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ABSTRACT 

Spray systems present unique challenges for fluid mechanics research due to their 

complex dynamics. Techniques employing synchrotron X-rays and Magnetic Resonance 

Imaging (MRI) are promising measurement avenues for non-invasive studies of opaque 

or enclosed sprays. Previous MRI studies of sprays employed sophisticated pulse 

sequences possible only with an MRI scanner. In this work, the potential of simple bulk 

MR techniques, Pulsed-Field-Gradient (PFG), Time-Of-Fight (TOF), and Dynamic 

Magnetic Resonance Scattering (DMRS) are evaluated to investigate spray dynamics in 

three distinct regions. The PFG measurements of mechanical dispersion using MR are the 

first of their kind to our knowledge, yielding dispersion coefficients in the range of 10-4 – 

10-3 m2/s. Velocity measurements successfully detected velocities surpassing 30 m/s near 

the nozzle, with flow slowing down to several m/s downstream. These techniques show 

potential for investigating spray dynamics and simple gradient requirements make them 

suitable for portable MR applications and in-situ measurements. 
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Chapter 1 - Introduction 

It is easy to underestimate the role of spray systems in modern life, but they are 

omnipresent. Be it in agriculture (irrigation, crop dusting), industry (fuel injection, 

aerosolized coatings), medicine (inhalers, nasal sprays), or cosmetics (perfume, hair 

spray), sprays are employed frequently as a means of liquid distribution. For each 

application, the desired properties of the spray may differ: fast sprays to cover wide 

swathes of farmland, uniformly distributed droplets for spray coatings, or dispersed fuel 

injection sprays for efficient fuel-air mixing, for example.  

As of writing this thesis, sprays are not well modelled, which has led to industry 

reliance on direct measurement of spray properties to determine the efficacy of the 

system design. The complexity of sprays necessitates many measurement techniques, 

even more so due to limitations imposed by some applications themselves. Though a 

wide range of techniques has been employed, most of them are optical techniques which 

are heavily impeded by opaque or enclosed media. The limitations of optical techniques 

encourage the investigation of additional non-optical methods for the characterization of 

spray properties.  

In that spirit, this thesis explores measurements of spray dynamics using magnetic 

resonance (MR), a measurement modality that circumnavigates many of the restrictions 

typical of optical methods. The organization of this thesis is explained in the following 

paragraphs. 

The magnetic resonance phenomenon, along with its underlying principles for use 

in measurements relevant to subsequent sections, is discussed in Chapter 2. The chapter 

includes an explanation of the manipulation of the magnetic resonance (MR) signal, and 
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how spatial information is encoded via magnetic field gradients to achieve magnetic 

resonance imaging (MRI). The important variables, as well as the measurement 

sequences of interest, are explained.  

In Chapter 3, spray phenomena are discussed, as well as the environment for their 

formation. Distinct regions and their challenges with respect to measurement are 

explained. A brief overview of common measurement modalities is included to 

understand the scope of existing research, as well as a brief consideration of existing 

applications of MR methods to spray measurements. 

Chapter 4 summarizes experimental efforts using several MR sequences to 

quantify the dynamic behaviour of a spray system using a 4.7 T vertical bore magnet. 

Comparisons are made between different methods, and estimations of velocity and 

dispersion are achieved in some cases. This chapter is adapted from a paper of the same 

name, currently accepted with minor revisions to the Journal of Applied Magnetic 

Resonance. 

Chapter 5 summarizes the results of the thesis and explores possible avenues for 

future research. Appendices are included with additional information not directly related 

to the main topic of the thesis. Appendix A discusses explorations of the Dynamic 

Magnetic Resonance Scattering (DMRS) method, with additional analysis and extensions 

to the existing methodology. Appendix B briefly summarizes early work using Sodium 

MR to study relaxation times of freezing saltwater. Unrelated, this work was an initial 

project direction accomplished on a 2.4 T horizontal bore magnet, which was regrettably 

cut short by the loss of the magnet. 
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Chapter 2 – MR and MRI 

2.1 – Introduction to MR 

 Magnetic Resonance (MR) is a type of spectroscopy that measures time-resolved 

effects of sample magnetization in a magnetic field using radio frequency pulses. At its 

core, MR exploits the intrinsic magnetic properties of atomic nuclei [1]. Nuclei 

possessing a non-zero nuclear spin, such as hydrogen (1H) or carbon-13 (13C), have a 

magnetic moment that responds to magnetic fields. When subjected to a static external 

magnetic field (B₀), these nuclei align either parallel (low-energy state) or antiparallel 

(high-energy state) to the field, as dictated by the Boltzmann distribution associated with 

the system: 

𝑁+

𝑁−
=  𝑒−𝐵0𝛾ℎ/𝑘𝑇 [1] 

where 𝐵0 is the magnetic field strength, 𝛾 is the gyromagnetic ratio of the chosen 

nucleus, ℎ is Planck’s constant, k is Boltzmann's constant, and T is the temperature. 

𝑁+and 𝑁− represent the populations of targeted nuclei with spin angular momentum, of 

the high and low energy states respectively. 

Based on this equation, we can see that the field strength and temperature 

determine the relative populations of parallel to anti-parallel spins. The additive property 

of magnetic fields from this unequal distribution creates a net dipole moment; the higher 

this ratio of spins is, the stronger the aggregate effect of these aligned spins. We call this 

resultant behaviour the ‘net magnetization vector’, and it lies along axis of B0 (Figure 

2.1). The manipulation of this vector forms the basis of the classical model of all MR 

measurements. 
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Figure 2.1: Net magnetization behaviour in the presence of a magnetic field following a 90-

degree RF pulse (Top), aggregate orientation of spins populations forming the net 

magnetization (Bottom Left), and the basic stimulation-response diagram for an RF pulse 

(Bottom Right). 
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The net magnetization vector is typically affected by a radio frequency (RF) 

pulse, which applies a torque to the net magnetization vector. This pulse is an oscillating 

magnetic field (B1) perpendicular to B0, often applied via a nearby coil with an 

alternating current, which has a frequency resonant with nuclei of interest. This resonant 

frequency, called the Larmor frequency, is the oscillatory frequency at which the transfer 

of energy is most efficient. The Larmor equation tells us the Larmor frequency 𝜔 for a 

system: 

𝜔 =  −𝛾𝐵0 [2] 

Hence, given the gyromagnetic ratio 𝛾 of our chosen nuclei and the magnetic field 

strength 𝐵0, the necessary resonant frequency can be calculated. 

The overall effect is a rotation of M away from the axis of B0 as shown in Figure 

2.1; we call the resultant angle of rotation the flip angle. The flip angle 𝛼 depends on how 

strong B1 is, how long the pulse is applied for (time 𝑡), and the gyromagnetic ratio: 

𝛼 =  𝛾𝐵1𝑡 [3] 

 When discussing the affected net magnetization M, it is often useful to break it 

into components, conventionally designated Mz and Mxy as shown in the left side of 

Figure 2.2. Mz is oriented along the B0 axis and is called the longitudinal magnetization. 

Mz is typically equal to M when the system is at thermal equilibrium or when the applied 

RF pulse flip angle is equal to a multiple of 360 degrees. Mxy is the transverse 

magnetization that lies along the transverse plane defined by B0 and it is maximized by a 

flip angle of 90 degrees. 
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When an RF pulse ends, the inherent angular momentum of the spins, as well as 

the torque exerted by B0, causes them to precess in the transverse plane. This causes the 

magnetization to rotate in the x-y plane as it recovers to its original longitudinal 

orientation. The rate of this precession is once again determined by the Larmor 

frequency. As this recovery occurs, the changing magnetic field flux associated with 

precession of M induces an EMF in a nearby pickup coil, which can be detected. This 

induced current is the MR signal in its simplest form. 

 

2.2 – T1 & T2 relaxation times 

 For a unique sample, there will be distinctive properties of the MR signal 

resulting from its physical, dynamic, or chemical properties [2]. In the previous section, 

we discussed the precession behaviour of the net magnetization vector after an RF pulse. 

The process is called relaxation and is characterized by two distinct processes: the decay 

of the transverse magnetization and the recovery of the longitudinal magnetization. More 

precisely, we assign a time constant to each of these processes, called T2 and T1 

respectively. 

 For longitudinal magnetization 𝑀𝑧 to fully recover (Figure 2.2, upper right), the 

spins exchange energy with their surroundings. T1 is sometimes called spin-lattice 

relaxation as it represents the transfer of this energy from the spins to the ‘lattice’, its 

molecular environment. T1 is equal to the time it takes to recover 63% of M. The 

recovery process is defined by an equation: 

𝑀𝑧(𝑡) = 𝑀0(1 − 𝑒−𝑡/T1) [4] 

where t is the time elapsed since the RF pulse, and 𝑀0 is the equilibrium magnetization. 



 

7 

 

 

 

 

 

 

  

Figure 2.2: A diagram describing the decomposition of the net magnetization vector, with the 

relevant components for T1 and T2 relaxation. 
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Conversely, T2 represents the decay of transverse magnetization Mxy (Figure 2.2, 

lower right); the time required for transverse magnetization to fall to 37% of its post-

pulse value. It is defined by the following equation: 

𝑀𝑥𝑦(𝑡) = 𝑀0𝑒−𝑡/𝑇2 [5] 

T2 is sometimes called spin-spin relaxation due to related inter-spin mechanisms 

such as spin flip-flop, which influence the decay of macroscopic magnetization. It is also 

always true that T2 ≤ T1, since 𝑀𝑧 cannot be equal to 𝑀0 while a component of the net 

magnetization remains in the transverse plane. Unlike T1, the magnitude of the 

magnetization vector 𝑀𝑥𝑦, and therefore T2, depends on the phase coherence of the spin 

system. Immediately after the pulse creates the transverse component of the 

magnetization, the spins maintain their coherence briefly but soon drift out of phase, 

causing a reduction in the magnitude of 𝑀𝑥𝑦. This is commonly due to local magnetic 

field variations across the spin system, which consequently affects the precession 

frequency of spins differently.  

