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ABSTRACT 

 

 

This research describes the application of nuclear magnetic resonance (NMR) 

techniques for non-invasive investigation of fluid transport and hydrodynamics in porous 

systems and medical devices.  NMR microscopy is used to obtain information about 

internal structures and transport properties in porous materials and opaque systems.  

Controlling dispersion within restricted pore spaces is of importance in a variety of 

applications including soil consolidation and dewatering and electromigration of solutes.  

NMR pulsed gradient stimulated echo (PGSTE) techniques combined with 

electroosmotic flow (EOF) are used to study diffusion and dispersion coefficients in 

model glass bead packs.  The results show that significant EOF-induced backflow can 

cause structural changes and alter the flow. Understanding the transport of liquids in 

porous materials during the application of electrical field holds promise for solving 

problems involving the delivery of binding agents to infill the pore space in rigid cement-

based structures via electroosmosis.  NMR PGSTE techniques and micro-CT scan 

imaging were used to study fluid transport and structural changes in a hydrating cement 

paste in a closed cell.  It is shown that EOF in closed cement paste samples caused a 

significant increase in macroscopic void volume compared to closed samples with no 

flow. 

Needleless connectors (NCs) are commonly used medical devices with 

complicated internal design that leads to flow complexity that may cause undesirable 

bacterial deposition and biofilm formation.  Magnetic resonance imaging (MRI) is 

applied to acquire spatial velocity maps of fluid flow at various positions within the 

devices.  MRI velocimetry is demonstrated as an effective method to quantify flow 

patterns and fluid dynamic dependence on structural features of NCs.  Alginate and 

alginate-based materials find an increasing interest in environmental engineering as 

adsorbents for heavy metal recovery from aqueous solutions.  A Ca2+ and Cu2+ containing 

fluid flow through calcium-based alginate gel has been visualized using NMR 

velocimetry.  NMR indicated velocity changes in gel capillaries caused by ion exchange 

processes and followed gel structural changes. NMR microscopy is shown as an effective 

method to describe fluid transport and internal structural features in opaque porous 

systems and medical devices. 
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INTRODUCTION 

 

 

The research presented in this dissertation used nuclear magnetic resonance 

(NMR) techniques to study fluid transport in various porous systems and medical 

devices.  The advantage of NMR is an ability to measure a number of physical and 

chemical parameters in inorganic, organic compounds and multiple complex systems in a 

non-invasive and non-destructive way.  Non-invasive and non-destructive analysis of 

heterogeneous and opaque systems is presented in this thesis including transport 

measurement with and without electroosmotic flow (EOF) in porous media and fluid flow 

patterns and fluid dynamic dependence of structural features in medical devices and 

alginate gels. 

Chapter 2 introduces the fundamentals of NMR theory including quantum 

mechanics and basic pulse sequences.  Detailed information about more advanced NMR 

concepts are presented in Chapter 3. 

Chapters 4 and 5 discuss the experimental results, experimental setup and 

description of several complex porous systems.  Diffusion and dispersion coefficients as 

a function of observation time were obtained in glass bead packs using NMR pulse 

gradient stimulated echo (PGSTE) technique and EOF.  The detailed analysis of this 

study is given in Chapter 4.  The NMR PGSTE method and micro-CT scan imaging are 

applied for fluid transport and structural analysis of hydrating cement paste in the 

presence and absence of EOF in Chapter 5.  In this chapter, NMR is shown as an 

effective method to investigate and measure dispersion behavior of water confined in a 

cement porous matrix. 
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The MRI velocimetry method is used for obtaining velocity images and 

information about fluid transport in medical devices and alginate gels in Chapters 6 and 

7.  In chapter 6 MRI velocimetry is applied as a non-invasive and non-destructive 

technique to acquire spatial velocity maps of fluid flow at various positions within a 

range of needleless connectors, broadly used medical devices with complicated internal 

design.  Chapter 7 presents MRI velocimetry as an effective method to study the flow of 

fluid containing Ca2+ and Cu2+ ions through calcium based alginate gels. 

This thesis presents NMR techniques as a valuable and efficient research method 

for the non-invasive detection and characterization of fluid transport in porous systems 

and medical devices.  Application of NMR techniques to these systems has provided 

unique insight into transport mechanisms and revealed the future potential for such NMR 

applications to interesting flow systems. 
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NUCLEAR MAGNETIC RESONANCE THEORY 

 

 

Nuclear Magnetic Resonance (NMR) is a unique technique for determining the 

structure of organic and inorganic compounds in a non-invasive and non-destructive way.  

The journey of investigation of this complex technique started in 1938 when American 

physicist Isidor Rabi measured the nuclear magnetic moment in a beam of molecules [1].  

Almost 80 years later NMR found a large variety of applications in the medical field, oil 

industry, and a wide spectrum of science and engineering research. 

 

Basics of NMR 

 

 

The subjects of interest and manipulation in an NMR experiment are atoms which 

form all molecules and matter.  The atomic nucleus is composed of neutrons and protons, 

also known as nucleons.  A nucleus is a particle in motion carrying a charge.  A moving 

charge generates a local magnetic field and also possesses an angular momentum, 𝐽 and 

builds up a magnetic moment, μ as a result.  Having an angular momentum, the nucleus 

possesses spin, an intrinsic property that characterizes every elementary particle.  We can 

think about the spin being a magnetic moment with a certain direction.  Spin, or spin 

number, 𝐼 can be a half or whole integer.  NMR experiments based on a study of nuclei 

with spin number 𝐼 = 1/2 are presented in the current research.  The spin number can be 

represented by vectors with three orientations (x, y, and z) [2] and a certain length.  The 

z-component of 𝐼 in a basis state is given by 

𝐼𝑧 =ħ𝑚     (2.1) 
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where ħ is Planck’s constant divided by 2π, and 𝑚 is a quantum number with values 𝑚 =

(−𝐼, −𝐼 + 1, … , 𝐼 − 1, 𝐼). 

For nuclei with spin number 𝐼 = 1/2, the magnetic moments are parallel and 

antiparallel oriented along the external magnetic field 𝐵0.  The parallel or spin-up 

orientation of nuclear magnetic moments represents a lower energy state.  It is more 

populated, or has a higher number of spins, by the laws of thermodynamics.  Thus, the 

antiparallel or spin-down orientation indicates a higher energy state of spins which is less 

populated. 

The Boltzmann distribution describes the ratio of two existing energy levels of 

spins (N+ and N-) in an NMR sample at thermal equilibrium in an applied magnetic field 

𝐵0 

𝑁+

𝑁− = 𝑒𝑥𝑝[
∆𝐸

𝑘𝑇
] = 𝑒𝑥𝑝[

𝛾𝐵0ħ

𝑘𝑇
]
    (2.2) 

where 𝑁+ and 𝑁− represent the populations of spins in high and low energy states 

respectively,  is the gyromagnetic ratio (=2.675x 108 rad s-1 T-1 for the hydrogen 

nuclei), 𝑘 is the Boltzmann constant 1.3805 x 10-23 J/K, and T is the absolute temperature 

in Kelvin (K). 

The energy difference is associated with both existing energy populations and 

corresponds to precession frequency. 

∆𝐸 = 𝐸
−

1

2

− 𝐸
+

1

2

= ħ𝛾𝐵0    (2.3). 

Schematic representation of the energy difference of two spin states as a function of 𝐵0 is 

shown in Figure 2.1. 
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Figure 2.1.  Energy level diagram. 

 

 

For a better understanding of the interaction between a magnetic dipole moment μ 

and constant magnetic field, 𝐵0, the Hamiltonian operator is introduced.  The 

Hamiltonian energy operator for magnetic field 𝐵0 oriented along z-axis, also known as 

the Zeeman interaction, is described by equation (2.4) 

𝐻 = −𝛾𝐵0𝐼𝑧      (2.4). 

The mathematical form describing the Hamiltonian operator shows the energy 

difference between the spin states is a function of gyromagnetic ratio and does not 

depend on a spin number. 

The Schrodinger equation is solved [2] to yield the evolution operator 

𝑈(𝑡) = exp(𝑖𝛾𝐵0𝐼𝑧𝑡)     (2.5). 



6 
 

The evolution operator represented by equation (2.5) can be thought as a rotation 

of the magnetization vector in a clockwise direction around the z-axis by an angle 

𝛾𝐵0𝐼𝑧𝑡. 

