ice formed by periodic spraying on 

horizontal and vertical surfaces. The portable unilateral NMR was capable of measuring 

very low amounts of brine (<10 % of the water-filled volume). CPMG experiments were 

performed to extract the information on brine content and 𝑇2 distribution at temperatures 

between -6 oC and -16 oC. 1D imaging was used to spatially resolve the ice brine 

accumulation. The results show that the seawater spray ice growth, brine content and 𝑇2 

distribution depend on temperature and surface orientation. 

    

6.1 Introduction 

Sea spray icing causes ice accretion on ships and offshore structures in cold marine 

environments. Sea icing is a major hazard that leads to marine disasters as well as 

operational problems, such as decreased safety and stability [1-2]. Sea spray icing occurs 

when chilled water spray is deposited on a cold surface, and the air temperature is below 

the freezing temperature of water [3–5]. At temperatures below -5.5 oC this results in a 

structure which retains liquid water and so gives rise to spongy ice. Spongy ice is a form 

of accretion of drops in which the heat transfer is not sufficient to freeze all the water, 

resulting in a complicated and dynamic pore structure of brine-filled pockets within a 

https://glossary.ametsoc.org/wiki/Accretion
https://glossary.ametsoc.org/wiki/Heat_transfer
https://glossary.ametsoc.org/wiki/Freeze
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solid ice matrix. When sea ice forms, freshwater ice is formed first, leaving behind 

droplets of salty liquid brine. This brine can get trapped in pockets.  These droplets are 

saline, whereas the ice around them is not [6]. 

The pore microstructure, brine content, and salinity are complex functions of ice 

temperature, freezing rate and age of the ice.  Knowledge of brine content under various 

seawater freezing conditions is important for understanding sea ice properties and 

developing strategies for the icing removal and prevention.  

Seawater freezing in general has been a subject of many theoretical and 

experimental studies. The pore microstructure of ice was investigated with heat transfer 

methods [7-8]. The dependence of the sea ice permeability and brine transport on the 

brine volume fraction was investigated [9-10]. Furthermore, ice structure was studied 

with non-destructive methods such as optical methods [11] and X-ray computed 

tomography [12–14]. 

Sea spray icing is an area of active research as well. The complexity of the process 

necessitates active use of numerical modeling relying on gravimetric and optical 

measurements for verification [15-16]. A recent review [17] states that “more 

experimental and full-scale data are needed for the development and verification of new 

and improved models”. 

NMR measures the liquid phase content of sea ice directly. In one of the first 

quantitative NMR investigations of sea ice, Richardson and Keller [18] demonstrated 

that NMR could be used to evaluate the brine content in the ice. A detailed NMR study 

showing the temperature dependence of NMR relaxation times in sea-ice brine was 
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reported by Mel’nichenko et al. [19]. MR imaging was first used by Edelstein and 

Schulson to image structure inside salt-water ice [20]. Callaghan et al. used Earth field 

NMR measurements to obtain brine volume and diffusivity data of sea ice in-situ [21]. 

Later, various NMR techniques were used to measure both macro- and microstructure of 

artificially grown sea ice [22–25], including a rapid 3D-MRI to circumvent the need for 

a special cooling equipment [26]. 

Unlike regular sea ice, there have been few NMR studies of seawater spray ice. It 

does not retain much brine due to a well-developed microchannel network which allows 

the brine to drain away. The drainage also makes the ice properties dependent on the 

surface orientation, with denser ice layers growing on vertically oriented surfaces. Ozeki 

et al. [27] filled both natural and artificial spray ice samples with dodecane to visualize 

the drainage channel structure. Wilbur et al. [28] performed MRI of spray ice under 

conditions of continuous spraying, measuring strong differences in the brine intensity 

and spatial distribution at different freezing rates.  

An ice freezing experiment is usually set up inside an RF probe of an MRI scanner, 

necessarily reducing measurements to a laboratory environment. However, unilateral 

NMR (single sided NMR) instruments are small, portable and, without any special 

limitations on the sample size [29], they have a potential for ice measurements in-situ. 

These instruments are capable of obtaining spin density and NMR relaxation times, as 

well as other NMR information from a sample placed in the stray field of their magnet 

arrays. The constant gradient also makes it possible to perform diffusion and 1D imaging 

(profiling) experiments. 



158 

 

There are several measurement strategies to acquire profiles in the presence of 

a constant gradient. The first strategy selects thin slices at different depths by switching 

the excitation frequency [30,31]. The second one keeps the excitation frequency constant 

and changes the sample’s  position relative to the RF coil with a high-precision lift 

[32,33]. The third strategy, the one employed in this work, uses the fixed frequency but 

excites a slice much thicker than in the first two cases. The FT of the echo acquired in 

the presence of the constant gradient will yield profiles across the slice. This strategy, 

known as FT STRAFI or a "one-shot imaging" can be quite advantageous [34,35]. It 

does not require additional equipment such as a high-precision lift, it does not require 

switching RF pulse frequencies, thus avoiding issues of variable sensitivity at different 

distances from the RF coil, and it doesn't require scanning over different sample depths. 

The spatial information already stored in the echoes can be extracted without additional 

measurement time. 

The main focus of this work was to test the applicability of unilateral NMR for sea 

ice and sea spray ice measurements, with the following objectives: 1) assess the 

changes in brine content and 𝑇2 relaxation times over a temperature range of -6 oC to -

16 oC; 2) measure spatially resolved T2; 3) use 1D-imaging to spatially resolve the ice 

accumulation due to periodic spraying for two cold surface orientations. 
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6.2 Experimental  

 6.2.1 Experimental set up 

All experiments were performed on an unilateral three-magnet array designed and 

built at the UNB MRI Centre. It has a constant gradient (254 G/cm) with approx. 3 cm 

across the sensitive volume, making it suitable for profiling and relaxation time 

measurements [36]. 