 While these inhomogeneities can be a result of inherent sample properties, they 

can also result from imperfections in the main magnetic field B0 [3]. Consider a sample 

that has just experienced a 90-degree RF pulse in the presence of an imperfect magnetic 

field. By observing the free induction decay (FID), the simplest NMR signal response, we 

can in principle estimate T2 through the observed lifetime of the signal. However, the 

presence of the field imperfections hastens the dephasing of the system, resulting in a 

measurement of T2 that is inherently inaccurate. Due to these effects, the T2 we measure 

is often called the ‘effective’ T2 and is labelled as T2*. 
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 Overall, relaxation times provide indirect information about a system through 

their response to an RF pulse. While instructive in many experiments, their relevance to 

this thesis lies in the inherent limitations they impose; namely, limitations on both pulse 

repetition due to saturation effects and overall signal decay times. 

 

2.3 – Gradients & k-space 

There are clear benefits to being able to attribute the acquired signal to 

corresponding spatial coordinates in the sample. Achieving spatial resolution in MR is 

most commonly accomplished using magnetic field gradients. Gradients introduce a 

linear, spatially dependent addition to the overall magnetic field. When applied, the 

magnetic field strength experienced by our sample changes from B0 to (B0 + 𝐺𝑖𝑖), where 

𝐺𝑖 is the magnetic gradient strength along the arbitrary axis 𝑖. This in turn gives rise to a 

spatially dependent Larmor frequency: 

𝜔(𝑖) =  𝛾(𝐵0 +  𝐺𝑖𝑖) [6] 

This concept, whereby the sample’s spins can be affected based on spatial coordinates, is 

exploited by many MR techniques. Its simplest application is in frequency encoding for 

MRI, where the MR signal is acquired in the presence of a magnetic field gradient. This 

results in an acquired MR signal composed of contributions from spins of various Larmor 

frequencies. The relative proportion of these frequencies can be accessed by the 

decomposition of the signal using the Fourier Transform (FT). Since the signal intensity 

of a frequency corresponds to a specific spatial coordinate, the result of the FT gives the 

1D profile of our sample along the gradient vector. 
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 Similarly, phase encoding can also encode spatial information, but in a slightly 

different way. When a gradient is applied to a sample, spins begin to dephase as lower 

field spins precess at a slower rate than their higher field counterparts. By briefly 

applying a gradient, then turning it off, a spatially dependent phase shift 𝜃 is applied to 

the sample in line with the following equation: 

𝜃(𝑖) =  𝛾𝐺𝑖𝑖𝑡  [7] 

 where 𝐺𝑖 is the gradient strength along arbitrary axis i, and 𝑡 is time applied. This means 

that when the MR signal is acquired the FT can once again be used to decompose the 

signal according to the phase of contributing spins, and consequently be used to recover 

the 1D profile. Phase encoding also has the benefit of using a fixed phase encoding time, 

which can circumnavigate some time-dependent signal effects. 

 Phase and frequency encoding form the basis for imaging using MR by using 

orthogonal gradients combining one or both encoding techniques discussed above. 

Regardless of chosen implementation, the resultant signal undergoes a 2D FT resulting in 

a 2D image; this is the basis of magnetic resonance imaging (MRI). 

 The importance of the FT in MR predicates an interest in the Fourier space where 

image data is acquired. For an image representing spatial coordinates, its Fourier space is 

called ‘k-space’, and it represents the spatial information present in the image. For an 

image with coordinates x and y, frequency and phase information are stored in the k-

space representation as kx and ky depending on which encoding is used to represent each 

coordinate axis. Acquiring an MR image is accomplished by traversing k-space, filling in 

k-space coordinates with relevant signal information. The equation describing k-values is 

as follows: 
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𝑘𝑖 =  𝛾𝐺𝑖𝑡  [8] 

where γ is the gyromagnetic ratio of the nucleus, 𝐺𝑖 is the gradient strength along the 

arbitrary axis i, and 𝑡 is time given for the phase of spins to evolve. For example: in a 1D 

image, only kx may be of interest. By recording the MR signal in the presence of a 

constant gradient, the signal early in the signal evolution will correspond to low kx, while 

later signals will correspond to high kx values.   

 

2.4 – Pulse Sequences used in this Thesis (FID, CPMG, PFG, DMRS) 

 There are many important pulse sequences in MR, each worthy of discussion. For 

the scope of this thesis, the following sequence descriptions provide a background for 

relevant tested experimental methods. 

Free induction decay (FID) can be achieved with a simple one-pulse sequence, 

shown in Figure 2.3a, will be formalized here as an introduction to sequence diagrams. 

As a time-resolved measurement modality, pulse sequences for MR experiments take 

place in a carefully timed order. In Figure 2.3, several ‘channels’ are displayed 

corresponding to an execution of different elements, such as RF pulses, Signal Readout, 

or Gradients. In the case of an FID, only the RF and Receive channels are used: a 90-

degree RF pulse, followed by the signal readout. The 90-degree RF pulse has the effect of 

rotating the net magnetization vector into the transverse plane, the precession of which 

induces the signal in the pickup coil. 

 Practically, sequences are often repeated and the acquired data averaged to 

reduce the overall effect of noise, boosting the signal-to-noise ratio (SNR). As such, a 

parameter called repetition time (TR) is often used to characterize the time delay 
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Figure 2.3: Sequence diagrams for relevant MR sequence such as FID (a), CPMG (b), PFG (c), and 

DMRS (d). 
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after a single sequence has finished before another sequence begins. TR plays a 

significant role in gauging the total experiment time for a set number of averaging scans 

and is routinely chosen so that it ensures full longitudinal magnetization recovery. 

Another sequence used in many applications is the Carr-Purcell-Meiboom-Gill 

(CPMG) sequence (Figure 2.3b), which has characteristic signal in the form of a long 

train of echoes. Echoes, in the context of MR, are a signal response consisting of 

mirrored FIDs. The CPMG sequence begins much like an FID; a 90-degree RF pulse 

rotates the net magnetization into the transverse plane, causing the transverse 

magnetization to precess in-plane. T2* relaxation begins due to dephasing of contributing 

spins, causing a decay of the transverse magnetization over a period τ. Then a RF 180-

degree pulse is applied, flipping the phase of all isochromats in the transverse plane. The 

precession of these spins now refocuses them, and temporarily restores phase coherence 

resulting in a partial recovery of the transverse magnetization. This results in the echo 

which resembles a mirrored FID, occurring time τ after the 180-degree pulse. This 

process can be repeated, refocusing the transverse magnetization repeatedly and forming 

an ‘echo train’. The amplitude of echo peaks diminishes as the train continues as the 

magnetization undergoes T2 decay. The choice of τ defines another timing parameter of 

interest, the Echo Time (TE), where 𝑇𝐸 = 2𝜏. 

The pulsed field gradient (PFG) pulse sequence (Figure 3c) distinguishes itself 

from the previous techniques by incorporating time-dependent magnetic field gradients 

[4]. The basic magnetization vector manipulation proceeds just as a single echo formation 

does in the CPMG sequence above. However, prior to and following the refocusing RF 

pulse, magnetic field gradients are employed, characterized by a duration δ, a strength 𝐺, 
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and a separation denoted as Δ. The presence of these magnetic field gradients does not 

ultimately affect static spins since any phase they accumulate during the initial gradient is 

negated after the application of the 180-degree pulse and the subsequent gradient, which 

rephases the spins. However, moving isochromats undergo phase accumulation 

dependent upon the distance they traverse during the separation time Δ. The accumulated 

phase (𝜃) experienced by diffusing spins can be expressed as follows: 

𝜃(𝑡) =  𝛾 ∫ 𝐺(𝑡′)𝑥(𝑡′)𝑑𝑡′  [9] 

In a PFG measurement, the accumulated phase difference for a gradient application time 

𝛿 is written as: 

𝜃 =  𝛾𝐺𝛿(𝑥𝑓 − 𝑥𝑖) [10] 

where γ represents the gyromagnetic ratio and (𝑥𝑓 − 𝑥𝑖) is the displacement. Since the 

phase is dependent on the displacement, the FT of the signal gives the distribution of 

displacements experienced by spins in the ensemble. This information, coupled with the 

time between gradient pulses Δ, allows for estimation of velocity distributions in the 

sample.  

PFG data can also be processed for accessing estimations of the diffusion coefficient via 

the following signal equation: 

𝑆(𝐺) = 𝑆0𝑒−𝑏𝐷 [11] 

where 𝑏 =  𝛾2𝐺2𝛿2(∆ − 𝛿/3) 

where D is the diffusion coefficient and S0 is the unattenuated echo signal magnitude. 

The sensitivity of this measurement to sample dynamics makes it an excellent candidate 

for the study of moving samples. 
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Dynamic Magnetic Resonance Scattering is a non-standard MR technique [5], 

drawing inspiration from optical scattering methods for detecting particle dynamics. The 

basic requirement of this technique is for repetitive measurements of k-space points, 

separated by a time TR. More generally, DMRS is the process of acquiring time-series 

data of the MR signal in the presence of a gradient and evaluating the data fluctuations in 

time. The presence of the gradient sensitizes the MR signal to varying periodic structure 

within the sample.  

In this work, we developed a new implementation of this experiment as a series of 

FIDs (Figure 2.3d) with a fixed repetition time, but it can also be expanded to 

accommodate any preparatory sequence that acquires multiple k-space points. Once the 

data is acquired, the time-series data is evaluated as a structure function: 

𝐹(𝑘, 𝑡) = ⟨|𝑆(𝑘, 𝑡′ + 𝑡) − 𝑆(𝑘, 𝑡′)|2⟩  [12] 

where k is k-space point of interest, 𝑡′ is the first point acquired, and S is the complex 

signal. In conjunction with structure functions from other k-space points, the velocity v of 

the sample can be estimated through the oscillation angular frequency 𝜔 = 𝑣 ∙ 𝑘. Note 

that 𝜔 in this context is unrelated to the Larmor frequency.  

 

2.5 – Steady State Considerations 

Many MR measurements are sensitive to changes in signal magnitude over time, 

making it necessary to characterize, predict, and correct for signal fluctuations introduced 

by the measurement itself. In an ideal implementation of the DMRS, for example, the 

magnetization is fully recovered between the subsequent excitations, making it dependent 

only on the dynamic parameters of the medium (either coherent or random displacement).  



 

16 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Simulated steady state transitions for multiple TR, with a T1 of 25 ms and a flip angle of 13.6 

degrees 
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This requirement is often difficult or impossible to meet for samples that traverse 

the sensitive volume on the order of their longitudinal magnetization recovery time. 