As it was mentioned earlier, a charge traveling about its own axis generates a 

magnetic field and magnetic moment μ.  In the absence of an applied magnetic field, the 

magnetic moments of the spins in the studied sample have random orientations.  If the 

sample is put in a strong external magnetic field, a bulk magnetization is formed by 

aligned magnetic moments of the sample parallel to 𝐵0.  The magnetization is represented 

by a vector in the direction of the applied magnetic field (along with the positive z-axis), 

and it is called the magnetization vector 𝑀.  Figure 2.2 is a schematic representation of 

the formed vector of magnetization. 

 

 
Figure 2.2.  Effect of a static magnetic field 𝐵0. 

 

 

The magnetization 𝑀 being a vector model is the main tool in the NMR 

experimental process that helps to explain and understand the state of spins in a sample. 
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Imagine that in some way the magnetization vector is tilted by an angle β from the 

z-axis.  The magnetic vector will move around the z-axis with a certain frequency called  

the Larmor frequency and will be described by the equation 

𝜔0 = 𝛾𝐵0     (2.6). 

The strength of the NMR signal depends on the Larmor frequency.  A maximal of 

NMR signal can be obtained by using a large gyromagnetic ratio and working with very a 

strong external magnetic field.  The hydrogen atom, 1H has one of the largest 

gyromagnetic ratios and natural abundance of 99.985 %.  This is a reason the most NMR 

experimental works are conducted with 1H nuclei. 

All the NMR experiments are based on analysis and observation of the behavior 

of a large group of spins (on the order of Avogadro’s number).  All of these spins are 

pointed in random directions until they are placed in the external magnetic field.  And we 

know the population of the spins oriented with the magnetic field is slightly higher than 

the population of the nuclei that is anti-parallel to 𝐵0.  Thus, the summation of the 

individual magnetic moments will form a bulk magnetization 𝑀 oriented in the direction 

of the external magnetic field.  A semi-classical description simplifies understanding the 

ensemble behavior of spins and represents the net bulk magnetization vector 𝑀 as a 

single magnetic moment, 

𝑀 = ∑ 𝜇     (2.7). 

For better visualization and analysis of the NMR experiment, we will work with a 

rotating reference frame which will be discussed in the next section and where the 
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coordinate system is rotating with Larmor frequency 𝜔0 and vector of magnetization 

stays stationary. 

 

Excitation and Signal Detection 

 

 

As it was discussed earlier there are two possible energy states for nuclear spins 

associated with two possible orientations.  The lower energy state corresponds with the 

spin orientation parallel to the magnetic field and higher energy state corresponds with 

anti-parallel spin orientation.  The nuclei can move to the higher energy state by 

absorbing from an applied radiofrequency (rf) pulse at the Larmor frequency.  The NMR 

experimental work is based on applying the rf radiation of amplitude 𝐵1 at the Larmor 

frequency 𝜔0 to the sample of interest thereby perturbing the system away from thermal 

equilibrium. 

In the presence of the new applied 𝐵1 field, the equation governing the evolution 

of the nuclear magnetization 𝑀 = (𝑀𝑥, 𝑀𝑦, 𝑀𝑧) as a function of time becomes 

𝑑𝑀

𝑑𝑡
= 𝛾𝑀 × 𝐵1    (2.8). 

The principle of rf 𝐵1 field application consists of transferring the spins of 

hydrogen nuclei from lower state to the higher energy state and tipping the vector of 

magnetization 𝑀 into transverse xy-plane.  The whole NMR phenomenon is based on an 

application of this new rf field which oscillates in a transverse plane with frequency 𝜔0. 

𝐵1(𝑡) = 𝐵1𝑐𝑜𝑠𝜔0𝑡𝑖 − 𝐵1𝑠𝑖𝑛𝜔0𝑡𝑗   (2.9) 

where 𝑖 and 𝑗 are the unit vectors along the x- and y-axes. 
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Figure 2.3 shows the classic example of spin manipulation after applying a 90° rf 

pulse. 

 

 

Figure 2.3.  The vector of nuclear spin magnetization 𝑀 is shown in a strong external 

magnetic field 𝐵0 before (left) and after (right) the applied rf pulse 𝐵1. 

 

 

In order to obtain an NMR signal, we place the sample of interest in an rf coil and 

rotate nuclear magnetization away from the direction of the z-axis of the magnetic field 

by applying an rf pulse of energy.  In this case, the rf coil plays the role of both a 

transmitter of the energy pulse and a receiver or collector of the signal induced from the 

transverse magnetization.  The free induction decay (FID) is an exponentially decaying 

signal induced in a rf coil after excitation of the sample. Figure 2.4 schematically 

represents the FID obtained in a time domain. 
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Figure 2.4.  Free induction decay signal as a function of time. 

 

 

The oscillation is at the offset frequency 𝜔.  The decay is due to the NMR 

relaxation processes described in the next section.  Equally spaced data points are 

collected to provide a record of the NMR signal.  The goal of every NMR experiment is 

to get a high-quality spectrum, which is obtained by Fourier Transform (FT) of the 

collected time domain data points.  It is possible to improve the signal to noise (S/N) 

ratio and increase the expended sensitivity by increasing the number of collected 

individual FIDs and summing them.  Often the key to obtaining a successful spectrum 

result is multiple scanning, or averaging. 

Fourier Transformation is the unique mathematical operation that converts the 

time-domain NMR signal 𝑓(𝑡) into the frequency-domain signal 𝐹(𝜔).  This technique 

allows all the individual frequency components in the NMR signal to be visible. 

Equation (2.10) is the definition of the FT 

𝐹(𝜔) = ∫ 𝑓(𝑡) exp(𝑖𝜔𝑡) 𝑑𝑡
+∞

0
  (2.10) 

with exp(𝑖𝜔𝑡) = cos(𝜔𝑡) + 𝑖𝑠𝑖𝑛(𝜔𝑡). 
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The FT can be presented as a combination of real and imaginary parts in Figure 

2.5.  The NMR signal Fourier transformed to the frequency domain yields a Lorentzian.  

The real part is called the absorption Lorentzian and the imaginary part is called the 

dispersion Lorentzian. 

 

 
Figure 2.5.  Fourier Transformation of the NMR signal.  The left side of the figure shows 

the 90° pulse and the following free induction decay (FID).  Real and imaginary spectra 

obtained after Fourier transformation are shown on the right and represent the NMR 

signal in the frequency domain. 

 

 

Laboratory and Rotating Frame 

 

 

It is difficult to analyze the studied system in the laboratory frame because the 

whole system precesses with frequency 𝜔0.  The transformation from the laboratory 

frame into the rotating frame is a solution to simplify the mathematics and subsequent 

analysis.  We take a coordinate system that precesses at 𝜔0 about the z-axis. 
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In this new rotating frame of reference, the rf field 𝐵1 appears stationary. The 

resonant condition when the frequency ω of the rf field 𝐵1 is the same as the frequency of 

spins ω0 is called the resonance phenomenon. 

The Hamiltonian in the laboratory frame of reference is described by equation 

𝐻𝑙𝑎𝑏 = −𝛾𝐵0𝐼𝑧 − 2𝛾𝐵1𝑐𝑜𝑠𝜔𝑡𝐼𝑥   (2.11). 

In the rotating coordinate frame, the Hamiltonian takes the form of equation 

(2.12a) 

𝐻𝑟𝑜𝑡 = −𝛾 (𝐵0 −
𝜔

𝛾
) 𝐼𝑧 − 𝛾𝐵1𝐼𝑥                               (2.12a). 

Because the new frame of reference precesses with the same frequency 𝜔0 as the 

spins, we can mathematically reduce the magnetic field by 𝜔/𝛾.  At the resonance 

condition, 𝜔 = 𝜔0 and the longitudinal field vanishes leaving the effective field along the 

rotating frame x-axis and 

𝐻𝑟𝑜𝑡 = −𝛾𝐵1𝐼𝑥                                              (2.12b). 