A 20 mm diameter surface RF coil was interfaced with a Tomco RF amplifier 

(BT00250- AlphaS, Tomco Technologies, Adelaide, Australia) and a Tecmag LapNMR 

console (Tecmag, Houston, Texas, USA). The resonance frequency of the NMR system 

was 5.46 MHz. In all experiments, the pulse length was 4 µs. No probe detuning or 

change in the 90-degree pulse duration was observed during the experiments. Figure 6.1 

illustrates the experimental setup and the most significant elements involved in the 

experiments. 

In freezing spray experiments, the ice accumulated on top of the cold hollow glass 

plate, which was 10 mm thick and 20 mm in diameter. The plate temperature was 

maintained with a circulating glycol-water mixture supplied by a F25 chiller (Julabo 

Labortechnik, Seelbach, Germany). The plate was positioned exactly below the sensitive 

volume of the magnet; therefore, the NMR signal would be generated only by the 

accumulation of the ice on top of the glass. The ice formation on the cold glass surface 

extended for several 𝑐𝑚𝑠  in all directions. Measurements were performed at 

temperatures of -6 oC, -8 oC, -10 oC, -12 oC, -14 oC, and -16 oC.  
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Stationary ice experiments were performed using a water-filled cylindrical glass 

bottle with a diameter of  2 𝑐𝑚  and height of 3 𝑐𝑚 . The bottle was situated in the 

sensitive spot of the magnet and was cooled with the controlled boil-off of liquid 

nitrogen. Measurements were performed at sample temperatures of -6 oC, -10 oC, -14 oC, 

and -16 oC.  

For better insulation of the freezing region, both the magnet array and the spraying 

nozzle were placed in a foam box (see figure 6.1). The inner volume of the foam box 

was maintained at -6 oC by blowing in a stream of cold N2 gas produced by controlled 

liquid nitrogen boil-off. The temperature was monitored with three MRI-compatible 

OSENSA’s fiber optic sensors (OSENSA, Canada). One of the sensors was placed on 

the cold plate surface, the second placed inside the foam box, and the third one attached 

to the nozzle tip. The spray temperature at the nozzle tip was 4 oC. 

Experiments in this study were performed with artificial seawater (35 g/L solution 

of artificial sea salt, Sigma-Aldrich, Canada, dissolved in distilled water). For spray we 

utilized a hollow cone spray tip nozzle (TXVK- 10, TeeJet, Spraying Systems, IL) and 

a Diener Silencer 1500 Series gear pump (Diener Precision Pumps, Switzerland).  We 

employed a flow rate of 0.15 L/min in 20 s-long series. After each series, the cold plate 

surface temperature rose by several degrees (5-6 degrees at -6 oC vs 2-3 degrees at -16 

oC). Once the temperature returned to equilibrium, approximately 3-5 minutes later, a 

CPMG measurement was performed with 1024 scans. The duration of the nominal 90 

pulse (4 µs) was determined as the pulse length that maximized the MR signal amplitude, 

and the nominal 180 pulse was obtained by keeping the same pulse length and doubling 
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the pulse amplitude compared with the 90 pulse. The MR signals presented here are the 

sum of 1024 scans from a CPMG train of 256 echoes, with an echo time of 400 µs and 

a recycle delay of 500 ms (to avoid signal loss due to incomplete recovery). The total 

measurement time was 22 minutes. 

In our experiments seawater was doped with 0.2 mM MnSO4, reducing the 𝑇1 of 

the sample from 1.5 s to 150 ms at 4 oC. The doping agent concentration was less than 

1/2000 of the concentration of NaCl in the seawater sample, and its addition did not 

affect the sample’s freezing behaviour. The water was doped for two reasons. The 

reduction of 𝑇1 permitted a considerable reduction in the acquisition time. Its further 

decrease with temperature [28] ensured that the magnetization would not be saturated at 

the chosen last delay. MnSO4 also has a stronger effect on 𝑇2 than 𝑇1. As brine pores 

become smaller during freezing, the brine salt concentration increases, leading to an 

increase in the 𝑇2 relaxation rate and better discrimination between smaller pores and 

unfrozen water in ice.  

To obtain 𝑇2  relaxation distributions, a Laplace Inversion program (Laplace 

Inversion Software, Schlumberger-Doll Research) written in MATLAB (MathWorks, 

Natick, MA) was employed.  
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Figure 6.1 Illustrates the experimental setup and elements involved in the 

experiments. All experiments were performed on an unilateral three-magnet array 

designed. A surface RF coil was interfaced with a o RF amplifier and a Tecmag 

LapNMR console.In freezing spray experiments, the ice accumulated on top of the 

cold hollow glass plate. For better insulation of the freezing region, both the magnet 

array and the spraying nozzle were placed in a foam box. 

 

6.2.2 NMR measurements 

6.2.2.1 The sensitive volume characterization  

 The three-magnet array designed at the UNB MRI Centre generates a well-

defined, constant 254 G/cm magnetic field gradient (in Y-direction) through the sensitive 

volume located 25 mm from the magnet surface (in the XZ plane). To maximize the RF 
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sensitivity, the surface RF coil was placed on an 11 mm glass separator. The coil 

thickness of 3 mm further reduced the distance from the magnet surface.  

The first step for characterization of the sensitive volume was to determine an 

optimal "evaluation region" where the NMR signal would be excited. The extent of the 

sensitive volume in a lateral (X) direction was estimated by analyzing the changes of 

signal intensity for a range of displacements of a uniform water-filled sample along X-

direction. 