Hence, there is a need to analyze and experimentally test the magnetization behaviour for 

sub-optimal repetition times. 

Due to the sampling rate requirements of methods like DMRS, the sample volume 

will experience a few RF pulses before leaving the RF probe. Broadly speaking, if the 

time interval between them is less than 5T1s, the longitudinal magnetization will not be 

fully recovered before the next RF pulse. The continuous pulsing will cause the 

magnetization to transition to a steady state dynamic, introducing a fundamental change 

in signal magnitude over time regardless of the sample dynamics. In case of the 

transverse magnetization completely dephased between pulses, the longitudinal 

magnetization after the nth excitation pulse can be described by the following equation: 

𝑀𝑧𝑛 =  𝑀0[𝐶𝑛𝐸𝑛 + 𝑤(1 −  𝐶𝑛𝐸𝑛)]  [13] 

where M0 is the initial magnetization, C is the cosine of the flip angle, E = exp(-TR/T1), 

and w = (1-E)/(1-CE). For a known repetition time TR, sample T1, flip angle, and pulse 

number n, the expected steady state transition curve can be calculated. In principle, by 

simulating the anticipated effect of the transition, corrections can be applied to remove 

the apparent steady state behaviour which might otherwise dominate the MR signal. 

 The steady state effect can also be leveraged as a velocity filter in some 

conditions. As seen in Figure 2.4, a low TR can impede the magnetization recovery of the 

sample, saturating the spins and supressing their signal contributions. Due to the number 

of RF pulses required to accomplish this, the effect is indirectly selective; only signal 

contributions from spins that remain in the sensitive volume for many pulses are at risk of 
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being saturated. The effect can therefore be used to suppress the signal of lower velocity 

spins, while acquiring the signal of frequently refreshed higher velocity spins. 
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Chapter 3 - Sprays 

 

3.1 – Introduction to Sprays 

This chapter serves to provide a foundational understanding of sprays as pertains 

to physical structure and diagnostic modalities. We briefly detail the characteristic 

features of sprays, followed by a discussion of common measurement methods and 

consequently desired alternatives. 

The formation of sprays, as well as their resultant properties, depend on the 

breakdown process of bulk liquid into disperse droplets. This process is broadly called 

atomization and concerns a large portion of spray measurement research. Though 

important in many crucial technologies, atomization continues to be a difficult process to 

study and characterize. As a stochastic process, its behaviour and characteristics can be 

challenging to quantify. Currently, no widely accepted analytical solution for describing 

atomization exists, making simulation and modelling of these systems challenging.  

Spray systems introduce further layers of complexity through the geometry of their 

design and the environment provided for interactions at the liquid-gas interface [6], 

beyond the inherent variability of atomization. Practically, atomization is considered to 

occur when the slip velocity, the relative velocity of the liquid and gas, reaches a certain 

threshold. This threshold is ill-defined due to the complexity of the two-phase 

interactions; it varies depending on the physical properties of the liquid, turbulence at the 

liquid-gas interface, and the dynamics of these phases.  

The dependence on slip velocity gives two distinct environments for spray 

formation: slow liquids in the presence of a fast gas environment, or fast liquids in a 
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relatively slow gas environment. We can draw comparisons from the world around us: an 

up-ended cup of water in a windstorm atomizes into disperse droplets, as does a 

pressurized jet of perfume in a salon.  Both have practical import; sea spray formation in 

strong winds, for instance, plays a role in sea navigation which warrants study. In 

industrial practice however, most spray applications achieve atomization via the fast 

liquid/slow gas regime, which will consequently be the focus of this study. 

 

3.2 – Spray Regions 

There are typical properties of spray systems that directly affect their efficacy in 

applications, such as droplet size, angular distribution, or velocity. These properties vary 

from one part of the spray to another. The spray is most often broken into 4 principal 

regions ordered from upstream to downstream [6]: 

Internal Nozzle region: The region within the nozzle itself, which influences 

many of the properties observed in the regions downstream.  

Near-Nozzle region: The region nearest to the nozzle orifice, often consisting of 

an optically dense liquid core, which sheds ligaments and droplets as atomization 

occurs. 

Far-field region: The region sufficiently far from the nozzle that distinct droplets 

are well developed, though secondary atomization may still be underway. 

Spray-wall region: The region where the spray itself contacts walls.  

The regions of interest in this thesis are the latter three regions, due to the overall focus 

on the sprays themselves, and inescapable spray-wall interactions within the experiment. 

Setting the internal-nozzle region aside, the inherent properties of the remaining regions 
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each introduce complications for choosing a measurement modality. At the near-nozzle 

region, for instance, measurements become more challenging with increasing injection 

pressure as atomization occurs closer to the nozzle orifice.  

 

3.3 – Optical Spray Measurement Techniques 

To understand what novel research we can contribute to measurements of spray 

systems, we must know what measurements are commonly used. There are a 

considerable number of spray measurement techniques for measuring dynamics, listed in 

the sections that follow. 

3.3.1 – Phase Doppler Interferometry:  

Phase Doppler Interferometry (PDI) is a non-intrusive optical diagnostic 

technique that has emerged as a popular tool for characterizing sprays, particles, and 

droplets in a wide range of applications [7], [8]. At its core, PDI combines the principles 

of interferometry and Doppler shift analysis to determine the size and velocity of 

particles in disperse media. In the context of spray measurements, the technique involves 

illuminating the spray with a coherent laser beam and allowing the scattered light to 

interfere with a reference beam, generating an interference pattern that carries 

information about the particles' properties. Various data analysis methods, such as those 

derived from Mie theory and Lorenz-Mie theory, are used to relate the phase shift to 

particle characteristics.  

 

 

 



 

22 

 

3.3.2 – Planar/Volume Measurements: 

Advancements in spray measurement techniques have moved towards planar and 

volume measurement methods to overcome some of the limitations of single-point 

measurements like PDI, which can be time consuming and lack spatial resolution. 

Line-of-sight imaging techniques, like laser absorption and scattering (LAS), provide 

qualitative information over an extended region, allowing for structures or visualization 

to be generated for many spray regions at once [9]. Furthermore, tomographic 

reconstructions using line-of-sight images allows for a three-dimensional representation 

of the measured spray. These modalities come with a trade-off as they often provide 

qualitative information but lack quantitative analysis [6].  

Planar measurements of velocity using optical techniques have been performed as 

well. Particle Image Velocimetry (PIV), which obtains laser sheet images, is commonly 

used [5]. If the droplets themselves cannot be detected directly, tracer particles may be 

added. The techniques function by obtaining two different laser sheet images at different 

times and subdividing the images into smaller regions whose intensities will change in 

the time frame. By calculating the correlation of intensity for these subdivided regions 

within the given time window, the velocity can be extracted. 

Planar/volume measurements expand on the typical measurements of sprays in 

various ways, but do not escape the fundamental limitations they share with PDI; 

optically dense regions are still challenging. 
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3.3.3 – High-speed Imaging: 

A change in focus from single-shot imaging to high-speed imaging has made 

observing fluid structures in distinct spray events significantly easier [6]. Additionally, 

high-speed imaging allows for the acquisition of multiple images during spray events, 

benefiting measurements of transient sprays in high-temperature, high-pressure 

chambers. Frame straddling techniques allow for simultaneous acquisition of Mie 

scattering and laser-induced fluorescence (LIF) images with minimal time separation 

using a single high-speed camera. Commercial high-speed CMOS digital cameras are 

widely accessible with frame rates up to approximately 1 MHz, making them simple to 

implement as a measurement technique. 

Despite their advantages, high-speed imaging with low light levels or UV light 

often requires the use of a high-speed image intensifier. Furthermore, measurements of 

opaque or sealed spray systems are entirely unsuited for this kind of optical measurement, 

even more so than the previous techniques. 

For all the optical techniques above there is difficulty with optically dense media 

or in-situ measurements through opaque/translucent material. The dense, turbulent 

structure of the liquid-gas interface in the near-nozzle region, for example, can challenge 

their ability to resolve behaviour beyond the surface due to effects such as multiple 

scattering. 

 

3.4 – X-rays measurements of sprays: 

X-rays are a typical modality used to circumnavigate the challenges posed by 

opaque/enclosed media, due to their innate penetration ability and resilience to multiple 
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scattering [12]. For a traditional x-ray measurement, like for shadowgraph/radiography, 

the measurement consists of an x-ray source and a detector separated by a sample of 

interest. x-rays are absorbed by the sample as they pass through, and the attenuated signal 

is measured according to the following equation: 

𝐼(𝑧)  =  𝐼
0
𝑒−𝑀(𝑧)𝜇(𝑧) [14] 

where 𝐼0 is the unattenuated signal, 𝑀 is the density projection of the sample 

along direction z, and 𝜇 is the absorption coefficient in terms of area/mass. x-ray 

measurements have the disadvantage of inadvertently heating the sample of interest, such 

as the nozzle, though heating is largely inconsequential in pure-liquid regions. x-ray 

measurements are also non-invasive, making them an excellent choice for studying 

sensitive and chaotic systems like sprays. Both laboratory [13] and synchrotron [12] 

sources have seen successful implementations within dynamic fluid systems.  

Phase contrast x-ray imaging (PCI) using synchrotron x-rays has been recently 

successful in the measurement of spray formation as well [14]. The principle behind PCI 

lies in disparities in refractive index, leading to phase shifts in the incident x-ray beam 

and generating a distinct Fresnel diffraction pattern. Typically, PCI employs the 

following setup: x-rays traverse the sample through free-space propagation, then undergo 

conversion into visible light using a scintillator screen. Finally, the resultant light is 

captured by a camera for imaging purposes. The characteristics of a phase-contrast image 

are contingent upon the propagation distance between the sample and the detector. PCI 

excels in enhancing absorption contrast at interfaces, particularly those involving fluid 

phases. However, resulting images seem to struggle when the number of multi-phase 

surface interfaces increases [15]. 
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  Synchrotron sources are ideal for studies of spray systems due to their narrow-

concentrated beams, which enable sufficient SNR with minimal measurement time and 

excellent spatial resolution. Unfortunately, the implementation of synchrotron x-ray 

measurements on spray systems is therefore restricted by the number of sources, which 

currently number less than 15 in North America, and less than 50 worldwide at the time 

of writing this thesis. These facilities are also costly to maintain relative to other 

modalities and experiment time is valued by many areas of research, making them less 

available for standard use. 