It is mathematically easier and more convenient to explain the evolution of 

magnetization as a function of time working with a rotating frame of reference (see 

Figure 2.6).  The rotating frame of reference rotates about the z-axis at the Larmor 

frequency, so the magnetization vector appears stationary.  At the same time, it precesses 

about the 𝐵1 field at 𝜔1.  Working with the rotating frame of reference, it is easy to 

observe the difference between the rf field frequency and 𝜔0.  This difference is 

frequently called the offset frequency 𝜔.  Two fields exist in the rotating frame of 

reference, the reduced field B oriented in the z-direction and effective field, 𝐵𝑒𝑓𝑓. 



13 
 

 
Figure 2.6.  The vector of magnetization is precessing in the rotating reference frame 

when the rf field pulse is off-resonance. 

 

 

Equation (2.13) is a mathematical description of the size of this effective field 

𝐵𝑒𝑓𝑓 = √𝐵1
2 + ∆𝐵2    (2.13) 

where ∆𝐵 = 𝐵0 −
𝜔

𝛾
. 

We manipulate the offset frequency, making it very small and forcing 𝐵1 to 

precess at a frequency close to 𝜔0.  This phenomenon of resonance is important in 

explaining how the very weak rf magnetic field can influence the vector 𝑀 in the 

presence of a strong 𝐵0.  Quantum mechanically, this phenomenon can be understood 

using perturbation theory [3].  Reduced field (𝐵0 − 𝜔/𝛾) and 𝐵1 field are two magnetic 

fields that exist in the rotating frame (Figure 2.6).  The vector summation of these fields 

gives an effective field 𝐵𝑒𝑓𝑓.  If the offset frequency is zero or it is a very small value, the 

effective field will lie close to the transverse plane, and the spin magnetization vector 

precesses about 𝐵𝑒𝑓𝑓   in the rotating reference frame.  We manipulate the vector of 

magnetization with the 𝐵1 field by forcing it to oscillate close to the Larmor frequency. 
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Equation (2.14) is the mathematical solution for all three transverse components 

of vector 𝑀 in the laboratory frame of reference [2]: 

𝑑𝑀𝑥

𝑑𝑡
= 𝛾[𝑀𝑦𝐵0 + 𝑀𝑧𝐵1 sin 𝜔0𝑡]    

𝑑𝑀𝑦

𝑑𝑡
= 𝛾[𝑀𝑧𝐵1 cos 𝜔0𝑡 − 𝑀𝑥𝐵0]    

𝑑𝑀𝑧

𝑑𝑡
= 𝛾[−𝑀𝑥𝐵1 sin 𝜔0𝑡 − 𝑀𝑦𝐵1 cos 𝜔0𝑡]     (2.14). 

The following equation is a solution of (2.14) with the initial condition 𝑀(𝑡) =

𝑀0𝑘.  It describes the presence of 𝑀 in the rotating frame of reference in terms of all the 

transverse components of vector 𝑀 

𝑑𝑀𝑥

𝑑𝑡
= 𝛾𝑀𝑦 (𝐵0 −

𝜔

𝛾
)      

𝑑𝑀𝑦

𝑑𝑡
= 𝛾𝑀𝑧𝐵1 − 𝛾𝑀𝑥 (𝐵0 −

𝜔

𝛾
)    

𝑑𝑀𝑧

𝑑𝑡
= −𝛾𝑀𝑦𝐵1    (2.15). 

 

Relaxation 

 

 

After excitation, the vector 𝑀 returns to the equilibrium distribution.  This process 

is known as relaxation.  Spin-lattice relaxation 𝑇1 and spin-spin relaxation 𝑇2 are two 

relaxation mechanisms observed in the NMR sample. 

Spin-lattice relaxation, also known as 𝑇1 or longitudinal relaxation, characterizes 

a decay of nuclear magnetization and its restoration along the z-axis to the thermal 

equilibrium.  This mechanism is nothing more than the energy exchange between the 

surroundings, known as “lattice”, and the spin system.  Equation (2.16) mathematically 

describes this type of relaxation 
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𝑑𝑀𝑧

𝑑𝑡
= −

𝑀𝑧−𝑀0

𝑇1
     (2.16) 

with the solution 

𝑀𝑧(𝑡) = 𝑀𝑧(0) exp (−
𝑡

𝑇1
) + 𝑀0 (1 − exp (−

𝑡

𝑇1
))  (2.17). 

The 𝑇1 values of liquids typically vary between 0.1-10 s at room temperature. 

The inversion recovery experiment, used for longitudinal relaxation 

measurements, gives a view of magnetization behavior as it comes back to thermal 

equilibrium.  Inversion recovery depicted in Figure 2.7 is the most commonly used pulse 

sequence for 𝑇1 measurement.  The first 180° inverts the magnetization vector into the 

negative z plane, so we can observe the most disturbance from equilibrium.  A 90° pulse 

is implemented after some time t to inspect the remaining longitudinal magnetization.  

Equation (2.18) mathematically describes the signal amplitude 

𝑀(𝑡) = 𝑀0 [1 − 2 exp (−
𝑡

𝑇1
)]   (2.18). 

 

 
Figure 2.7.  Inversion recovery pulse sequence is drawn in the top portion of the figure 

and the restoration of magnetization vector is shown in the bottom portion.  The zero 

magnetization occurs at t=0.6931𝑇1, so the restored magnetization 𝑇1 can be calculated 

varying inversion time t. 
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The second main relaxation mechanism is spin-spin or 𝑇2 relaxation process 

which is characterized by a gain and loss of magnetization in the x-y plane.  𝑇2 is a 

complex process that corresponds to coherence loss in the spin system.  Molecular 

tumbling or multiple molecular interactions lead to energy exchange between the nuclei 

(magnetic moments) through local magnetic field variation there is a range of 

frequencies.  Precession with a spread in frequencies is a reason the spins spread out and 

dephase in the transverse plane, so the initial transverse magnetization phase coherence 

of the spin system appears to be lost.  However, this mechanism of dephasing is 

recoverable using the Hahn spin echo. 

The Hahn spin echo is a pulse sequence commonly used to measure 𝑇2 relaxation 

shown in Figure 2.8.  The first 90° pulse excites the spins and, immediately following all 

of them are in phase and form the coherent vector 𝑀.  The spins start dephasing due to 

any spread in frequencies and phase coherence loss is observed in the spin system.  Erwin 

Hahn was the first person who noticed that this loss of phase coherence is reversible [4].  

An application of a 180° pulse flips all the spins in the transverse plane.  Precessing at 

their individual frequencies, all the magnetic moments now rephase and form an echo. 
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Figure 2.8.  The Hahn echo pulse sequence is in the top portion of the figure and 

evolution of the nuclear spin vector of magnetization is in the bottom portion. 

 

 

The Carr-Purcell-Meiboom-Gill (CPMG) sequence is a successful method to 

recover the phase coherence, and refocus inhomogeneous broadening of nuclear spins 

and measure 𝑇2 in a single experiment.  In 1954 Carr and Purcell [5] suggested applying 

a train of additional 180° pulses to measure 𝑇2.  The Meiboom-Gill modification 

improved the pulse sequence compensation using quadrature 180y pulses.  Figure 2.9 

shows a graphical illustration of CPMG method.  This spin echo pulse sequence consists 

of a 90° pulse followed by an echo train of 180° pulses and results in an exponential 

decay of echoes allowing measurement of the transverse relaxation 𝑇2.  The 𝑇2value can 

be yielded from 

𝑀(𝑡) = 𝑀0 exp (−
𝑡

𝑇2
)    (2.19). 
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Figure 2.9.  CPMG pulse sequence for 𝑇2 measurement.  𝑇2

∗ refers to the relaxation 

observed in the FID and 𝑇2 refers to the relaxation that cannot be refocused in a Hahn 

spin echo. 

 

 

The Bloch Equations 

 

 

As it has been said spin-spin relaxation is a mechanism that describes the 

evolution of 𝑀 in the transverse x-y plane.  Equation (2.20) gives the phenomenological 

description for 𝑇2 relaxation 

𝑑𝑀𝑥,𝑦

𝑑𝑡
=

−𝑀𝑥,𝑦

𝑇2
      (2.20) 

with the solution 

𝑀𝑥,𝑦(𝑡) = 𝑀𝑥,𝑦(0) exp (−
𝑡

𝑇2
)    (2.21). 

In 1946 [6] Felix Bloch formulated a set of mathematical equations to calculate 

the 𝐵1 and rf pulses as a function of time subject to relaxation time 𝑇1 and 𝑇2.  Combined 

together, the result is a set of relationships called the Bloch equations. 