The first derivative of the signal intensity plot is the rate of change of intensity with 

distance. For the magnet used, the sensitive volume size was estimated as 14 mm and 13 

mm along X and Z directions respectively. 

 

 6.2.2.2 Quality vs frequency and slice thickness 

In the design of the RF circuit some compromises must be made in choosing physical 

parameters of the coil such as the number of turns, and the shape of the coil. A large 

number of turns results in a large inductance and a high-quality factor (Q).  High Q 

values provide good signal-to-noise ratios but also long probe deadtimes and longer 

minimum echo times. Another consequence of higher Q is a narrower slice. The Q of the 

RF coil can be calculated as: 

 

                                                       𝑄 =
𝑓0

∆𝑓
                                                             (6. 1) 
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Where Δf = fupp – flow is the bandwidth of the coil and f0 is the resonant frequency. 

According to equation (6. 1), Q is inversely proportional to the bandwidth. In FT 

STRAFI, the excited bandwidth directly determines the slice thickness. There is a 

compromise, therefore, between the resonance frequency, bandwidth, slice selection and 

quality factor. The frequency spectrum of an RF pulse with rectangular amplitude 

modulation is described by a Sinc function with the central lobe width of 2/pw, where 

pw is the pulse duration. The sensitive volume width, i.e., the excited slice thickness is 

[37]: 

                                                     ∆𝑥 =
𝜋√3

𝛾𝐺𝑝𝑤
                                                        (6.2) 

                                                    ∆𝑓 =  
2

𝑝𝑤
                                                          (6.3) 

 

The quality factor of the probe can be expressed as: 

 

                                                      𝑄𝑓 =  
𝜋√3 𝑓0

2𝛾𝐺∆𝑥
                                                     (6.4)  

 

According to equation (6.4), the Q is inversely proportional to the slice thickness 

(Δx). To choose the optimum value of the quality factor for a desired slice thickness, the 

slice thickness vs probe quality factor was plotted in figure 6.2. It demonstrates that for 

the same coil quality factor, wider slices are achievable at higher resonance frequencies, 

and vice versa. In our experiments, the resonance frequency was f0 = 5.6 MHz. Based 

on equation (6.4), we chose Q = 70, with the maximum slice thickness of 1.7 mm.   
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Figure 6.2 The dependence of the slice thickness on the probe quality factor 

and resonance frequency. 

 

 6.2.2.3 Profile normalization 

In our measurements, a rectangular RF pulse was used to excite a slice with a Sinc-

like profile. Figure 6.3 shows a 1D profile (in Y direction) of the homogeneous water 

sample obtained by performing the FT of the second echo of the CPMG train.  

To compensate for the intensity variation across the slice due the RF excitation, it was 

decided to normalize all profiles with the profile of the homogeneous sample. For 

spatially resolved measurements, we kept only the higher intensity data within the central 
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16 points (5-20) which corresponds to a thickness of 1.1 mm (from 0.2 – 1.3 mm). The 

points outside of this range were not used. 

The RF flip angle varies across the slice, and the lateral extent of the sensitive 

volume is quite considerable. Since the profiles are 1D projections of the three-

dimensional sensitive volume, they reflect the uniformity of the magnetic field gradient 

in the X and Z directions. Potential gradient variations may cause diffusive attenuation 

at the edges. These effects were investigated for different echoes using a water sample 

with dimensions greater than that of the sensitive volume (1.1×14×13 mm3). Based on 

the selected range of points, the normalised profiles were plotted for a range of echoes. 

Figure 6.3 shows that profiles of the extended water sample are flat in the centre for all 

echoes, with the edges raised for later echoes. This effect is most likely due to the 

normalization process (dividing by lower intensities) and not due to diffusive attenuation 

as this would decrease intensities at the edges. 
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Figure 6.3 Profile (in Y direction) of the 𝟐𝒏𝒅 echo (dashed line) before 

normalizing and profiles of the echoes #𝟐,𝟏𝟎, 𝟐𝟎, 𝟏𝟎𝟎, and 𝟒𝟎𝟎 after 

normalizing, for the homogeneous water sample. 

 

6.2.2.4 1D spatial resolution- position profiling  

In cases where the structure of the object varies with depth, 1D imaging can be very 

informative. The spatial information already stored in the echoes can be extracted using 

a Fourier Transform.  

A test phantom was made from two capillaries tubes, with dimensions (0.3×3×40 

mm3), one filled with Mineral oil (C5H12O4) and the other with doped water. The test 
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phantom was used to examine the sensitivity and spatial resolution of the setup. Careful 

alignment of the magnetic field and sample enables the acquisition of high‐resolution 

position profiles. Figure 6.4 shows profiles generated from the 2nd and 40th echo. The 

separation between the peaks was measured as 0.79 mm vs the expected separation of 

0.80 mm.   

 

 

Figure 6.4 1D profiles (in Y direction) of the Mineral oil (left) and doped water 

(right) capillaries after normalization for the 𝟐𝒏𝒅 and 𝟒𝟎𝒕𝒉 echoes. 
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The measured depth profile (in Y direction) in figure 6.4 matches the expectations: 

two peaks are visible, but they overlap slightly due to a slight capillary misalignment. 

The profile is a 1D projection of the portion of the sample within the sensitive volume. 

With the nominal resolution of 0.07 mm and the sensitive volume extent of approx. 14 

mm in X direction, a deviation of position of less than 0.6 degrees would cause a 

misalignment of two pixels. Also note that the two capillaries are well separated both 

at the 2nd and the 40th echoes, showing that the spatial resolution is maintained at later 

echoes. 

 

6.3 Results and discussion  

6.3.1 𝑻𝟐 vs temperature 

The seawater ice consists of the solid ice matrix and liquid brine inclusions. 