 

3.5 – Magnetic Resonance measurements of sprays 

For many of the same reasons as x-ray, magnetic resonance (MR) measurements 

have significant advantages in certain environments. Like x-rays, MR can explore 

environments, like opaque media, that other optical modalities cannot while being non-

invasive. Unlike X-rays, which rely on the occlusion of a transmitted emission to acquire 

signal information about the sample, MR signals are generated by the sample itself.  

The MR signal is also sensitive to μs-scale dynamics of the sample, making it a good 

modality for their detection. Depending on the equipment used, some instruments can 

flexibly obtain bulk, 2D or 3D measurements. MR offers avenues for selectivity unique 

to this modality; effects such as signal saturation can be leveraged to sensitize the 

measurement to only the fastest moving portion of the sample, effectively filtering the 

signal. When compared to the advantages seen by x-ray measurements in recent years, 

MR has an equally distinct skillset as a non-invasive modality and begs for further 

investigations for the purposes of measuring sprays. 
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 One physical limitation of MR for sprays is the geometry of the instrument. While 

magnets and their pickup coils can vary in size and shape, the accumulation of non-

disperse liquid in the sensitive region is typically unavoidable and must therefore be 

taken into account. Another limitation of using MR methods to measure sprays is the 

difficulty in balancing necessary encoding times with fast-moving sample. If a given 

sequence takes more time to execute than the sample will spend in the sensitive region, 

the resultant signal may not be properly encoded. For this reason, many MR techniques 

for sprays seek to minimize their overall encoding time. 

Characterizations of spray cross-sections imaging have been accomplished using 

MRI [11], providing proof-of-concept measurements of spray systems. The MRI 

measurements successfully image both upstream and downstream spray formation. The 

water density maps quantify the spray density and therefore local fluid concentration, 

while velocity measurements yield velocity maps in the Z and Y-directions, estimated via 

a linear fitting approach to a 3D motion sensitized SPRITE data.  

A further study reports rapid magnetization preparations for standard 

measurements, seeking to ameliorate some of the issues faced when measuring sprays 

with MRI [17]. The high velocities of sprays enforce a need for short sequences, which is 

achieved here by another implementation of single-point imaging (SPI) methods. The 

time reduction of this method enables the implementation of otherwise untenable 

measurements.  

A similar implementation uses tagged MRI to measure fast flows for 

measurements of the velocity within nozzle and other small structures [18]. Motion-

sensitized SPRITE is particularly good for velocity estimation in this case but 



 

27 

necessitates a longer encoding time than is possible relative to the nozzle flow. A solution 

is devised whereby the velocity and spatial encoding, which typically occur 

simultaneously, are separated to reduce the necessary encoding time. 

Overall, MR provides a novel avenue for the evaluation of spray systems, with 

many common MR techniques currently untested. Notably, bulk measurements, which is 

to say non-spatially resolved, offer measurements of dynamic properties at short 

measurement times and with less equipment, making them potentially well-suited for 

spray systems. Analyzing the applicability of bulk measurements, and their ability to 

measure dynamic properties at principal regions of a spray system, will therefore serve as 

the objective of this work. 
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Chapter 4 - Bulk MR measurements of spray dynamics 

 The following chapter is based on the paper “Bulk NMR measurements of spray 

dynamics”, accepted for publication to the Journal of Applied Magnetic Resonance. The 

structure follows the journal-specified format, with minor adjustments to ensure 

consistency with the thesis. As an individual article included as a chapter, the chapter-

specific bibliography is included immediately following the conclusion. 

4.1 – Abstract 

Spray systems present unique challenges for fluid mechanics research due to their 

complex dynamics. Non-optical techniques such as synchrotron X-rays and Magnetic 

Resonance Imaging (MRI) are promising measurement avenues for non-invasive studies 

of opaque or enclosed sprays. Previous MRI studies of sprays employed sophisticated 

pulse sequences possible only with an MRI scanner. In this work, we explore the 

potential of simple bulk MR techniques, Pulsed-Field-Gradient (PFG), Time-Of-Fight 

(TOF), and Dynamic Magnetic Resonance Scattering (DMRS) to investigate spray 

dynamics in three distinct regions. A variable last delay was employed to filter signal 

contributions based on velocity. The PFG measurements of mechanical dispersion are the 

first of their kind to our knowledge, yielding dispersion coefficients in the range of 10-4 – 

10-3 m2/s. Velocity measurements successfully detected velocities surpassing 30 m/s near 

the nozzle, with the flow slowing down to several m/s downstream. These techniques 

show potential for investigating spray dynamics and simple gradient requirements make 

them suitable for portable NMR applications and in-situ measurements. 
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4.2 – Introduction 

Spray systems are designed to achieve specific dynamic spray properties for a 

particular application, be it high transience, precise surface interaction, or efficient liquid-

gas mixing.  Spray paint nozzles, crop dusting, and fuel injection are great examples of 

processes that require predictable and well-understood particle dynamics to achieve 

repeatable and consistent results. At the same time, disperse media such as sprays prove 

to be among the most challenging fluid mechanics systems to investigate due to their 

diverse structure dependent on the region of interest. In a single spray system, there are 

broadly 3 regions of interest: the in-nozzle region, the near (dense) spray region, and the 

far (disperse) spray region. The properties of each region are highly dependent on factors 

such a pressure, temperature, and nozzle geometry. Due to the effectively stochastic 

nature of atomization processes, quantitative measurements of each of these regions pose 

unique challenges.  

The complexity of spray systems has led to a multi-disciplinary approach for their 

characterization. Despite a multitude of proposed measurements spanning many 

modalities, there continues to be a need for new and/or alternative approaches that can be 

combined to fit the restrictions of a spray system/application [1]. Many commonly used 

optical methods encounter difficulties characterizing the near region of spray systems due 

to multiple reflections on the gas-liquid boundaries. Additionally, in-situ measurement 

often requires techniques that can gather information from optically opaque or enclosed 

media.  

Techniques using synchrotron X-rays [2]–[6] and Magnetic Resonance Imaging 

(MRI) [7]–[9] are promising avenues for exploring an enclosed spray system. Magnetic 
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resonance (MR) methods are particularly useful due to their non-invasive and non-

destructive nature, with signal contrast based only on the presence of its chosen nucleus 

(typically 𝐻1 ). Previous MRI measurements were performed on an MRI scanner, 

employing techniques that required 3-dimensional gradient manipulation applied to a 

sample confined within a small RF probe volume. Such measurements are confined to a 

strictly controlled laboratory environment and are of limited value to spray studies in 

practical applications. 

In this paper, we explore possibilities of an MR bulk measurements of sprays with 

Pulse-Field Gradient (PFG), Time-of-Flight (TOF), as well as a novel technique Dynamic 

Magnetic Resonance Scattering (DMRS), with the focus on velocity and mechanical 

dispersion measurements. The NMR instrument employed in this study was a 4.7T MRI 

scanner; however, these techniques can be also implemented for use with portable MR 

instruments due to their simplicity and a limited or no switching of magnetic field 

gradients. 

When implemented as a bulk measurement, TOF’s strength lies in its simplicity; 

it requires no switching magnetic gradients and can give an estimate of the bulk sample 

velocity by employing a basic Carr-Purcell-Meiboom-Gill (CPMG) sequence to trace the 

signal decay due to the originally excited sample volume leaving the RF probe [10]-[11]. 

TOF’s viability is largely dependent on both the signal lifetime of the sample and the 

velocity of the sample relative to the RF probe size.  

The PFG measurements use the velocity-induced change in the phase of acquired 

signal, and the apparent signal decay caused by random motion in the sample in the 

presence of gradients [12]–[16], which permits an estimation of the range of velocities 
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within the sample and gives information on the relative proportion of signal carriers with 

those velocities. The signal decay can be converted into information on diffusion in the 

case of random molecular motion, or mechanical dispersion in the case of different flow 

paths taken by elements of a fluid. The measurement can be implemented either with an 

actively switching gradient and constant phase evolution time, or a constant gradient and 

varying phase evolution time. The last option is less convenient when an average sample 

transit time through the RF coil becomes comparable with evolution times, ruling out 

applications on instruments with permanent gradients. 

Dynamic Magnetic Resonance Scattering (DMRS) [17] takes its inspiration from 

optical scattering methods that reveal the particle dynamics of a system of interest, 

making it a non-invasive candidate for probing the system. Unlike other velocity 

measurements in MR (TOF, PFG), DMRS relies on the presence of distinct, coherently 

moving particles with high contrast compared to background signal. The particles can be 

NMR-sensitive spray droplets, or non-NMR sensitive inclusions; the latter will be 

detected by the behaviour of the surrounding fluid and either case will manifest itself as a 

signal fluctuation. The signal fluctuation contains information on the velocities in the 

disperse phase of the sample, as well as their dispersion coefficient. The technique can be 

easily implemented by employing only a series of RF pulses and a constant gradient. 

There are several experimental challenges in MRI studies of sprays, the first being 

the high flow speeds. In this paper, the experimental spray setup is typical for agricultural 

applications and generates flow speeds of several m/s at 10 cm away from the nozzle, and 

more than 30 m/s next to the nozzle orifice. This necessitates the use of short echo times 
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to make the characteristic measurement time comparable with the sample transit time 

through the RF probe. 

The second challenge is the accumulation of water on the walls. Bulk MR 

techniques do not employ imaging, making the spatial differentiation of signal 

contributions difficult. This is especially relevant in MR spray studies, where signal can 

come from both airborne sample (such as disperse droplets) as well as bulk sample that 

accumulates on the tube protecting the RF probe. To distinguish between these two 

sample structures without the use of spatial encoding, we rely on a variable last delay 

technique to separate the contributions. Having a variable last delay allows for the 

filtering of signal based on sample velocity – the shorter the delay, the higher the velocity 

must be to contribute to the signal. Comparing low and high last delays can distinguish 

between the effects of the two structural contributions. 

The data obtained with the three techniques were analyzed, with the TOF and 

DMRS data compared with the PFG data as a “gold standard”, with a discussion of the 

feasibility of all three techniques for NMR spray studies. The variable last delay is shown 

to work well as a velocity filter, permitting an attribution of dispersion peaks in 

dispersion maps to sprays proper and water on the walls. Of additional interest is 

information on mechanical dispersion in the atomization region that, to the best of our 

knowledge, has not been acquired before using NMR. 
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4.3 – Theory 

4.3.1 – PFG phase encoding 

PFG measurements have been used since their conception to measure velocity 

distributions and diffusion coefficients using a series of variable-gradient acquisitions. 