𝑑𝑀𝑥

𝑑𝑡
= 𝛾𝑀𝑦 (𝐵0 −

𝜔

𝛾
) −

𝑀𝑥

𝑇2
     (2.22) 

𝑑𝑀𝑦

𝑑𝑡
= 𝛾𝑀𝑧𝐵1 − 𝛾𝑀𝑥 (𝐵0 −

𝜔

𝛾
) −

𝑀𝑦

𝑇2
    (2.23) 
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𝑑𝑀𝑧

𝑑𝑡
= −𝛾𝑀𝑦𝐵1 −

(𝑀𝑧−𝑀0)

𝑇1
     (2.24). 

The Bloch equations (2.22), (2.23), (2.24) are the equations of motion which give 

a phenomenological description of magnetization behavior in the rotating coordinate 

frame when relaxation is present. 

 

Microscopic Mechanisms of Relaxation 

 

 

Internal forces, especially random molecular (Brownian) motion, act on the 

individual spins in a system, and provide a mechanism for relaxation to occur.  All the 

individual spins experience random field fluctuations.  Relaxation processes are caused 

by different fluctuating magnetic fields.  There are a few main mechanisms that affect 

relaxation such as the dipole-dipole interaction, scalar coupling, and the quadrupole 

interaction. 

The dominant microscopic relaxation mechanism to the relaxation process is 

called the dipole-dipole interaction.  It occurs when the nucleus is in the vicinity of 

another nuclei, and its magnetic moment experiences a magnetic interaction with the 

other.  The dipole-dipole interaction is active through space and depends on the distance 

between nuclear spins (dipoles), their orientation in the static magnetic field, and 

intensity of the magnetic moment. 

The other important factor affecting the relaxation time of the nuclear spins is 

scalar or J-coupling which does not depend on the molecular orientation.  It can be 

described as an indirect magnetic interaction of spins through the involvement of the 

electrons. 
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Quadrupolar coupling is based on the electric interaction of a single spin, 

described by two basic states and environment.  This type of interaction forms even in the 

absence of the external magnetic field and depends on the electric quadrupole moment 

interaction with surrounding electric fields.  It is only present for spin or nuclei such as 

2H. 

 

Correlation Time and Spectral Density Function 

 

 

In 1948, Bloembergen, Purcell, and Pound proposed BPP theory [7] to explain the 

relaxation process of a spin system for a pure substance taking into account the molecular 

tumbling motion as the main factor affecting the local magnetic fields and characteristic 

relaxation times 𝑇1 and 𝑇2. 

The dipolar Hamiltonian, HD, is the energy of interaction between two spins.  

According to BPP theory, the dipolar Hamiltonian is the main factor that explains the 

relaxation observed in pure substances.  Equation (2.25) represents a mathematical 

description of dipolar Hamiltonian associated with an ensemble of spins 

𝐻𝐷 =
𝜇0

4𝜋
∑ 𝛾𝑖𝛾𝑗ħ𝑟𝑖𝑗

−3[𝐼𝑖 ∙ 𝐼𝑗 − 3(𝐼𝑖 ∙ 𝑟𝑖𝑗)(𝐼𝑗 ∙ 𝑟𝑖𝑗)𝑟𝑖𝑗
−2]𝑖<𝑗  (2.25) 

where 𝜇0 is the magnitude of the magnetic moment; 𝐼 = 𝐼𝑥𝑖 + 𝐼𝑦𝑗 + 𝐼𝑧𝑘 is the vector 

operator; and 𝑟𝑖𝑗 is the distance that separates a spin pair 𝑖, 𝑗. 

The tumbling motion of the molecules in liquids causes fluctuations of 𝐻𝐷 and 

leads to spin relaxation.  The dipole-dipole Hamiltonian is a very complicated mechanism 

that has a significant influence on a nuclear spin system. 
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According to BPP theory, the autocorrelation function of the molecular 

fluctuations leading to spin relaxation is proportional to / , where  is a correlation 

time for rotational Brownian motion. 

For further explanation of BPP theory, it is useful to discuss the autocorrelation 

function.  The autocorrelation function explains how rapidly the nuclei loses memory of 

its previous position 

  (2.26). 

Dealing with a stationary ensemble where the origin time does not matter, we can 

set all the starting times to zero and rewrite  as 

0     (2.27). 

The correlation time,  is defined by the integral 

	    (2.28). 

The Fourier transform of the auto-correlation function is the spectral density 

function, .  It indicates the probability of a motion with a certain frequency (energy), 

	within the thermal motion of the particle and is used to explain the frequency 

dependence of the interaction energy between two spins.  The dipolar interaction is the 

simplest representation of the molecular fluctuations in isotropic liquids.  The three terms 

of the spectral density function are given by the following set of equations 

24
15 1

 

4
15 1
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𝐽2(𝜔) =
16

15𝑟𝑖𝑗
6

𝜏𝑐

1+𝜔2𝜏𝑐
2     (2.29). 

Knowledge of these three terms for the spectral density function leads to exact 

calculation of 𝑇1 and 𝑇2 

1

𝑇1
= (

𝜇0

4𝜋
)

2

𝛾4ħ2 3

2
𝐼(𝐼 + 1)[𝐽1(𝜔0) + 𝐽2(2𝜔0)] (2.30) 

and 

1

𝑇2
= (

𝜇0

4𝜋
)

2

𝛾4ħ2 3

2
𝐼(𝐼 + 1) [

1

4
𝐽0(0) +

5

2
𝐽1(𝜔0) +

1

4
𝐽2(2𝜔0)] (2.31). 

The behavior dependence of 𝑇1 and 𝑇2 on the correlation time, 𝜏𝑐 is shown in 

Figure 2.10. 

 

 
Figure 2.10. 𝑇1 and 𝑇2 as a function of correlation time 𝜏𝑐 at Larmor frequency 𝜔0.  

Redrawn from [2]. 
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As the correlation time increases with increasing molecular size, this results in a 

reduced 𝑇2 relaxation.  The motional regime corresponding to 𝜏𝑐
−1 ≪ 𝜔0 is identified by 

𝑇2 ≪ 𝑇1.  It represents the molecular motion in solid substances such as rigid polymers 

and solid-like environments such as water in small pores.  The regime where 𝜏𝑐
−1 ≫ 𝜔0 is 

characterized by the short correlation time of small molecules.  Figure 2.10 clearly shows 

the equivalency of 𝑇1 and 𝑇2 relaxation times in this liquid regime. 

 

k-Space and Position Encoding 

 

 

Magnetic Resonance Imaging (MRI) as an imaging procedure widely used in the 

medical and biomedical field [8]. This non-invasive detection method is highly effective 

for tumor diagnosis, diagnosis and treatment of different medical conditions including 

heart problems, brain and spine cord abnormalities.  MRI imaging methods are also 

widely used in the field of engineering research to study the spatial structure and dynamic 

properties of porous media, polymers and complex fluids [9]. 

 

Magnetic Field Gradients 

 

 

The MRI technique is based on the application of linearly varying magnetic field 

gradients within a large external magnetic field.  Magnetic field gradients are a critical 

tool for obtaining spatial and dynamic information and are crucial for parameters 

manipulation in NMR experiments.  It is necessary to describe the details regarding these 

gradients due to their importance in MRI. 
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The magnetic field gradient spatially varies magnetic field along one axis and 

forces the spins at the different locations of the sample to precess at different frequencies 

that are unique to their location.  Figure 2.11 is an illustration of a gradient effect on the 

strength of the magnetic field as a function of position.  Nuclei above the centerline of the 

sample experience a stronger magnetic field and precess with higher frequency. 

Consequently, nuclei below the centerline of the sample experience the weaker magnetic 

field and obtain a slower precession rate. 

 

 
Figure 2.11.  A gradient effect on the magnetic field strength. 

 

 

The NMR experiment and sample features dictate the range of values chosen for 

the magnetic field gradients and the direction of their application to the magnetic field.  It 

is necessary to mention that the magnetic field gradients are also successfully used for 𝒒-

space sampling in translational motion measurements which will be discussed in chapter 

3. 