Hydrogen nuclei in the solid ice have long 𝑇1  and very short T2s (~ tens of 

microseconds), making the NMR signal from the ice undetectable with our RF probe 

deadtime of 100 µs and echo times of 400 µs. The only detectable NMR signal in our 

measurements comes from the brine. 

𝑇2 relaxation is directly related to molecular mobility. To obtain information on 

changes in the brine at different temperatures, the CPMG decay was analyzed for three 

types of ice: stationary seawater ice, a spray ice formed on a horizontal surface, and a 

spray ice formed on a vertical surface.  
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Seawater ice is a porous material, with interconnected brine pockets and channels. 

It is common in NMR studies of porous materials to represent the observed relaxation 

rate 
1

𝑇2
 as the sum of three relaxation mechanisms acting in parallel [38] 

 

                                      
1

𝑇2
=  

1

𝑇2 𝐵
+

1

𝑇2 𝑆
+

1

𝑇2 𝐷 
                                             (6.5) 

 

where  
1

𝑇2 𝐵
 is the bulk relaxation rate,  

1

𝑇2 𝑆
  is the surface relaxation, and 

1

𝑇2 𝐷 
  is the 

diffusion relaxation rate. Bulk relaxation occurs due to molecular interactions and is 

independent of the brine space. The magnitude of 
1

𝑇2 𝐵
 depends primarily on the spin 

mobility and the concentration of dissolved salts. As freezing progresses, the salt 

concentration will increase, leading to the increase in the bulk relaxation rate. 

Diffusion relaxation occurs as spins diffuse in the presence of a spatially varying 

magnetic field. All our experiments were conducted in the presence of a constant 

magnetic gradient of 254 G/cm, therefore diffusion relaxation is an important 

consideration. We can write 

                                        
1

𝑇2 𝐷 
 =  

1

12
 (𝛾𝐺𝑇𝐸)2 𝐷                                         (6.6) 

 

Where D is the diffusion coefficient, G is the average magnetic field gradient, γ is the 

gyromagnetic ratio; and TE is the CPMG echo time ( 400 µs in our measurements). The 

diffusion coefficient of water varies from D = 0.97 ×10-9 m 2 s-1 to D = 0.58 × 10-9 m2s-1  

https://en.wikipedia.org/wiki/Solvation
https://en.wikipedia.org/wiki/Salt
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between - 4.5 ℃ to -15.4 ℃ [39]. In our measurements, this corresponds to a range of  

1

𝑇2𝐷
 from 5.7 s-1 to 3 s-1 at - 4.5 ℃ and -15.4 ℃ respectively. As these values are small 

when compared to surface and bulk relaxation rates, we chose to consider the diffusive 

contribution to the overall relaxation rate as insignificant in all subsequent 

measurements. 

The surface relaxation rate can be expressed as  
1

𝑇2 𝑆
= 𝜌

𝑆

𝑉
   where 𝑆 and 𝑉 are the 

pore surface area and bulk volume respectively, and 𝜌 is the surface relaxivity. As pore 

sizes decrease at lower temperatures, we expect that the contribution of surface 

relaxation to 𝑇2 will become increasingly more significant, allowing us to characterize 

changes in the ice microstructure. However, earlier seawater ice relaxation 

measurements [28] show that the undoped seawater’s 𝑇2 does not decrease below 400 

ms at -16 ℃, indicating that the surface relaxivity of ice must be relatively low. This 

leads us to conclude that, in our measurements, the surface relaxation is not as important 

as the bulk relaxation rate. The dominant mechanism behind the increase in relaxation 

rates during freezing is associated with the increased brine concentration. 𝑇2 decreases 

as paramagnetic salt concentration increases. Colder temperatures lead to further 

freezing of water, higher brine/salt concentration, and shorter T2. Figure 6.5 shows 𝑇2 

distributions for stationary ice (a), spray ice formed on the horizontal (b) and vertical (c) 

surfaces. The dashed line at 20 ms is a demarcation line between short and long 𝑇2 

components. To increase the SNR, CPMG echoes were summed in groups of 10 prior to 

performing the inverse Laplace transform (ILT). As a result, the effective echo time is 

https://en.wikipedia.org/wiki/Surface_area
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4 𝑚𝑠 , making it impossible to reliably detect 𝑇2  s shorter than 1 ms. At different 

temperatures and orientations, the shapes of the relaxation time distributions vary in both 

peak position (relaxation time) and peak intensity (water content). There are two 

noticeable differences between the stationary and spray ice distributions. First, the 

stationary ice distributions are unimodal whereas both spray ice datasets give a bimodal 

distribution. Short 𝑇2  originates from small brine-filled pores with higher brine 

concentration, similar to the ones in stationary ice. Long 𝑇2 does not change much with 

the temperature, indicating that it has the same salinity, and it likely belongs to yet 

unfrozen water saturating the ice matrix. 

The ILT analysis performed with the same regularization parameters on all 

datasets. As the measured 𝑇2 s can be correlated with a pore size via changes in the brine 

concentration, wider distributions might indicate a wider range of pore sizes present.  
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Figure 6.5 𝑇2 distributions of stationary ice at -6 ℃, -10 ℃, -14 ℃, and -16 ℃. (a), 

spray ice formed on horizontal (b) and vertical surfaces (c) at -6 ℃, -8 oC  -10 ℃, -

12 ℃, -14 ℃, and -16 ℃. The dashed line demarcates “short” and “long” 𝑇2 regions 

used for integration.  