PFG velocity propagators ([18], [19]) enable the quantitative analysis of the apparent 

gradient-parallel velocity distribution present within the sensitive volume. The sequence 

is typically set up such that the stationary moment of the phase is unaffected, leaving only 

the higher order phase terms which are dominated by the velocity contribution [20].  

In most cases this is accomplished by a short-duration gradient which imparts a 

phase change onto the sample, followed by a 180-degree RF pulse to flip the net 

magnetization, and then the same duration gradient which will impart oppositely signed 

phase. A sample which changes its position in the interim between gradient pulses will 

have a non-zero net phase, indicating a shift in position within the given time interval.  

The signal decay due to random motion of sample elements in the presence of the 

gradient provides information on the diffusion/dispersion coefficient of the sample. 

Dispersion distributions can be obtained by using Laplace inversion software. 

4.3.2 – TOF Fitting 

Time-of-flight measurements are robust, and well-used in velocity NMR 

measurements. The sequence typically used is a CPMG: a 90-degree pulse followed by a 

series of 180-degree pulses that refocus the magnetization to obtain an echo train. By 

measuring the rate of echo amplitude decrease, average flow velocity can be determined. 

Assuming constant velocity, the NMR signal intensity is proportional to the volume of 

excited sample in the RF coil, which is modeled as: 



 

34 

𝑆(𝑡)  =  𝐴 +  𝐵𝑡  [15] 

where S is the signal from the echo maxima over time. Fitting the echo maxima of 

the echo train to this linear equation allows for the calculation of average flow velocity 

via the equation [10]: 

𝑉𝑎𝑣𝑔  =  (−𝐵/𝐴)𝐿 [16] 

where L is the effective length of the sensitive volume in the flow direction, 2.5 

cm in the case of this work. This relationship allows for simple, reliable measurements of 

the sample velocity with minimal sequence requirements. 

4.3.3 – DMRS 

The original idea for DMRS comes from optical microscopy efforts to quantify 

diffusion in liquids through video image data. Instead of tracking particles frame by 

frame, multiple time-recorded images were Fourier transformed, and the spatial 

frequencies (k-space) vs. time were analyzed, yielding information about the particle 

dynamics [21]. MRI data is directly acquired in k-space, the reciprocal space of the 

spatial domain. As pointed out in [17], this makes MRI a natural candidate for the 

implementation of this technique.  

DMRS relies on acquiring time-series data of the NMR signal in the presence of a 

gradient, before evaluating its fluctuations in time. Here we present the simplest form of 

this experiment: a series of Free Induction Decays (FIDs) with a fixed repetition time. 

Once the data is acquired, the time-series data is evaluated as a structure function: 

𝐹(𝑘, 𝑡) = ⟨|𝑆(𝑘, 𝑡′ + 𝑡) − 𝑆(𝑘, 𝑡′)|2⟩  [17] 

Structure functions take the initial state of the signal into account, making them a 

natural choice for evaluating the signal variation over time. The structure function 
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evaluates every time series point as the average squared difference relative to the first 

point, yielding an overall evaluation of the signal deviation with time. Being a difference 

technique, any background signal is subtracted, leaving only the contribution from the 

dispersed phase. This makes it a perfect candidate for selective measurements of 

translational dynamics of droplets or inclusions. Generally, DMRS models the resultant 

structure function according to the following fitting equation: 

𝐹(𝒌, 𝑡, 𝒗, 𝐷) = 1 − 𝑆0𝑒−𝐷𝑘2𝑡cos (𝒗𝟎 ∙ 𝒌𝑡) [18] 

The sample is often expected to have dominant behaviour from either velocity 

𝒗𝟎 or diffusion D, which results in one of the two being set to zero. Hence, the structure 

function in a velocity dominant system is modelled according to: 

𝐹(𝒌, 𝑡, 𝒗) = 1 −  𝑆0cos (𝒗𝟎 ∙ 𝒌𝑡)  [19] 

Consequently, for a constant velocity in the presence of a gradient the structure 

function at each k-space point will oscillate with a characteristic frequency denoted by 

the relationship f = vk/2π. For a practical implementation of DMRS, these characteristic 

frequencies and their corresponding linear relationship with k must be resolved. To this 

end, a consideration must be made when choosing experimental parameters to ensure that 

the resultant spectra have an appropriate frequency range and resolution.  

In practice, the linear relationship between f and k can only be observed until the 

signal intensity of a given k space point falls below the noise level. This establishes the 

signal lifetime; it defines an upper limit for k, which we call kmax. To investigate the effect 

of our parameters on kmax, consider a sample of length L made up of uniformly distributed 

signal carriers in the presence of a magnetic gradient G. The signal in the frequency 

domain can be described as a boxcar function: 
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𝑆(𝜔) = {
 1 , −

𝛾𝐺𝐿

2
≤ 𝜔 ≤

𝛾𝐺𝐿

2

0 ,  𝐸𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒
   [20] 

Taking the Fourier transform of the boxcar function, we get the corresponding 

sinc function: 

𝑆(𝑡) = 2𝜔 sinc (
𝑡𝛾𝐺𝐿

2
)  [21] 

When choosing an acquisition time, signal beyond the first intercept can be 

disregarded to simplify the analysis. We can then choose the first intercept to define tmax: 

sinc(𝜃) =  0    𝑤ℎ𝑒𝑛     𝜃 = 𝑛𝜋, 𝑛 ∈ 𝑍    [22] 

For n = 1: 

𝑡𝑚𝑎𝑥 =
2𝜋

𝛾𝐺𝐿
  [23] 

Consequently, we can use our definition for k to establish kmax: 

𝑘 =  𝛾𝐺𝑡 

𝑘𝑚𝑎𝑥 =  𝛾𝐺𝑡𝑚𝑎𝑥 

=
2𝜋

𝐿
  [24] 

which depends only the spatial extent of the excited sample. With this 

information, the linear relationship f = vk/2π establishes a maximum expected frequency, 

and by extension, an appropriate necessary spectral width (SW) for our spectra. This SW 

establishes a necessary sampling rate for our measurements, and its reciprocal repetition 

time (TR) is used to define the sequence parameter.  

𝑓𝑚𝑎𝑥 = 𝑣 ∙ 𝑘𝑚𝑎𝑥/2π  [25] 

To satisfy the Nyquist criteria, we choose the SW to be double our fmax: 

𝑇𝑅 =  
1

𝑆𝑊
=  

1

2 ∗ 𝑓𝑚𝑎𝑥
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=
𝐿

2𝑣
  [26] 

This provides a very physical meaning for choosing our measurement parameters: 

the limiting TR is the time it takes for the sample to traverse half of the excited sample, 

which can be determined by the RF probe sensitive region or, at stronger gradients, the 

slice length, L. 

 

 

4.4 – Experimental 

Spray system measurements were performed using a 4.7 T superconducting 

vertical bore magnet (Cryomagnetics Inc., Oak Ridge, TN) with an inner diameter of 5.08 

cm. A Doty DSI-874 1H RF probe (Doty Scientific, Inc., Columbia, SC) with a dead time 

of 6 μs was used, along with the following typical attenuation: TX (transmit) = 13dB, RX 

(receive) = 21 dB (Stationary) / 6 dB (Spray). The 2-cm i.d. RF probe had an effective 

sensitive length, L, of 2.5 cm. The RF probe was driven by a 300 W M3205A pulse 

amplifier (American Microwave Technology, Inc., Brea, CA).The spraying apparatus 

consisted of a pump (Diener, Switzerland), connected to a narrow tube tipped with a 

ceramic spray nozzle tip (Spray Systems Co., TeeJet 8001 VK) with an exit orifice area 

of 0.34 mm2 surrounded by a 18-mm i.d. Teflon tube to protect the RF probe from 

sprayed water, extending for the length of the magnet bore. Sample liquid (distilled water 

with T1 = 2 s for PFG and TOF, 30 mM MnSO4 with T1 = 2 ms for DMRS) was cycled 

through the pump, out the nozzle, and collected below the magnet where it is once again 

cycled into the pumping system via a pump input line (Figure 4.2).  
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The nozzle was positioned at three heights relative to the distance from the nozzle 

to the sensitive region of probe, enabling measurements of three regions of interest: 

1. Near-nozzle (0 cm): This region is nearest to the nozzle itself and consists of a 

liquid sheet exiting from the nozzle and hitting the walls (Figure 4.1). It 

contains the highest range of velocities, but the least structured behaviour. 

2. Atomization (3 cm): This region is where primary atomization, the breakdown 

of the liquid sheet into droplets (Figure 4.1) first begins. It is the most 

complex region in terms of structure and dynamics, with the atomizing flow in 

the centre and water flowing on the walls. 

3. Disperse (10 cm): This region is expected to contain two distinct flow 

regimes: droplets/sheet fragments falling near parallel to the bore and water 

flowing down the walls of the bore shielding. The further (secondary) 

atomization of the droplets is ongoing. 

 The nozzle and subsequent spray were evaluated via laser interferometry done at 

Spray Systems Co (Wheaton, IL), with an estimated average droplet diameter of approx. 

92 μm. A velocity distribution was analyzed as well, giving an average velocity of 3.66 

m/s. It is important to note that the interferometry measurements were performed at a 50-

cm distance away from the nozzle where the spray droplets are slowed down by the 

interaction with air.  

An estimate of the expected velocities at the nozzle orifice was obtained by 

measuring the flow rate of the spray system and using the fluid continuity equation. With 

a flow rate of 0.7 L/min and a nozzle orifice of 0.34 mm2 we get an estimate of 34.3 m/s, 

providing the upper limit of velocities in the near-nozzle (0 cm) region.   
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PFG measurements were acquired with 64 scans and 32 acquisition points per 

echo using a dwell time of 2 μs. A half-sine shaped gradient with maximum gradient 

strength of 9 G/cm, stepping uniformly in 32 steps, with a small delta of 612 μs was used. 