Equation (2.32) represents the change in the strength of the magnetic field, 

𝐵(𝒓) = 𝐵0 + 𝑮 ∙ 𝒓    (2.32) 

where 𝑮 =
𝑑𝐵

𝑑𝒓
 is a spatial derivative of the magnetic field called the linear magnetic field 

gradient; 𝒓 is the spatial position within the sample. 
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The magnetic field gradient has a generalized vector form of 𝑮 = (
𝜕𝐵𝑧

𝜕𝑥
,

𝜕𝐵𝑧

𝜕𝑦
,

𝜕𝐵𝑧

𝜕𝑧
).  

The gradient strength is measured in Gauss/cm or Tesla/m. 

In the presence of a magnetic field gradient, the NMR Larmor frequency depends 

on position, 

𝜔(𝒓) = 𝛾(𝐵0 + 𝑮 ∙ 𝒓)    (2.33). 

The position of the physical object in space can be described mathematically by 

the spin density function, 𝜌(𝒓).  The procedure to obtain an NMR image of the sample 

consists of the reconstruction of the spin density distribution.  After the application of an 

rf pulse and time-dependent 3D field gradients to the object of interest, the signal 

consisting of the contribution from all the sample voxels (aka volume elements) will be 

recorded in a time domain.  The spectrum 𝑆(𝜔) is obtained in the frequency domain by 

Fourier transformation of the NMR signal 𝑠(𝑡). 

Here, we need to introduce the concept of reciprocal or “𝒌-space” defined as  

𝒌 =
𝛾𝑮𝑡

2𝜋
      (2.34). 

The application of a magnetic field gradient, 𝐺 for a certain time interval 𝑡 when the spin 

phases are allowed to evolve results in a phase shift 𝜙 = (𝜔(𝒓) − 𝜔0)𝑡 with respect to 

the phase shift of spins at the reference frequency 𝜔0.  The accumulated phase shift of 

spins at position 𝑟 is 𝜙(𝑟) = 𝛾𝑮 ∙ 𝒓𝑡. 

The NMR signal collected from all the spins within the sample is acquired by 

integrating phase factors over the sample volume and is given by 

𝑆(𝑡) = ∭ 𝜌(𝒓)exp (𝑖 𝛾𝑮 ∙ 𝒓𝑡)𝑑𝑡   (2.35). 

We rewrite equation (2.35) using equation (2.34) for the reciprocal k-space vector, 
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𝑆(𝒌) = ∭ 𝜌(𝒓) exp(𝑖2𝜋𝒌 ∙ 𝒓) 𝑑𝒓   (2.36). 

The object of our interest is the 3D shape of the sample or the spin density function, 

𝜌(𝒓).  Applying a Fourier transform to the signal function 𝑆(𝒌), we derive the equation 

for 𝜌(𝒓), 

𝜌(𝒓) = ∭ 𝑆(𝒌) exp(−𝑖2𝜋𝒌 ∙ 𝒓) 𝑑𝒌   (2.37). 

The basic information about the general shape of the sample is contained in the 

low spatial frequency region around 𝒌 = 0.  The finer details of the sample are defined 

by small contributions at higher spatial frequency, larger values of 𝒌.  It is always helpful 

to keep in mind there is a reciprocal relationship between 𝒌 and 𝒓.  This knowledge can 

give an estimate of the effect on the image from a specific 𝒌-space point or region. 

 

𝑘-Space Encoding 

 

 

There are two approaches to sample 𝒌-space and acquire the signal 𝑆(𝒌).  The 

first method, known as phase encoding, is schematically presented in Figure 2.12 (left).  

The phase-encoding gradient is shown as a series of horizontal lines that indicate it is 

been stepped through increasing values.  Each individual FID is acquired after the 

application of a certain gradient value, so the spin phases are allowed to evolve.  𝒌-space 

is sampled in the range negative −𝒌𝒑𝒉,𝒎𝒂𝒙 to positive +𝒌𝒑𝒉,𝒎𝒂𝒙 with 𝒌 = 0 in the center 

where the NMR signal reaches its maximum intensity.  A series of FIDs is acquired as a 

result of multiple, independent gradient pulses applied simultaneously or in a certain 

sequence at a fixed time interval.  The disadvantage of this method is a slowness of 

image generation.  It requires as many FID acquisitions as the desired number of 𝒌 



27 
 

values.  The advantage is that the FID still retains chemical frequency specific 

information. 

 

 
Figure 2.12.  In phase encoding (left), the maximum gradient strength is split into 𝑛 (here 

𝑛=8) equal steps of ∆𝐺 and applied for duration time 𝛿.  The signal is acquired n times 

with gradient strength 𝑖∆𝐺 where 𝑖 is varied from 1 to n.  In frequency encoding (right) 

the gradient strength is kept constant but the total gradient duration time 𝛿 is split into n 

(here 𝑛=8) equal steps, ∆𝑡.  The signal is acquired n times following a gradient of 

duration 𝑖∆𝑡 where 𝑖 is varied from 1 to 𝑛. 

 

 

Frequency encoding is a second method of traversing the 𝒌-space and acquiring 

the NMR signal (see Fig. 2.12 (right)).  The signal 𝑆(𝑡) is obtained over time 𝑡 at 

constant gradient strength.  Sometimes this gradient is referred as a read-out gradient.  In 

frequency encoding, the full one 𝒌-space line of data is sampled at a given time under the 

application of a long read gradient field.  This method is time-saving.  However, the 

information about the frequency spectrum of the spin system will be masked by the 

spatial encoding.  This technique is unable to separate the frequency shift and gives a 

result of the superposition of chemical shift and positional information. 

 

Slice Selection 

 

 

In magnetic resonance imaging (MRI), it is often convenient to excite a certain 

section of interest in a sample, a slice.  A slice-selective, one-dimensional, linear 
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magnetic gradient is imposed along with soft or shaped rf pulse in order to obtain the 

signal arising from the plane perpendicular to the plane of the desired slice.  A soft sinc-

shaped 90° rf pulse of a certain length excites a rectangular range of frequencies.  At the 

same time, the applied gradient ensures frequencies vary in the sample as a function of 

position.  By this means, a certain band of spin frequencies contained in a specific slice is 

excited leaving the remaining spins unaffected.  A short (hard) rf pulse may be applied to 

excite a bandwidth that exceeds the range of frequencies contained in a sample.  

According to the reciprocal relationship of rf pulse duration and bandwidth excitation: a 

short pulse excites a wide range of frequencies and along pulse excites a narrow range of 

frequencies. 

It is useful to distinguish the orientation of planes used in MRI since any point or 

structure in the sample can be identified in three planes.  The names of planes have an 

anatomical basis and nomenclature since it is used in the medical field on a regular basis 

(see Table 2.1). 

 

Table 2.1.  Slice selection gradient and slice plane orientation. 

Applied slice select 

gradient 

Name Slice plane orientation 

𝐺𝑥 

𝐺𝑦 

𝐺𝑧 

Sagittal 

Coronal 

Transverse/Axial 

parallel to y-z plane 

parallel to x-z plane 

parallel to x-y plane 
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The slice select axis is the direction perpendicular to the plane of the desired slice.  

So, the magnetic gradient along this axis is defined as the slice select gradient.  If the z-

axis is chosen as the slice select axis, the MRI experiment will result with an image of the 

transverse slice of the sample.  The slice is referred to as coronal when the y-axis chosen 

as the slice select axis.  The slice is called sagittal in the case of the x-axis as the slice 

select axis. 

 

𝑘-Space Coverage 

 

 

A 2D spin-warp imaging pulse sequence shown in Figure 2.13 is a method 

combining a frequency and phase encoding to sample 𝑘-space.   

 

 
Figure 2.13. The spin-warp imaging sequence with slice selection, frequency, and phase 

encoding. 
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The selective soft 90° pulse excites the vector of magnetization into the transverse 

plane.  The first step involved in determining 𝑘-space includes the selective excitation of 

the vector of magnetization under a gradient applied in the z-direction.  The experimental 

NMR settings require a larger gradient and a longer excitation pulse for a thin slice.  To 

avoid an undesired signal dephasing, a gradient echo is applied to refocus the vector of 

magnetization.  A phase-encoding gradient in the y-direction with 𝑁 independent phase-

encoding steps and a read gradient in the x-direction are required to encode for space 

information.  The 180° rf pulse inverts all the phases of the spins allowing the spin echo 

to be formed.  An echo build-up provides the information in negative 𝑘-space and an 

echo decay provides the information about the signal in positive 𝑘-space.  An application 

of the readout gradient allows collecting a line of data during the echo formation and 

decay. 