 

6.3.2 Temperature dependence of relative brine content in sea ice 

The content of the liquid phase (brine) in sea-ice pores is a complex function of ice 

temperature, brine salinity, freezing rate, and age of the ice. As the temperature 

decreases, the salinity of the brine increases, making it more conductive [40]. We 

observed, however, no effect from salinity on RF penetration and RF coil performance 

which agrees with previous publications [22]. 
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The MR signal intensity is considered to be directly proportional to the spin density 

and therefore, the brine content [18]. The relative brine content per spray series was 

calculated as 𝐶 =
𝐴𝑡

𝐴0
 , where At is the sum of the first 10 echoes at the ice temperature 

t and A0 is the sum of the first 10 echoes for the stationary water sample at 0 ℃ which 

completely covered the sensitive volume. Therefore, the brine content is presented here 

as a fraction of the completely water-filled volume. 

When spray icing occurs, the mushy layer accumulation rate depends on 

the temperatures and orientations of the cold plate. The brine content was measured after 

each of the 20 𝑠 –long spray series (12 in total) at different temperatures, for the 

horizontal (figure 6.6a) and vertical (figure 6.6b) orientations of the cold plate.  

Several patterns emerge from these figures. First, the brine accumulation rate 

depended approximately linearly on the spray series: linear fits all had R2 > 0.95. For the 

spray ice at -6 ℃, a visual observation found that the accumulated ice did not cover the 

sensitive volume even after the 12th spray series, which was the reason for low NMR 

signal intensities. Second, the accumulation rates initially increased with colder  

temperatures down to -10 ℃ with greater amounts of brine accumulating. Below -12 ℃, 

the rates slowed down due to colder temperatures. The sensitive volume would become 

covered very early, and the ice would continue to grow beyond it. However, the signal 

intensity continued to increase with subsequent spraying series. A likely explanation of 

this phenomenon is water migrating from the exterior into the sensitive volume region. 

The sea spray ice is known to have a sponge-like structure, organized in an 

interconnected stable network through which water can be transported [17, 27]. Third, 
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there was a marked difference in brine accumulation rates in the two orientations.   

Figure 6.6c shows that the brine accumulation rate (relative brine content, i.e., amount 

of seawater per spray series), for the horizontal orientation, was greater than for the 

vertical one. That was to be expected as the spray ice forming on vertical surfaces is 

reported as being denser due to a greater liquid runoff [27]. Finally, figure 6.6a and b 

show that the amount of brine is very small, varying from less than 1 to 9% of the 

completely water-filled volume. 
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Figure 6.6 Brine content after each of the 20 s spray series for a) horizontal and b) 

vertical orientations. c) Brine accumulation rate for the horizontal (triangles) and 

vertical (circles) orientations. 
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To evaluate whether the 10-echo addition introduced a considerable 𝑇2 weighting 

into the brine content estimates, further processing of 𝑇2 distributions was performed. 

The area under a peak in the 𝑇2 distribution is proportional to the number of spins and, 

therefore, to the brine content for the given 𝑇2 range. Using the stationary water sample 

at 0 ℃ as a reference, the areas were normalized to obtain the brine content as a fraction 

of the completely water-filled sensitive volume.  

Figure 6.7a shows the brine content of the stationary ice versus the brine content 

of the spray ice accumulated on the horizontal and vertical surfaces (The Y-scale is 

logarithmic to demonstrate the order of the magnitude difference between the brine 

amounts). With stationary icing, increased ice formation is accompanied by a distinct 

reduction in brine content at lower temperatures, as liquid water is frozen out.  This has 

also been observed previously [14-16, 24]. The amounts of detected brine of the spray 

ice are almost an order of magnitude less than in the stationary ice. Also, this figure 

illustrates that the 𝑇2 distribution area for the ice accumulated on the horizontal surface 

is greater than that of ice on the vertical surface. However, both orientations show the 

same behavior: as the temperature decreases from -6 ℃ to -8 ℃, the area under the 𝑇2 

distribution increases, indicating the brine accumulation. At -10 ℃ to -12 ℃ the area 

remains almost constant, with a subsequent decrease at colder temperatures. 

Figure 6.7b and c show a comparison of four cases: (i) the area under the short 

𝑇2relaxation distribution (square, solid line), (ii) the area under the long 𝑇2 distribution 

(diamond, dashed line), (iii) the sum of the areas under both distributions (circle, solid 

line), and (iv) the sum of the first 10 echoes (triangle, dotted line). The comparison shows 
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there is a consistent difference between the brine content as measured via the summation 

of 10 echoes and via 𝑇2 distribution.  The 10-echo line follows the long 𝑇2 distribution, 

indicating the presence of the T2-weighting. 

Both horizontal (b) and vertical (c) ice samples are characterized by much lower 

brine content. The horizontal ice sample has a consistently stronger long 𝑇2 component 

than the vertical one, indicating that the horizontal surface is more “wet” than the 

vertical. This is to be expected due to the run-off from the vertical surface [3]. However, 

the considerable measurement uncertainty makes a more quantitative comparison 

difficult. 
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Figure 6.7 a) Normalized area under 𝑇2 distribution for the stationary ice (solid 

line), and horizontal (dotted line) and vertical (dashed line) spray ice samples. Note 

the log scale for Y-axis (relative brine content). b) and c) show the relative brine 

contents for the horizontal and vertical direction respectively. The area under the 

short 𝑇2  distribution (open squares, solid line), long 𝑇2  distribution (diamonds, 

dashed line), for the total area under both distributions (solid squares, solid line), 

and from the 10-echo sum (triangles, solid line) were calculated. 