The overall echo time achieved with these timings is 1.38 ms. This appears to be the 

lower limit, as gradient waveforms are no longer faithfully reproduced below these 

timing parameters. This resulted in a propagator FOV of ±34 m/s, with a velocity bin of 

2.1 m/s. Durations of 90- and 180-degree pulses were 20 μs and 40 μs respectively. A 

variable last delay of 1, 2, 5, 10, and 20 ms was employed. Dispersion measurements 

used the same sequence, but with a gradient doubled to 18 Gauss/cm to ensure strong 

signal attenuation. Dispersion coefficients were estimated by the use of the Laplace 

inversion software provided by Schlumberger-Doll Research. All dispersion fitting used a 

smoothing parameter, α, of 1. 

TOF measurements were performed with a standard CPMG sequence, with a TE 

of 200 μs, 64 echoes, 90- and 180-degree pulses of 20 μs and 40 μs respectively, and 128 

scans. A variable last delay of 1, 2, 3, 4, 5, 10, 20 and 30 ms was used.  

DMRS measurements were acquired by performing a series of 70 FIDs with a fixed 

repetition time (TR) of 591 μs based on the expected velocities, using a flip angle of 19.3 

degrees. Measurements were similarly acquired at the 3 regions and flow rate listed 

above, with a gradient strength of 1.2 G/cm for the duration of the measurement. The 

series was repeated with a last delay of 50 ms for a total of 4112 averaging scans, with a 

total measurement time of 7 minutes. All post processing was accomplished by custom 

Matlab processing scripts. For DMRS measurements, each k-space time series was 

processed in a structure function, then averaged across all averaging scans. Different k 
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values have different structure function magnitudes due to non-uniform signal 

distribution across k-space. In order to achieve comparative intensity across all k values, 

each structure function was normalized by its mean. Calculating the single-sided spectra 

of the normalized structure functions allows for easier characterization of structure 

function oscillation frequency. 
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Fig 4.1: High speed photography of the spraying nozzle from the front (left) and side (right) 

profiles. Note the transition from bulk water sheet to disperse droplet within the 3 cm raised region 
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Fig 4.2: A diagram visualizing the experimental spray apparatus within the 4.7T magnet. 

Water is circulated through the liquid pump, sprayed within the shielded magnet bore, and 

collected in a reservoir before being reclaimed by the pump system 
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4.5 – Results & Discussion  

 

4.5.1 – Pulsed-Field-Gradient Experiments 

Propagators: 

The acquired propagators differ considerably depending on the last delay used 

(Figure 4.3), with slower velocity peaks strongly increasing with the last delay. There are 

several consistent features in the different spray regions, such as the smaller negative 

velocity lobes at the 0 cm and 3 cm heights. Considerable negative velocities are well 

explained by recirculation zones transporting liquid caught in the circulating air. 

Recirculation zones are commonly found near nozzles of enclosed sprays [22], [23], 

where the fast-moving liquid causes a toroidal air current that can pick up droplets near 

the jet and move them upward along the outside edge of the wall at velocities on-par with 

those at the nozzle exit. 

Looking specifically at the 20-ms last delay propagator (Figure 4.3d), we can see 

the general trend for each region. The 0-cm region has a significant population spanning 

a range of 10 to 30 m/s. This wide distribution aligns with the fact that we measure the 

gradient-parallel component of the liquid sheet velocities, and therefore expect a range of 

velocities from the angled liquid sheet despite its coherence. In the 3-cm region the 

velocity is considerably reduced, though still with a significant spin population extending 

into a higher range of velocities. 10-cm region has a large population spanning slow flow 

velocities, with the most found between 0 and 10 m/s. 

We can estimate the relative proportion of the fast flow by integrating over the 

propagator in the range above 10 m/s, as shown in the table 4.1: 
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Table 4.1: Estimated contribution to signal decay based on fast flow at several last delays 

Height 

Region 

0 cm 3 cm 10 cm 

Last Delay 

(ms) 

2 5 10 20 2 5 10 20 2 5 10 20 

Fast Flow  

Population 

(%) 

34  48 48 45 43 39 35 28 38 41 32 19 

 

We see from the table that the fast spin population decreases as the last delay 

increases, indicating a much greater contribution to the overall signal from slower-

moving, or stationary spins. This means that the variable last delay successfully functions 

as a velocity filter, according to our expectations. Also, the fast flow population falls 

considerably beyond the atomization region, suggesting that only sample velocities near-

parallel to the magnet bore remain after the most of water in the spray has slowed on 

contact with the walls. 

 

Dispersion: 

  To our knowledge, mechanical dispersion measurements of the atomization 

regime have not been previously performed on a spray system using MR.  

As expected, the signal magnitude depends on the length of the last delay – the signal 

from slower spins is saturated at shorter last delays, leading to lower overall signal 

magnitude and effectively acting as a velocity filter. This is apparent in Figure 4.4, which 

shows dispersion coefficient distributions at several last delays, for various regions of 

interest. At the near-nozzle, 0-cm region (Figure 4.4a), dispersion coefficients form a 

single peak, which shifts at longer delays. The peak broadening at the longest last delay 
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suggests that slowest velocities contribute lower dispersive behaviour, agreeing with our 

physical model of the continuous flowing fluid sheet. The lower-dispersion estimates are 

still quite high, on the order of 10-4- 10-5 m2/s. 

 At 3 cm (Figure 4.4b), the region where atomization begins, we observe a second 

distinct and consistent dispersion coefficient approx. 10-3 m2/s, an order of magnitude 

larger than in the near nozzle region. This agrees with the expectation that the stochastic 

nature of atomization would increase the observed mechanical dispersion of the spray. 

Using the Einstein diffusion equation, D of 10-3 m2/s measured over time of 1 ms 

corresponds to an average mean displacement of 1.4 mm. This high-dispersion lobe is 

present across all last delays, while a lower dispersion lobe appears only as the last delay 

increases. We attribute this lower-dispersion lobe to a slower flow, likely turbulent 

variability in water contacting the walls. 

Farthest from the nozzle, the 10-cm region (Figure 4.4c) shows consistent but broad 

dispersion estimates. As the signal from slower flow becomes included via an increasing 

last delay, we see the appearance of a lobe consisting of lower dispersion coefficients. 

The high velocity flow, attributed to disperse media in this region, contributes higher 

dispersion coefficients overall, which aligns with the behaviour of independent droplets. 

Notably, the high-dispersion lobe consists of dispersion coefficients higher than in the 0-

cm region, which we attribute to further dispersive behaviour due to secondary 

atomization effects. 
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Fig 4.3: Propagators for pulsed field gradient measurements of a fast-moving spray at 2 ms (a), 

5 ms (b), 10 ms (c), and 20 ms (d) last delays 
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Figure 4.4: Fitted dispersion distributions for 0 cm (a), 3 cm (b), and 10 cm (c) below the 

nozzle for pulsed field gradient measurements at various last delays 
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4.5.2 – TOF Velocity 

In all cases, the strongest drop in signal is observed over the first several points of 

the echo train, which is most pronounced in the 0-cm region (Figure 4.5a). We attribute 

this drop to the fastest velocities within our sample leaving the sensitive volume first, 

leaving the signal from the more populous slower sample to decay much slower with the 

echo train. Evaluating the slope of this signal drop, as well as its proportion of the peak 

signal, gives a simple approximation of the velocity and the fast spin population of the 

overall signal. While a linear fit may not be well-suited for echo trains with non-linear 

decays, it does provide a rudimentary indication of expected velocities. Calculated 

average velocities for each sample velocity population are listed below, along with their 

estimated proportion of the signal population, are shown below (Table 4.2): 
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Table 4.2: Fast and slow velocity estimates at several last delays and regions, along with the 

estimated fast spin population. 

Height Region Velocity - Fast (m/s) Velocity - Slow (m/s) 

Fast Flow 

Population (%) 

0cm - 20ms 33.78 ± 0.21 3.11 ± 0.03 39 % 

0cm - 10ms 36.17 ± 0.30 3.49 ± 0.04 42 % 

0cm - 5ms 41.66 ± 0.43 3.37 ± 0.05 48 % 

3cm - 20ms 4.60 ± 0.38 2.77 ± 0.03 4 % 

3cm - 10ms 4.17 ± 0.42 3.07 ± 0.03 3 % 

3cm - 5ms 2.34 ± 0.30 3.31 ± 0.02 2 % 

10cm - 20ms 1.89 ± 0.31 1.43 ± 0.02 2% 

10cm - 10ms 2.16 ± 0.64 1.64 ± 0.04 2 % 

10cm - 5ms 3.84 ± 1.29 0.95 ± 0.09 6 % 

 

The table clearly shows the limits of the current linear TOF analysis to evaluate 

relative flow populations. It works well when there are two comparable flow populations 

with distinct velocities, as in the 0-cm region where the measurements agree with the 

PFG estimates. In the two other regions, where the fraction of the fast flow is much 

smaller, and its velocity is much closer to that of the slower flow, the linear analysis can 

only yield an average flow velocity.  
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Fig 4.5: CPMG echo train signal vs experiment time at several last delays for the 0cm 

(a), 3cm (b) and 10cm (c) regions 
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4.5.3 – DMRS Velocity 

Unlike with the two other techniques, there was no presaturation/variable last 

delay serving as a velocity filter in the DMRS measurements. It was not employed for 

two reasons. First, because of a strong reduction in the SNR, even without short last 

delays, the SNR of the resulting structure function was low due to the data subtraction, 

not addition, as the DMRS detects the deviation from the steady signal. Second, we 

expect the DMRS to operate as a filter on its own by removing the steady signal 

contribution.  

As the DMRS sequence consists of a series of pulses, the magnetization acquired 

after each pulse, will be in transition from the equilibrium to a steady state [22]. The 

corresponding signal intensity change will manifest in the DMRS difference scheme as a 

structure function change. To minimize this effect, the RF pulse angle was chosen close 

to the Ernst angle for the chosen ratio of the pulse separation TR and sample’s T1.   

We present the Fourier-Transformed structure function in the form of a grid 

(Figure 4.6) where each row represents the structure function spectrum of a given k-space 

point, and each column represents a frequency bin for said spectrum. In theory, a 

characteristic velocity presents itself as a linear shift in peak frequency with k, resulting 

in a visual diagonal trend. The nature of DMRS measurements, which are selective of 

structured samples, leads us to expect no linear behaviour for the near nozzle region due 

to the coherent liquid sheet. Conversely, the 10 cm region is expected to have the largest 

proportion of structured sample, and hence a linear trend.  