 

MRI Resolution and Image Quality 

 

 

The 𝑘-space matrix may be described as a grid of pixels that contain the 

information about time domain signal intensity collected from the sample (see Figure 

2.14).  The frequency and phase directions produce columns and rows in the image.  By 

controlling the number of the phase gradient steps or acquisition time, the spatial 

resolution of the image may be adjusted according to needs of the NMR experiment. 
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Figure 2.14.  MR image matrix with horizontal frequency encoding direction and vertical 

phase encoding direction. 

 

 

MRI determines the spatial resolution as a number of pixels in a field of view 

(FOV).  The FOV is expressed through equation (2.38) 

𝐹𝑂𝑉 =
𝑛−1

2𝑘𝑚𝑎𝑥
=

𝑛−1

2

2𝜋

𝛾𝐺𝑚𝑎𝑥𝛿
   (2.38) 

where 𝑛 is a number of gradient steps in phase encoding or a number of time steps in 

frequency encoding, 𝐺𝑚𝑎𝑥 is maximum gradient strength, and 𝛿 is total gradient duration 

time in phase encoding (see Figure 2.12).  The number of steps 𝑛 should be chosen in 

such a manner that the FOV slightly exceeds the size of NMR sample in order to avoid 

the effect of image back folding for a FOV smaller than the object.   

The signal-to-noise ratio discussed earlier in this chapter is directly proportional 

to pixel size.  It decreases with the FOV squared. 
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ADVANCED NMR TOPICS 

 

 

Molecular Self-Diffusion and the Propagator 

 

 

Kinetic (thermal) energy is a force that drives the random translational motion of 

particles.  This stochastic process, also known as Brownian motion, is characterized by 

the rate of translation of molecules or the self-diffusion coefficient, 𝐷.  The Sutherland-

Einstein relation defines 𝐷 in the following mathematical expression 

𝐷 =
kB𝑇

6𝜋𝜂𝑅
     (3.1) 

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, 𝜂 is the viscosity of the 

solution, and 𝑅 is an effective particle size. 

The self-diffusion process does not depend on concentration gradients.  This 

means that the macroscopic methods used to measure the time and displacement 

dependence of the concentration cannot be applied to the self-diffusion process. 

Fick’s first law describes how, 𝐽, the particle density flux, depends on the 

molecular concentration gradient 𝛻𝐶 =
𝜕𝐶(𝑥,𝑡)

𝜕𝑡
 and the diffusion tensor 𝐷 

𝑱 = −𝐷∇𝐶     (3.2). 

In the schematic shown in Figure 3.1, the density flux 𝑱 is predominant from left 

to right or from the higher concentration region to the lower concentration region, though 

the diffusion occurs in both directions. 
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Figure 3.1.  The particle flux, 𝑱 is formed as a result of a concentration gradient, ∇𝐶.  The 

net particle flux, 𝑱 is predominant from left to right, or from the region of high 

concentration to the region of low concentration.  The motion of the molecule starts at 

original coordinate x0 at t=0 and stops at final coordinate x1 at t reaching the equilibrium 

concentration. 

 

 

It is possible to describe a diffusion equation using Fick’s first law of transport 

diffusion.  We need to introduce some basic ideas in order to apply Fick’s law and 

measure self-diffusion over a macroscopic length scale.  Assume an individual Brownian 

particle at initial position 𝑥0 diffuses over a time 𝑡 in one dimension finishing its 

displacement at a position, 𝑥1.  The NMR method independently carries out a set of 

displacement measurements where a large number of Brownian particles contributes to 

the NMR signal. 

The NMR experiment provides information on the conditional probability of 

finding a particle located initially at position 𝑥0 and time 𝑡0 = 0 at a final position 𝑥 after 

time 𝑡 

𝑃(𝑥0 , 𝑡0|𝑥1 
, 𝑡1)𝑑𝑥1 =

𝑃(𝑥0 ,𝑡0;𝑥1,𝑡1)𝑑𝑥1

𝜌(𝑥0 ,𝑡0)
   (3.3) 
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where 𝑃(𝑥0 , 𝑡0; 𝑥1,𝑡1)𝑑𝑥1 is the joint probability and 𝜌(𝑥0 , 𝑡0) is the initial probability 

density for 𝑥0, 𝑡0. 

Integrating over all starting points, we find the probability density 𝜌 (𝑥, 𝑡) 

expressed in equation (3.4) as  

𝜌(𝑥, 𝑡) = ∫ 𝜌(𝑥0,𝑡0|𝑥1, 𝑡1)𝑃(𝑥0 , 𝑡0|𝑥, 𝑡)𝑑𝑥0  (3.4) 

where 𝑥 = 𝑥1 − 𝑥0 and 𝑡 = 𝑡1 − 𝑡0. 

The diffusion equation needs to be examined in order to obtain an explicit 

expression for 𝑃(𝑥0, 𝑥1, 𝑡) as a result of Brownian motion.  A change in diffusion flux is 

equal to a change in concentration over time 𝑡 at location 𝑥 

𝜕𝐶(𝑥,𝑡)

𝜕𝑡
= −

𝜕𝐽

𝜕𝑥
     (3.5). 

Placing this mathematical expression into Fick’s first law, we obtain the equation 

of the Fick’s second law of diffusion 

𝜕𝐶(𝑥,𝑡)

𝜕𝑡
= 𝐷

𝜕2𝐶(𝑥,𝑡)

𝜕𝑥2     (3.6). 

By switching the original and final positions of the particle to 𝒓 as a starting 

coordinate and 𝒓′ as a final coordinate and operating with 𝜌 (𝒓, 𝑡) as a three-dimensional 

(3D) probability density, we can write 

𝜌(𝒓′, 𝑡) = ∫ 𝜌(𝒓, 0)𝑃(𝒓|𝒓′, 𝑡)𝑑𝒓  (3.7). 

At time 𝑡 = 0 the probability density 𝜌 (𝒓′, 𝑡) obeys Fick’s first law of diffusion 

and is equal to 𝜌 (𝒓′, 0).  It is possible to rewrite Fick’s law in terms of 𝑃(𝒓|𝒓′, 0) with 

the initial condition, 𝑃(𝒓|𝒓′, 0) = 𝛿(𝒓′ − 𝒓) 

𝜕

𝜕𝑡
𝑃(𝒓|𝒓′, 𝑡) = 𝐷∇𝑟′

2 𝑃(𝒓|𝒓′, 𝑡)  (3.8) 
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where 𝐷 is a self-diffusion coefficient and 𝛿 the Dirac delta function. 

The fact that the Brownian particle can move to the left and right with the same 

probability makes the first moment of displacement equal to zero.  The second moment is 

equal to 2𝐷𝑡  and shows that the mean-square displacement of the particle for unrestricted 

diffusion is linearly dependent on evolution time, 𝑡.  The famous Einstein equation 

explains the relationship between the molecular displacement and self-diffusion 

coefficient for one dimension and three dimensions in equation (3.9) 

⟨(𝑥′ − 𝑥)2⟩ = 2𝐷𝑡      

⟨(𝑥′ − 𝑥)2⟩ = 6𝐷𝑡     (3.9). 

At this point it is helpful to introduce the general concept of a probability 

distribution function recognized as an averaged propagator.  Using the concept of 

dynamic displacement, 𝑹 = 𝒓′ − 𝒓, the propagator is a sum over all possible starting 

positions and mathematically defined as 

�̅� (𝑹, 𝑡) = ∫ 𝜌 (𝒓) 𝑃 (𝒓|𝒓 + 𝑹, 𝑡)𝑑𝒓   (3.10). 

All displacements of a self-diffusing particle through homogeneous 3-dimensional 

space are normally distributed.  The average propagator is a normalized Gaussian 

distribution function with displacement 𝑹 and variance of 2𝐷𝑡.  It is shown in equation 

(3.11) 

�̅� (𝑹, 𝑡) = (4𝜋𝐷𝑡)−1/2 exp(−
|𝑹|2

4𝐷𝑡
)   (3.11). 