 

6.3.3 Spray icing accumulation measurements by 1D-imaging 

To probe the thickness of the accumulating ice, one dimensional profiles through 

the sensitive spot were obtained with FT STRAFI. As previously described, echoes were 

summed in groups of 10 meaning that the profiles are 𝑇2 -weighted, representing 

primarily the amount of brine with long T2. Figure 6.8 shows non-normalized profiles at 

-6 ℃  and -12 ℃  for the horizontal (a and b) and vertical (c and d) orientations, 

respectively. The reference profile was acquired with a water sample covering the 

sensitive volume.  This is shown as the dashed line, where its intensity is divided by 

10.21 to permit a quantitative comparison (signal intensity of water sample is 10.21 times 

the signal intensity of the spray ice which completely covers the sensitive spot). The cold 

plate surface is located at x = 0 cm in each profile.  
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Ice accumulation did occur at the warmest temperature of -6 ℃ (figures 6.8a and 

c), but the plate was not cold enough to freeze all the sprayed water, i.e., the profile is 

not completely filled even after the last spray series (#12). In comparison, ice 

accumulation is much more pronounced at -12 ℃ (figures 6.8b and d) where the ice 

accumulation front from the cold plate outward can be directly observed. There is also a 

noticeable difference between the two orientations at that temperature: with the 

horizontal orientation, the sensitive volume is completely filled by the end of the spray 

series, but this is not the case for the vertical orientation.  
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Figure 6. 8 1D profiles of the accumulation of ice during a series of sprays at -6 ℃, 

-12 ℃ in the horizontal (a, b), vertical directions (c, d).  
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Figure 6-9 a, b show normalized profiles for the last spray series at all temperatures 

for the two orientations. For comparison, profiles were normalised to the water sample’s 

profile and then cropped to the region of interest (position range of 0.02 – 0.13 cm).  

A direct comparison of the brine accumulation for different temperatures, spray 

series, and surface orientations is difficult due to the complexity of the freezing process. 

At the warmest temperature (-6 ℃), the sensitive volume never completely filled with 

ice. The brine was located primarily next to the cold surface and accumulated slowly 

during the spray series. At -10 ℃ and -12 ℃ the brine accumulation was much faster, 

with a detectable edge propagating outward. At -14 ℃ and -16 ℃, the accumulation 

accelerated, with the sensitive volume covered after the first spray series. However, the 

brine froze out faster between successive brine series, resulting in changes to the shape 

of the profile.  
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Figure 6.9 Comparing normalized signal intensity at different temperatures in 

horizontal (a) and vertical (b) orientations.  



187 

 

 

6.3.4 Centre of mass calculations of brine content 

To characterize the brine distribution in normalized profiles, their centre of mass 

(CM) was calculated as: 

𝐶𝑀 =
∑ 𝐼𝑖𝑥𝑖

𝑁
𝑖=1

∑ 𝐼𝑖
𝑁
𝑖=1

− 5      (7) 

 Where Ii is the pixel intensity, xi is the pixel number, and N is the number of pixels 

in the profile (32). The first non-zero signal intensity occurred at pixel #5, and the center 

of mass was adjusted accordingly. With 16 points in each profile, the central pixel is #8. 

A CM lower than 8 means that more brine has accumulated closer to the cold plate while 

a CM higher than 8 means more brine at the top.  

The calculated results are shown in figure 6.10. The CM analysis confirms 

observations of profile changes with temperature. The horizontally oriented sample had 

an almost unchanged brine content and the CM at warmest temperatures, where the 

sensitive volume was not completely filled by the end of spray series (-6 ℃ and -8 ℃). 

Spray series at -10 ℃ and -12 ℃ had a distinct ice accumulation front moving from the 

cold plate outward with spray series. This is reflected in the corresponding CM 

movement toward pixel #8, a symmetric distribution of brine in the profile.   

All profiles have their CM closer to the cold plate where freezing prevents the loss 

of brine due to drainage. Here, too, there is a difference between the horizontal and 

vertical surfaces. The vertical surface CMs are, in general, closer to the centre of the 
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profile (#8). Also, as the temperature decreases, and as the time progresses, the brine is 

redistributed more uniformly in vertical profiles.  

 

 

 

Figure 6.10 Profiles’ CM vs temperature and spray series for the horizontal (a) 

and vertical (b) surfaces 



189 

 

6.3.5 𝑻𝟐 - position mapping 

Coupling 1D-imaging with relaxation times can be a very powerful approach to 

investigate liquids in porous media [41-42]. In our case, the low amount of brine and the 

resulting low SNR were insufficient to obtain satisfactory spatially resolved T2, or 𝑇2 - 

position maps for all spray series and temperatures at the original 0.07 mm resolution. 

Here, instead, adjacent points were added in pairs for all echoes, changing the resolution 

to 0.14 mm. Echoes were added in groups of 5, and an ILT was performed to obtain a 𝑇2 

- position map. The three cases with the highest brine contents, the horizontal orientation 

at -8 ℃, -10 ℃, and -12 ℃, are shown in figure 6.11. 

 These maps agree with the bimodal 𝑇2  distribution found in the bulk 

measurements. 𝑇2  decreases as paramagnetic salt concentration increases. As a 

consequence, short 𝑇2 components are prevalent where there is a presence of smaller 

brine-filled pores, because the brine is more concentrated in smaller pores. The 

short 𝑇2 peak near the cold plate potentially indicates a stronger cooling in its vicinity 

that leads to smaller pores, higher brine concentration, and shorter 𝑇2  [16]. The long 

component is more uniformly distributed over the entire profile, pointing to the presence 

of yet unfrozen water of lower salinity saturating the sample. 
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Figure 6.11 𝑇2  – position map at a) -8 ℃, b) -10 ℃, c) -12 ℃ for the horizontal 

orientation. Position zero refers to the cold plate surface. 