Our results suggest the feasibility of velocity estimates with DMRS is dependent 

on the region of interest, largely in line with the expectations above. For the near-nozzle 
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region we do not observe a linear trend, and for the atomization (3 cm) region we observe 

complex, but distinctly non-linear behaviour. Characteristic linear behaviour is observed 

in our structure function spectra in the 10 cm region (Figures 4.6c). In all cases, the 

spectrum intensity decreases as k increases due to average signal intensity approaching 

the noise floor. Within the 10-cm region, the observed diagonal spectral distribution vs k 

linearly fits to a velocity of 1.5 m/s. It agrees with the average flow velocity measured by 

the TOF and PFG in that region. However, this does not correspond to the faster velocity 

of individual droplets as expected from the higher end of PFG propagators and as 

measured with the laser interferometry. These results suggest that bulk signal from 

sample on the walls is included in our resultant velocity estimation. The selective nature 

of DMRS therefore implies physical structure in the sample on the walls; we find this to 

be most easily explained by a pulsatile flow. This shows the DMRS potential for 

detecting spatial structures changing their position at the timescale of measurement 

series; something that PFG and TOF techniques cannot do due to their data averaging 

schemes. Otherwise, this DMRS implementation is of limited use for the spray analysis 

with the current experimental setup. However, when implemented in a system with well-

separated droplets, as originally proposed [17], it can provide information on the disperse 

medium dynamics [23]. 
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Fig 4.6 Grid view of the structure function spectra vs k-space for the 0 cm (a), 3 cm 

(b), and 10 cm (c) regions of a spray system. Color bar shows a normalized 

spectrum intensity. 
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4.6 – Conclusion: 

NMR measurements of spray dynamics were obtained using PFG, TOF, and 

DMRS methods at 3 different spray regions of interest. To our knowledge, PFG 

measurements of mechanical dispersion are the first measurements of spray dispersion 

using NMR, with dispersion coefficients on the order of 10-4 – 10-3 m2/s depending on the 

region. Velocity measurements were successful in detecting flow speeds in excess of 30 

m/s in the near-nozzle (0-cm) region, with slowing down to several m/s further 

downstream. 

PFG yields results agreeing with the physical model of the spray system. The 

variable last delay was successfully applied to identify contributions from the slow and 

fast flow populations to the dispersion peaks. TOF measurements show two distinct flow 

regimes in the 0-cm region corresponding to the fast-moving liquid sheet and the much 

slower water on the walls. In our opinion, these techniques offer a promising avenue for 

investigating spray dynamics. 

Further investigation might include exploration of velocity distributions in the 

presence of constant gradients using techniques as in [24], [25], and measurements of 

post-atomization behaviour over a wider spatial range. A variable PFG echo time 

sequence might be of interest to further explore the temporal dynamics of the 

atomization. Additionally, very high speeds and strong dispersion reduce requirements on 

gradient strengths employed, making the techniques implementable in mobile NMR 

instrumentation [26], [27], with potential in-situ applications [28]–[31].  
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There are several drawbacks to the techniques displayed, which may be relevant 

for further studies. PFG measurements have a minimum echo time decided by the 

gradient set performance, which was a limit in this study as well. Similarly, TOF 

sequences are also limited by their echo times. The linear fitting of the TOF signal decay 

worked well for the region with two distinct flow regimes, but not where velocity 

distribution was broader. The velocity DMRS techniques, though sensitive to the time-

varying structures, may require better defined disperse media or additional consideration 

for the presence of non-disperse media. 
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Chapter 5 – Conclusions & Future Work 

5.1 – Conclusion 

Just as it was the ‘gold standard’ measurement when considering sequences, PFG 

results for this spray system have shown it to be the most robust and conclusive across all 

regions. In almost all but the shortest last delays, where SNR suffers the most, PFG 

results give physically realistic results that agree with our baseline understanding of the 

spray system. Coupled with the fact that this method gives distributions of both velocity 

and dispersion, the latter of which was previously unmeasured with MR methods, the 

PFG method remains a strong approach for measurements of spray systems. 

 Time-of-Flight methods also provide a reliable method for determining the 

average velocity, with some restrictions. Experimentation suggests that the method excels 

when discriminating between media of coherent but distinct velocities. TOF struggles, 

however, when the sample velocities are distributed over a wide range, making linear 

fitting of the signal decay difficult. Similarly, the acquired signal does not differentiate 

based on the source, making it difficult to separate bulk sample from disperse droplets. 

Despite these restrictions, the lack of necessary gradients makes this a simple-but-

effective tool for the estimation of coherently moving droplets of any significant velocity. 

 DMRS has proven to be simultaneously sensitive to structured media, but 

inaccurate in its estimation of the sample velocity. In regions of bulk sample with near-

coherent motion, the method fails to resolve any observable behaviour. In contrast, the 

structured region furthest downstream detects signal behaviour consistent with the 

expectations outlined in the original method. In the case of this spray system the DMRS 

method seems to be precise, but inaccurate; it produces the expected qualitative 
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behaviour, but consistently underestimates the velocity. A possible explanation is the 

presence of physical structure in the bulk sample on the walls, such as ripples in the 

cascading liquid, which could skew the overall signal due to the high ratio of bulk fluid-

to-droplets. 

 

5.2 – Future Work 

Over the course of this thesis project, several avenues for further investigation 

have been identified: 

The chosen distances from the nozzle used in this thesis serve to characterize 

several key areas of interest for the chosen spray nozzle, but also ignore large spatial 

swathes of the downstream behaviour. Additionally, the atomization region can vary its 

position greatly depending on the chosen nozzle, or even the chosen flow rate. This 

variability encourages a more granular approach for investigations of unknown spray 

systems. As a result, spray measurements moving incrementally further downstream may 

provide a more holistic characterization of the spray system.  

The measurements performed in this thesis project served to characterize only the 

velocity component along the principal spray axis. Though this is suitable for velocity 

estimation with minimal error in our case, the transverse velocity component is non-zero. 

Dispersion is likely to change distinctly when measuring the transverse component as 

well. This is particularly true for nozzles with a lack of azimuthal spray symmetry. The 

transverse component of these dynamic properties can be measured by employing 

alternative orthogonal gradients and may reveal further information about the angular 

dependence of the atomization process. 
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The methods described in this thesis also span a range of necessary gradient 

equipment, from switching gradients (PFG) to permanent gradients (DMRS) to solely a 

B0 field (CPMG). This flexibility encourages the exploration of applications on portable 

magnet arrays, which also come with a range of capabilities. Portable magnet arrays offer 

unique measurement opportunities due to their relatively low cost, particularly for in-situ 

applications where lab testing is inconvenient or untenable. Some sequences may also 

benefit from a less limiting sample environment provided by some portable magnets. 

Velocity estimates from TOF are affected by the inescapable bulk sample on the walls of 

the magnet bore; this can be avoided in the case of a unilateral magnet, which has far less 

restrictive geometry. 

 The simplicity of the DMRS method and the flexibility of its execution lends 

itself well to preparation schemes, as well as alternative k-space acquisition strategies. 

For instance, Appendix A details an initial deployment of a single point variation of 

DMRS which steps through k by incrementing the gradient amplitude, trading acquisition 

speed for reduced time-dependent signal effects. Additionally, direct estimates of velocity 

require further refinement; the expected linear behaviour is consistently observed for 

regions with disperse droplets but miss the mark when calculated directly. Structure 

function modelling can also be expanded to measure dispersion, though discriminating 

this behaviour is predicated on improving confidence in velocity estimates. 
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Appendix A: DMRS 

DMRS is a technique based on dynamic light scattering within optical methods for 

determining particle sizes. In our context, it can be employed to estimate velocity, as well 

as other particle dynamics, via similar principles. The method depends largely on 

statistical analysis of signal variation with time, which is a consequence of the sample 

travelling through the sensitive volume in a relatively uniform arrangement. In MR, this 

allows for the acquisition of single k-space points as a time series, the data of which can 

be processed to estimate velocity via the frequency data of this time-dependent variation.  

Begin by considering the intensity behaviour of distinct, coherently moving particles. The 

particles moving through the sensitive volume of our magnet, considered independently, 

can be described via their spatial distribution of signal intensity I(r,t) through the 

following convolution: 

𝐼(𝒓, 𝑡) = 𝐼0(𝒓) ∗ ∑ 𝛿[𝒓 − 𝒓𝒋(𝑡)]𝑁
𝑗=1         [27] 

where N is the number of particles, and 𝐼0 is the local spatial distribution of the particle 

signal. The relative position 𝒓𝒋 embeds the time-dependent trajectory of our particles 

(droplets for example, in the case of sprays), which are assumed to be moving coherently. 

The k-space signal 𝑆(𝒌, 𝑡) which we acquire via NMR experiments is consequently 

described by the applying the Fourier transform to get: 

𝑆(𝒌, 𝑡) = 𝑆0 ∑ 𝑒𝑖𝒌∙𝒓𝒋(𝒕)
𝑗   [28] 

By assuming coherent motion, 𝒓𝒋(𝑡) changes linearly with time, causing the 

signal 𝑆(𝒌, 𝑡) to oscillate for a given k. The oscillation of this signal variation, which is 

due to a linear change in the phase of our exponential term, is characteristic of the 

coherent motion and consequently the velocity of our sample. In our acquisition 
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sequence, a series of FIDs are acquired in the presence of a constant gradient. For every 

k-space point on an acquired FID we compare the signal magnitude to the same k-space 

point on the subsequent FID and so on; the final time series of this comparison is used to 

compute the structure function for that point, within a given scan. This process is 

repeated for many averaging scans, such that the final structure function for a given k 

space point can be determined by averaging across the resultant structure functions.  

It is important to recognize the difference in averaging when compared to a 

typical NMR experiment; namely, the averaging occurs following the construction of the 

structure functions in our case, which differs from experiments where signal averaging 

across scans is done as the signal is acquired. The structure function itself seeks to 

characterize information regarding the systematic variability of our signal intensity in 

time - information which would be lost if the information were immediately summed 

amongst previous scans (i.e., <x2> ≠ <x>2 ). The signal difference term serves to nicely 

discount any constant background signal, which takes the form of water clinging to the 

wall in our case. Overall, the statistical construction of the structure function is highly 

resistant to error introduced via low SNR or inconsistencies within the apparatus itself, 

such as pump stalling. 