The time dependence and Gaussian nature of the conditional probability for self-

diffusion are shown in Figure 3.2.  𝑃(𝒓|𝒓′, 𝑡) does not depend on the initial position, 𝒓 at 

time 𝑡 = 0.  However, it depends on net or dynamic particle displacement 𝑹 over time 𝑡. 
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Figure 3.2. Random walk as a model of Brownian motion.  The particle starts its 

displacement from the original starting point 𝒓 at time 𝑡 = 0 and propagates to its final 

position 𝒓′ after some time 𝑡.  Redrawn from [1]. 

 

 

Average Propagator for Flow 

 

 

NMR techniques provide an effective method to investigate the details of 

hydrodynamics for steady and multiphase flow.  In the case of the constant velocity 

component, the average propagator form is identical to one presented in equation (3.11), 

except with non-zero mean.  Adding a constant mean to a Gaussian we obtain the 

average propagator form in a presence of constant flow 

𝑃 ̅ (𝑹, 𝑡) = (4𝜋𝐷𝑡)−3/2 exp (−
(𝑹−𝑣𝑡)2

4𝐷𝑡
)  (3.12). 

The average propagator from equation (3.12) is presented in Figure 3.3 as the 

result of the convolution of the propagator for diffusion and the Delta function for 

coherent flow. 
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Figure 3.3.  The average propagator (bottom) as a result of the convolution of propagator 

for diffusion (top) and flow (middle).  Redrawn from [1]. 

 

 

q-Space and Motion Detection 

 

 

NMR is a powerful and useful technique for analyzing substances and materials 

non-invasively.  It has proven to be a great way to conveniently measure unrestricted 

self-diffusion and different types of specific and complex flows. 

One of the most useful methods of determining dynamic transport is the pulsed 

gradient spin echo (PGSE) technique.  This NMR pulse sequence is designed to 

manipulate the spins by applying a pair of pulses of magnetic field gradient amplitude 𝒈 
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with duration time 𝛿, after which this residual phase shift 𝜙 (𝑹) can be represented by 

equation (3.13) 

𝜙 (𝑹) =  𝛾𝛿𝒈 ∙ 𝑹    (3.13) 

where 𝑹 = 𝒓′ − 𝒓 is the dynamic displacement during the interval between the gradient 

pulse pair. 

The PGSE NMR method is introduced as a sequence of rf pulses and applied 

magnetic field gradients, see Figure 3.4. 

 

 
Figure 3.4.  Pulsed Gradient Spin Echo (PGSE) sequence for spin displacement 

measurement.  δ and g are a duration time and amplitude of the applied gradients, ∆ is an 

observation time, the time between two narrow gradients, and ∆»δ. 

 

 

The first rf pulse excites the spins from their equilibrium state and places them 

into transverse plane.  The application of the first narrow gradient of amplitude 𝒈 with 

duration time 𝛿 winds a helix of phase and defines the original spin position.  

Observation or separation time ∆≫ 𝛿 is the time between the first and second narrow 

gradients.  The second 180° rf pulse changes the direction of spin precession.  Applying 

the second pulsed gradient with the same amplitude 𝒈 and duration time 𝛿  encodes the 
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final position and results in an overall phase accumulated proportional to the spin 

displacement. 

The observation time ∆ is an important parameter in the PGSE experiment.  This 

time delay allows determination of spin migration from original point 𝒓 to finishing point 

𝒓′ in the system over the time ∆.  If the spins have moved during the observation time, the 

net phase shift is a product of dynamic displacement 𝑹 = 𝒓′ − 𝒓 and wave vector 𝛾𝛿𝒈.  It 

is determined in equation (3.14) 

𝜙 (𝑹) =  𝛾𝛿𝒈 ∙ (𝒓′ − 𝒓)    (3.14). 

The form of the normalized spin echo signal is represented by the equation  

𝐸 (𝒒, ∆) = ∬ 𝜌(𝒓)𝑃(𝒓|𝒓′, ∆)exp (𝑖𝛾𝛿𝒈 · [𝒓′ − 𝒓])𝑑𝒓′𝑑𝒓 (3.15) 

where 𝜌(𝒓) is the initial spin density. 

Now it is convenient to introduce a concept of reciprocal space vector 𝑞 

describing the dynamics of spin phase behavior and given by  

𝒒 =
𝛾𝛿𝒈

2𝜋
.     (3.16). 

We can rewrite equation (3.15) 

 𝐸 (𝒒, ∆) = ∬ 𝜌(𝒓)𝑃 (𝒓|𝒓′, ∆) exp (𝑖2𝜋𝒒 · [𝒓′ − 𝒓])𝑑𝒓′𝑑𝒓 (3.17). 

∫ 𝜌(𝒓)𝑃(𝒓|𝒓′, ∆)𝑑𝒓 gives a definition of the average propagator 𝑃 (𝒓|𝒓′, ∆), the 

probability of displacement 𝒓′ − 𝒓 during experimental observation time ∆. 

The averaged propagator as a product of the spin density at the initial position and 

the conditional probability that defines a particle displacement from 𝒓 to 𝒓′ over the 

certain time interval, ∆ is written as 

�̅� (𝑹, ∆) = ∫ 𝜌(𝒓)𝑃(𝒓|𝒓 + 𝑹, ∆)𝑑𝒓   (3.18). 
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The average propagator designates an ensemble average over the entire sample 

and obtains the bar symbol. 

So the equation (3.17) becomes 

 𝐸 (𝒒, ∆) =  ∫ �̅�(𝑹, ∆) exp  (𝑖2𝜋𝒒 · 𝑹)𝑑𝑹  (3.19). 

Equation (3.19) clearly indicates that the average propagator �̅� (𝑹, ∆) is a result of 

Fourier transformation of the NMR signal, 𝐸 (𝒒, ∆) acquired in the 𝒒- domain. 

Equation (3.19) defines the signal as a function of 𝒒 and is equivalent to equation 

(2.36) which presents the signal as a function of 𝒌.  The difference between equation 

(2.36) and (3.19) is that the latter one contains the distribution function of spin density, 

�̅� (𝑹, ∆) whilst equation (3.19) is for spin displacement. 

The phase shift accumulated at time 𝑡 can be written as a product of time-

dependent Larmor frequency and the position of a spin 

𝜙(𝒓, 𝑡) = ∫ 𝜔(𝑡′) ∙ 𝒓(𝑡′)𝑑𝑡′ =  𝛾 ∫ 𝒈∗(𝑡′)
𝑡

0

𝑡

0
∙ 𝒓(𝑡′)𝑑𝑡′ (3.20). 

Here 𝒈∗ (𝑡′) is an effective gradient.  Now it is convenient to expand the spin position into 

a Taylor’s series 

𝒓 (𝑡) = 𝒓 (0) + 𝑣(𝑡)𝑡 +
1

2
𝑎(𝑡)𝑡2 + ⋯  (3.21) 

where 𝒓(0) denotes for initial position, 𝑣(𝑡) is the velocity and 𝑎(𝑡) is acceleration. 

The phase shift can now be written as 

𝜙(𝒓, 𝑡) = 𝛾 ∫ 𝒈∗(𝑡′)
𝑡

0

∙ [𝒓 (0) + 𝑣𝑡 +
1

2
𝑎𝑡2] 𝑑𝑡 

= 𝛾[𝑟(0) ∫ 𝒈∗(𝑡′)𝑑𝑡′ + 𝑣 ∫ 𝒈∗(𝑡′)𝑡′𝑑𝑡′ + 𝑎 ∫ 𝒈∗(𝑡′)𝑡′2
𝑑𝑡′ + ⋯ ]

𝑡

0

𝑡

0

𝑡

0
 (3.22). 
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The three integrals in equation (3.22) represent the zeroth, first, and second 

moments of the effective gradient 𝒈∗(𝑡′).  It has an ability to impact phase shift and is 

used to generate position, velocity or acceleration by setting certain moments to zero.  

For the PGSE sequence in Fog. 3.4 where a pair of gradients with opposed lobes and 

equal area as a function of time are applied, the zeroth moment 𝑚0 = ∫ 𝒈∗(𝑡′)𝑑𝑡′ = 0
𝑡

0
.  