 

6.4 Conclusion 

We have shown that a unilateral NMR instrument has potential for sea ice and 

spray ice measurements. It provides information on the unfrozen water inside the brine 

pockets, 𝑇2 relaxation times and 𝑇2 - position maps, and their dependence on temperature 

and cold surface orientation.  
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Brine content was measured via NMR spin intensity. The brine accumulation rates 

initially increased until the sensitive volume was filled with ice, and then with colder 

temperatures the accumulation rates decreased, as the liquid water began to freeze. Also, 

there was a noticeable difference in brine accumulation rates between the horizontal and 

vertical orientations. The sea spray ice formed on vertical surfaces had less brine, a result 

of greater liquid runoff. 

The 𝑇2 distributions of the stationary ice showed a unimodal distribution, with a 

noticeable change in the peak position and intensity as the temperature decreased. The 

sea spray icing yielded bimodal 𝑇2 distributions. The short 𝑇2 component’s dependence 

on temperature was similar to the 𝑇2  distribution in the stationary ice. The long 𝑇2 

component is indicative of large volumes of unfrozen water within the ice network. The 

coexistence of long and short components is an evidence of spongy ice, or a mushy layer, 

formed on the surfaces.  

Doping the solution reduced the relative contribution of the surface relaxivity to 

the total relaxation rate. In future studies, the surface relaxivity can potentially lead to 

pore size estimates for small pores. 

1D imaging was employed to compare the brine accumulation at different 

temperatures and orientations. In addition, 𝑇2 - position maps provided spatially resolved 

information of the brine properties. The use of FT STRAFI was very beneficial: it 

permitted the extraction of the spatially resolved information already stored in acquired 

echoes, without an extra measurement time expense.  
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In future work, the investigation of ice with portable NMR can be extended in 

several directions. A relatively low SNR in this experiment required the use of doped 

water to reduce the acquisition time. A design of an instrument with a larger sensitive 

volume can circumvent the low SNR issue, permitting measurements on the undoped 

seawater icing. Magnet arrays with higher resonant frequencies and weaker gradients 

will also be useful for exploring thicker ice accumulation. With gradients 4 times weaker, 

slice thickness of 8-10 mm can be readily utilized.  

Another interesting research direction is a diffusion measurement on the sea spray 

icing. Self-diffusion coefficients can be measured with the Hahn echo or stimulated 

echoes in the presence of the uniform magnetic field gradient. Slower diffusion at cold 

temperatures will present a challenge, but the time-dependent diffusion coefficient can 

be used to probe the internal structure of small brine pockets. 

Overall, these results show that unilateral NMR instruments can be an efficient tool 

to study ice structure under different conditions.  
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Chapter 7 - Conclusions and Future Work 

7.1 Conclusion 

In this thesis, MR/MRI was utilized to measure spray flow inside the nozzle, to 

image sprays in the "near-nozzle" region, and to study characteristics of sea spray icing.  

Most of the MRI flow studies use either phase encoding or time of flight 

measurements to evaluate a fluid's velocity. In chapter 4, the accuracy of MRI 

velocimetry measurements of fast flow velocity (m/s) inside a small structure was 

examined. The results showed that motion-sensitized SPRITE was in good agreement 

with a CFD model for flow velocity around 2 m/s, whereas a significant error of 

approximately 7% was recorded at flow velocities exceeding 7 m/s within a 3 mm 

distance. The reason for this error was contributed to the long encoding times which 

resulted in misregistration of the system. For accurate velocity detection, the encoding 

time must be reduced. Since motion-sensitive SPRITE encodes both spatial and velocity 

information at the same time, it is not possible to reduce the encoding time with this 

technique. 

It was shown that an alternative approach could be TOF methods, which reduce 

encoding time by separating preparation and detection times. Furthermore, in the TOF 

method there is no need to switch on and off the bipolar gradient during imaging. This 

resulted in a TOF encoding time of 150 µs, compared to 500 µs for motion-sensitive 
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SPRITE encoding. The results showed that, by using tagging, much more precise flow 

features can be estimated as compared to motion sensitized SPRITE approaches. 

Although TOF has some advantages, it also has some limitations. One of these 

limitations is the necessity of repeating the measurement several times at various delay 

times. To avoid repetitive acquisitions, multiple SPI acquisitions could be applied after 

a single DANTE sequence. Another drawback of the TOF method is that it is difficult to 

tag a fast flow when its velocity is high (i.e., v > 10 m/s), because within a turbulent 

flow, irregular fluctuations of fluid are present, causing the tagged and untagged parts to 

mix together. To address this issue, the tags can be created at a low flow rate location, 

with the effects of fluctuation minimized.  

In chapter 5, an MRI technique for imaging sprays in the "near-nozzle" region 

was demonstrated. In the study of the spray atomization process in the "near-nozzle" 

region, the duration of the pulse sequence must be short enough (T < L/V for a probe of 

length L and speed V of the spray). Standard preparation schemes are difficult to employ 

for studies of sprays in the "near-nozzle" region because all steps of the pulse sequence 

must be executed while a significant portion of the sample still remains within the RF 

probe. 

To alleviate the issue, a rapid magnetization preparation for MRI measurements 

of sprays was suggested. In this sequence, the time interval between the preparation and 

readout stages was reduced by performing spatial encoding on the rising gradient. This 

allowed 90-degree flip angles to be used in the absence of gradients, resulting in a greater 



202 

 

SNR. 𝑇1-weighting and TOF preparation schemes were used and the total duration of the 

sequence was 250 s for 𝑇1 and 240–1100 s for the TOF. 

In addition, in the proposed sequence the repetition time TR was long enough so 

that the previous excitation of the water spray evacuated the RF probe volume ( TR > 

L/V), with  fresh coming water which experiences only one of the pulses, therefore the  

spray magnetization always remained unsaturated.  In contrast, stationary or slowly 

moving water on walls experienced a magnetization saturation, making its contribution 

to the signal greatly reduced. 