Following the process of choosing a proper TR parameter in chapter 4, an 

extension to this discussion is warranted.  Expanding L in equation 25 according to its 

relationship with the pulse width pw [19], we recover several experimental parameters 

that influence TR: 
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Figure A.1: Magnitudes of free induction decays in the presence of gradients at various strengths. Arrows 

denote the first 'zero' of each sinc lobe. 
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𝑇𝑅 =
𝐿

2𝑣
=

𝜋√3

2𝑣𝛾𝐺𝑝𝑤
 [29] 

Consulting our equation for TR above, a control over TR can be established by 

varying the effective slice length L. Control over this parameter is dependent on the pulse 

width pw and therefore implicitly dependent on the quality factor of the chosen probe as 

well. 

There are several reasons one might want to adjust the sampling rate for a system: 

narrow sampling windows, impractical acquisition times, or even hardware limitations 

can fundamentally limit TR. For example: when considering DMRS as an avenue for 

velocity estimation of a system, we must consider the T1 of our bulk signal. For each 

measurement to be functionally independent, time approximately equal to 5*T1 must 

have passed for the longitudinal magnetization to fully recover. If 5*T1 > TR, some 

characteristic frequencies will need to be under-sampled and consequently be prone to 

aliasing.  

Figure A.1 shows a free induction decay acquired from a water sample in the 

presence of a constant gradient at three different strengths. To demonstrate the inverse 

relationship between our signal lifetime and our choice of gradient G, we plotted its 

magnitude vs the elapsed acquisition time. Note that the location of the first sinc zero 

point occurs earlier in time as gradient strength increases, but the k-value of these points 

stays nearly uniform, as expected. When the gradient strength is increased, the same 

magnetization intensity is spread over a wider range of k-values, leading to the reduction 
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in the magnitude and decrease in SNR. 

 Normally in a DMRS method the data is frequency encoded, meaning k-space 

points are acquired by allowing acquisition time 𝑡𝑝 to progress in between excitations via 

𝑘 =  𝛾𝐺𝑖𝑡𝑝, where 𝑖 is an arbitrary axis. In principle, acquisition should be possible by 

holding 𝑡𝑝 constant, while incrementing G to step through k-space. This method phase 

encodes the sample dynamics, which has the advantage of freezing time-dependent 

effects in the signal data. An example sequence for the adjusted method is shown in 

Figure A.3. In principle this allows obtaining only a single data point for each FID to 

construct the structure function; in practice 16 are acquired for redundancy due to 

negligible effects on the overall experiment time. The additional points allow results to be 

processed for more optimized 𝑡𝑝 if needed. The spray sample used for the results in 

Figure A.2 is the same as was used for the rest of this thesis, with the same sample liquid 

used for the typical DMRS (30 mM MnSO4) sequence explored in Chapter 4. This 

method, which we refer to as Ramped DMRS, has been acquired thus far with the nozzle 

raised 10 cm, which has shown to produce reliable results comparable to using the 

standard DMRS sequence. 

 The starting parameters of the sequence were identical to a standard sequence of 

the same sample. To obtain an equivalent range of k-space by stepping through with 

magnetic gradients, calculations suggest that Gmax should be roughly 2.4 G/cm, with a 

constant tp of 48 μs. Initial tests of the Ramped DMRS method were found to be 

comparably slow; The current Ramped DMRS sequence takes roughly 15 mins (50 

percent longer than the standard DMRS), but only acquires 32 structure function points 

(compared to 70 in regular). Resultant structure function and spectra (Fig. A.2) are 
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notably comparable to the regular DMRS method. As with many single-point methods, 

the resolution is reduced by the necessity of the gradient incrementation, which greatly 

increases experiment time as the number of steps goes up. However, it does offer 

advantages of freezing time-evolving artefacts. Exploring this technique further is one of 

potential future research activities. 

Each structure function calculated from the data is constructed from constant-k 

information. Average signal magnitude changes at different values of k as shown in 

Figure A.1, which means that the overall amplitude of the resultant structure function 

spectra is also dependent on k. This can complicate the visualization of the spectra 

information, as the expected linear behaviour of our frequency peaks are obscured by the 

overall change of signal magnitude (Figure A.4a). A method for rectifying this is not 

outlined in the original DMRS paper. Several simple methods of recovering this hidden 

behaviour were attempted. Initially, the log of the results (Figure A.4b) was used to better 

scale the results for visual comparison. While this is certainly an improvement over the 

raw data and is sufficient to vaguely illuminate the linear behaviour, the best method 

found thus far is to normalize each spectrum individually, which results in spectra of 

comparable magnitude (Figure A.4c). 

 For very low velocities, the characteristic frequencies in the accessible range are 

often quite low, making them time-consuming to acquire because of the lengthy TR 

required. It is useful in this case to measure higher k than typically achievable by 

changing the effective length L. Incorporating DANTE [20] principles into the sequence 

can be very useful for achieving this goal. The DANTE sequence excites several slices 

simultaneously, which effectively results in signal information being 'pushed' to higher k-
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space points. This allows the same characteristic frequency behaviour to be observed 

while reducing the necessary TR, allowing for an overall faster acquisition. In principle, 

doubling the maximum k-value (for example) would halve TR, which is a valuable option 

in some circumstances. Initial DANTE testing seems to suggest that high k-values can be 

'pushed' much further (Figure A.5) than this initial analysis, which prompts further 

exploration of this technique. This will allow for a major acceleration of the overall 

acquisition process and will allow for more time to acquire 3D scans for much-needed 

structure function averaging.  
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Figure A.2: The structure functions (a), structure functions arranged as a grid by k (b), and 

corresponding structure function spectra vs k (c). Note the linear behaviour that is normally 

present in typical DMRS is also resolved here, but with reduced resolution. 

a
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Figure A.3: Sequence diagram for ramped DMRS with a 30-step incremented gradient scheme. 
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a c

Figure A.4: DMRS Fourier Transformed structure functions at various values of k visualized using 

(a) raw data, (b) logged data, and (c) data with spectra normalized individually. In all subfigures, the 

vertical axis represents different k-values, while the horizontal axis represents frequency spectra 

bins. 

b



 

74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

a
 

Figure A.5: A 5-pulse DANTE sequence time-domain signal for (a) 60 μs, (b) 45 μs, and (c) 30 μs 

delta parameter. Acquisition uses a tau of 375 μs, a 180-degree pulse width of 6 μs, last delay of 60 

ms, and dwell time of 4 μs. The instrument has a constant gradient of 1290 Gauss/cm, meaning that 

the signal occurring at differing tp therefore also occurs at different k. 

b
 

c
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Appendix B: Sodium MR of Freezing Saltwater 

 

 When initially choosing a thesis project, several avenues were proposed. The first 

to be pursued sought to characterize the dependence of relaxation times on temperature 

for sodium-23 MR measurements of saltwater samples. The untimely demise of the key 

2.4 T magnet, which at the time housed the most dependable Na probe in the lab, ended 

the foray into this area of research. Some minor results of this research hold merit 

however, and though outside the established scope of this thesis, deserve a summary. 

What follows is a short report on the findings of this preliminary research, with minor 

results included. 

 Freezing saltwater is an inescapable factor in many cold-climate ocean industries. 

Ice buildup, particularly on port infrastructure and vessels, must be managed to ensure 

proper functioning of equipment. The formation of sea ice is dependent on many 

environmental factors, as well as its inherent salinity. As saltwater reaches freezing 

temperatures, ice crystals form. Meanwhile brine content is concentrated into pockets by 

the geometry of the newly formed crystals, which remain aqueous due to their increased 

salinity. NMR studies of sea ice formation have been informative [21-23] but largely 

focused on the 1H nucleus, leaving brine content information to be inferred indirectly. 

This brief study seeks to directly inform on MR properties of the brine as a function of 

temperature, using a Na probe. A sodium-23 NMR probe was used to acquire the data 

using a horizontal bore 2.4 T magnet. The experimental setup consisted of a saltwater  
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Figure B.1: Experimental apparatus for Na NMR measurements of freezing saltwater. The sample is 

cooled inside the RF probe via liquid nitrogen, while the sample temperature is monitored through a 

fiber optic sensor. 
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sample inside a glass tube, situated inside the sensitive region of the RF probe as shown 

in Figure B.1. A dewar of liquid nitrogen supplied consistent cooling of the sample, 

controlled by a rheometer attached to a heating element within the dewar. The sample 

itself is a small vial of saltwater, chosen to have salinity comparable to seawater. The 

sample itself had a fiber optic temperature sensor embedded, which allowed for real-time 

monitoring of the sample temperature.  

Two sequences are used here: Free Induction Decay (FID) and T1-Inversion 

Recovery (T1-IR). The FID sequence uses a 90-degree pulse width of 160 μs, a dwell 

time of 10 μs, acquisition time of 81.92 ms, a last delay of 250 ms, and 256 scans. The 

T1-IR sequence uses a 90-degree pulse width of 160μs, a 180-degree pulse width of 320 

μs, a dwell time of 20 μs, acquisition time of 40.96 ms, 300 ms last delay, 12 variable TE 

steps, and 128 scans. Free induction decay signal magnitude was measured from the 

signal peak and adjusted via the Boltzmann equation for the expected change in polarized 

spin population. T1-IR data was processed via lab software Fredalax, a front-end for the 

Schlumberger-Doll Laplace Transform software, which produced the T1-T2* maps in 

Figure B.3. 

The results of the FID sequence show an overall increase in FID signal magnitude 

in the freezing temperature range, when compared to the room temperature estimate 

(Figure B.2). Sodium precipitation would result in an overall signal drop; since none is 

observed over the freezing temperature range, this suggests that no sodium precipitation 

occurs. For the T1-IR sequence, T1 was found to change from 86.4 ms to 26.9 ms as the 

temperature moved from above zero to -23 degrees celsius. Similarly, T2* halved, going 

from 547 μs to 261 μs in the same temperature interval. 
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Figure B.2: Free Induction Decay (FID) signal magnitude peaks at various sample temperatures. 

Data is adjusted to account for the change in signal magnitude due to temperature dependence of 

the sample spin populations. 
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Figure B.3: T1-T2* maps, as processed via lab program Fredalax. The observed average 

signal intensity rises as the temperature lowers. Conversely, the measured T1 and 

T2*drop considerably over this temperature interval. 
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