The suggested MR imaging method was suitable and capable for imaging sprays 

in the "near-nozzle" region up to 5cm from the nozzle. However, the approach has 

drawbacks due to its high gradient strengths and rapid rise times, which resulted in 

vibrations and gradient set-caused noise. 

 Even though many measurements of sea ice by NMR/ MRI have been carried 

out, there are few previous studies that measured seawater spray icing. Using a portable 

unilateral NMR, the evolution of sea-ice brine inclusions in two types of ice (stationary 

seawater ice and seawater spray ice formed from periodic spraying on horizontal and 

vertical surfaces) was examined. 

The experiments showed that the portable unilateral NMR was capable of 

extracting the information on brine content and 𝑇2 distribution at temperatures between 

-6 oC and -16 oC. Also, the results show that the seawater spray ice growth, brine content 

and 𝑇2 distribution depend on temperature and surface orientation. 
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According to the results, there are noteworthy differences between the stationary 

and spray ice distributions. As the temperature decreased, there was a noticeable change 

in the peak position and intensity of the unimodal 𝑇2 distribution for stationary ice. In 

contrast, sea spray icing produced bimodal 𝑇2 distributions. The short 𝑇2 components 

were similar to the 𝑇2  distribution in the stationary ice. The long 𝑇2  component is 

indicative of large volumes of unfrozen water within the ice network. Coexisting long 

and short components indicate the formation of a mushy layer or a spongy ice layer.  This 

research demonstrates the applicability and utility of a unilateral NMR instrument in 

characterizing spray ice. 

7.2 Future work 

To detect the high velocity inside a small structure, further improvements can be 

made to motion sensitized SPRITE measurements through better control of the magnetic 

field gradient behavior during switching. This can be achieved through the improvement 

of the software and the Redstone NMR spectrometer console. Gradual switching allow 

magnetic field gradient set to output the desired gradient trajectory, which can eliminate 

the phase error. This information can be used to calculate the phase error caused by the 

rapid switches of the motion sensitizing gradients. 

In measurements of the high velocity, our study intended to examine flow 

velocity within a real nozzle, but the gradient strength of the MRI scanner prevented us 

from doing so. To investigate the flow features inside a real nozzle it will be necessary 

to acquire images at higher resolution. For example, to achieve a 100 µm resolution at 
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the encoding time of 0.1 ms, the magnetic gradient must be six times greater than the 

one used in the experiment (0.13 T/m). As a consequence of the higher resolution, in 

addition to evaluating the flow inside the nozzle, the velocity of flow within the "near-

nozzle" and "far-nozzle" regions could also be evaluated. To do so, the tags can be 

created  at slower velocities near the orifice inside the nozzle. It will be possible to trace 

the tags after they emerge from the nozzle tip to analyze the flow behaviour in the "near-

nozzle" and "far-nozzle" regions.  

To summarize, as the features of the spray strongly depend on internal nozzle 

flow, the study of the velocity distribution inside nozzles is important. However, a 

majority of nozzles of industrial interest is metallic. If placed inside the conventional 

MRI scanner, the highly conductive metal will shield the fluid from the RF field 

generated by the RF coil, thus preventing the RF excitation. The metallic parts of the 

nozzle can also significantly modify the permanent magnetic field.  One potential 

direction to explore is the remote detection MRI approach instead of the conventional 

MRI approaches [1-2]. In the remote detection MRI, several stages of MRI (polarization, 

excitation, encoding and detection) can be separated, with each stage separately 

optimized [3]. One can envision an experiment where a fluid is polarized in a high 

magnetic field prior to entering the nozzle placed in a very low magnetic field to reduce 

the RF field shielding. The fluid’s spatial distribution is encoded while inside the nozzle, 

and then is read-out with a separate NMR detector.  



205 

 

In future work, there are several research directions that a portable NMR can be 

used for further studies of spongy sea ice and freezing rain. During our sea spray 

experiments, we struggled with very low SNR. Designing an unilateral NMR instrument 

with a larger sensitive volume would be beneficial, since it would solve the low SNR 

issue and also permit measurements of undoped seawater ice. 

The unilateral magnetic field magnets measurement employed in this thesis was 

able to differentiate spongy ice  T2s and brine content. However, MRI also could be 

employed to develop better measurement for brine content measurement . It would be 

beneficial to image the different water states in spongy ice through their difference in 

relaxation times. 

It was shown that the T1-T2* relaxation correlation measurement will open the 

door to a new class of measurement particularly in samples with inherently short T2 such 

as solid stationary and spongy ice. The T1-T2* measurement is essentially an ordinary T1 

measurement with greater attention paid to the subsequent FID. Thus, one can apply the 

new method to a variety of samples that have an exponential, Gaussian, or Sinc Gaussian 

FID behavior to identify solid and liquid phases with more accurate quantification of 

each. 

 For the exploration of thicker ice accumulation unilateral NMR instruments with 

higher resonant frequencies and weaker gradients will also be useful. For gradients four 

times weaker, 1D-imaging of 8-10 mm thick slices can be performed, leading to 

measurements of icing occuring in nature and on human-made surfaces.  
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Another unexplored phenomenon of interest is diffusion in the seawater ice. The 

Hahn echo or stimulated echo sequences can be applied to measure self-diffusion 

coefficients. In cold temperatures, diffusion is slower, but time-dependent diffusion 

behaviour can be employed to study the internal structure of brine pockets in small sizes. 

It will also be interesting to study spongy ice structures at constant temperatures 

and explore their time-dependent patterns. In addition to studying the formation of 

spongy ice, the unilateral NMR technique can also be used to evaluate anti-icing and 

deicing measurments. Finally, a major advantage of portable NMR is its mobility which 

makes in-situ measurements possible.  
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