Generally pulse sequences for motion encoding will null the zeroth moment and the 

signal is independent of initial spin position.  The first moment 𝑚1 =  𝑣 ∫ 𝒈∗(𝑡′)𝑡′𝑑𝑡′ =
𝑡

0

𝒈𝛿∆ and therefore the echo signal for the PGSE sequence is sensitive to velocity.  Then 

the net phase is determined as 𝜙(𝒓, 𝑡) = 𝛾𝑣𝑚1 = 𝛾𝑣𝒈𝛿∆.  The velocity relation is 

𝑣 =
𝜙 (𝒓,𝑡)

𝛾𝒈𝛿∆
     (3.23). 

In general, the normalized spin echo signal for any given application of an 

effective gradient can be represented as the moment expansion 

𝐸 (𝑡) =
𝐸 (𝑡)𝒈∗(𝑡)≠0

𝐸 (𝑡)𝒈∗(𝑡)=0
= exp(𝑖𝛾𝒓(0) ∙ ∫ 𝒈∗(𝑡′)𝑑𝑡′ + 𝑖𝛾𝑣 ∙ ∫ 𝒈∗(𝑡′)𝑡′𝑑𝑡′

𝑡

0

𝑡

0

 

+
1

2
𝑖𝛾𝑎 ∫ 𝒈∗(𝑡′)𝑡′2

𝑑𝑡′ + ⋯ )
𝑡

0
     (3.24). 

 

The Stejskal-Tanner Relation 

 

 

The NMR PGSE method is a well-known and widely used technique to measure 

the diffusion coefficient, 𝐷.  A Gaussian shaped average propagator in 1D is expressed as 

�̅� (𝑍, ∆) =  (4𝜋𝐷∆)−1/2 exp(−
𝑍𝟐

4𝐷∆
)   (3.25) 

where 𝑍 is the component of random displacement along the z-axis. 
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Combining equation (3.19) and (3.25) 

𝑆 (𝒒, ∆) = ∫ (4𝜋𝐷𝑡)−1/2 exp (−
𝒁𝟐

4𝐷∆
) exp(2𝜋𝒒 ∙ 𝒁) 𝑑𝒁

∞

−∞
 (3.26). 

Solving the integral from equation (3.26) for Brownian motion where the 

propagator is a Gaussian function, the signal as a function of 𝒒 and time ∆ 

𝐸 (𝒒, ∆) = exp(−4𝜋2𝒒2𝐷∆)    (3.27). 

Stejskal and Tanner [2] were the first who introduced the well-known PGSE 

method, replacing Carr and Purcell’s constant gradients with narrow gradient pulses.  The 

famous Stejskal-Tanner equation contains the (−
𝛿

3
) term added to displacement time to 

account for the finite duration of the gradient pulses.  The equation (3.27) becomes 

𝐸 (𝒒, ∆) =  
𝑆 (𝒒)

𝑆(𝒒=0)
= exp (−4𝜋2𝒒2𝐷(∆ −

𝛿

3
)  (3.28) 

where 𝑆 (𝒒) is the NMR signal amplitude at a given 𝒒-value, 𝑆 (0) is the signal 

amplitude at 𝒒 = 0. 

The NMR PGSE experiment measures the mean square displacement of a spin 

during the observation time, ∆, the time between the gradient pulses.  This time is 

sufficiently longer than the duration time, 𝛿.  In other words, the data is analyzed under 

the assumption of the narrow gradient pulse approximation.  The correction term −
𝜹

𝟑
  can 

correct for finite pulses if the transport is Gaussian. 

A Stejskal-Tanner plot is a graphical representation of the signal decay and 

diffusion coefficient 𝐷 is obtained from the slope.  For data analysis experimentally 

obtained signal ln(𝐸 (𝒒)) is plotted against 𝛾2𝛿2𝒈2 (∆ −
𝜹

𝟑
).  Fig. 3.5 shows Stejskal-

Tanner plot with  
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Figure 3.5. Stejskal-Tanner plot where signal ln 𝐸 (𝒒) plotted vs. 𝛾2𝛿2𝒈2(∆ −
𝛿

3
) and its 

slope is 𝐷. 

 

 

The Stejskal-Tanner relation in equation (3.28) reveals the attenuation of the 

echo amplitude due to the incoherent motion.  If there is an additional bulk flow 

component, the equation (3.29) represents the combined effect on the phase shift due to 

bulk flow and signal attenuation due to diffusion 

𝐸 (𝒒, ∆) = exp(𝑖2𝜋𝒒 ∙ 𝑣∆ − 4𝜋2𝒒𝟐𝐷 (∆ −
𝛿

3
). (3.29). 

 

 

 

 



45 
 

The Bloch-Torrey Equation 

 

 

Erwin Hahn was the first scientist who discovered the influence of molecular 

diffusion on the NMR signal [3].  In 1956 Torrey introduced a modification to the Bloch 

equations [4] showing the effect of molecular self-diffusion and velocity on the 

magnetization 𝑀.  It must be remembered that the ensemble of nuclear spins will form a 

vector of magnetization (𝑀𝑥, 𝑀𝑦, 𝑀𝑧) and 𝑀+ = 𝑀𝑥 + 𝑖𝑀𝑦, the component of 

magnetization in transverse plane, will affect the NMR signal, 𝑆.  Operating with the 

components of magnetization vector 𝑀𝑥 and 𝑀𝑦, 𝑀𝑥 = 𝑀0cos (𝛾𝒓 ∙ 𝒈𝑡) and 𝑀𝑦 =

−𝑀0sin (𝛾𝒓 ∙ 𝒈𝑡) and 𝒈 is the gradient of the magnetic field in a single fixed direction. 

The change of magnetization over time is given by the Bloch-Torrey equation for 

diffusion and flow [4] 

𝜕𝑀+

𝜕𝑡
= −𝑖𝛾𝒓 ∙ 𝒈∗(𝑡)𝑀+ −

𝑀+

𝑇2
+ 𝐷∇2𝑀+ − (𝑣 ∙ ∇)𝑀+ (3.30). 

This differential equation accounts for effects of position, diffusion, advection, and spin-

spin relaxation.  The effective gradient in this equation incorporates the influence of rf 

pulses, magnetic field inhomogeneity, and background gradients.  Solving equation 

(3.30) for a general pulse-gradient sequence which satisfies the echo condition 

∫ 𝒈∗ (𝑡′)𝑑𝑡′ = 0
𝑡

0
, the normalized echo attenuation is 

𝐸 (𝑡) = exp[−𝐷𝛾2 ∫ (∫ 𝒈∗(𝑡′′)𝑑𝑡′′)
𝑡′

0

2

𝑑𝑡′] exp[𝑖𝛾𝑣 ∙   
𝑡

0

 

∫ ∫ 𝒈∗ (𝑡′′)𝑑𝑡′′𝑑𝑡′
𝑡′

0
 ]

𝑡

0
   (3.31). 
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The first exponential component of equation (3.31) provides information about 

signal attenuation due to diffusion (dispersion) in a system and the second exponential 

reveals the oscillation due to coherent flow. 

 

Diffusion and Dispersion 

 

 

Diffusion is a random translational motion of particles driven by thermal energy.  

Molecular self-diffusion is a stochastic process with a Gaussian distribution of 

displacements.  Self-diffusion, 𝐷0 occurring in a stationary fluid, provides a description 

of only one type of behavior the molecules undergo in a liquid system.  In the case of 

unrestricted geometry, the self-diffusion coefficient depends on the type of molecule and 

fluid.  In confining geometry, 𝐷(𝑡) depends on time and provides information about the 

restricted motion and microstructure of a system.  The diffusion as a time-dependent 

parameter that probes the diffusive motion of fluid molecules in confining geometry was 

fully described by Sen [5] and Mitra [6].  PGSE NMR is an effective, non-invasive 

method to measure molecular displacement which is proportional to the diffusion 

coefficient value. 

Numerous porous systems are characterized as nonhomogeneous structures with 

complex geometry and a wide distribution of pore sizes.  In this situation, the NMR 

community uses the apparent diffusion coefficient (ADC) term.  The apparent diffusion 

coefficient, 𝐷𝑎𝑝𝑝 depends on a method chosen for the particular measurement, echo time, 

strength and direction of the applied gradient [7].  ADC represents the unrestricted self-

diffusion based on a Fickian assumption of unrestricted self-diffusion, Gaussian 
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distribution of displacements, and Einstein’s definition of a mean square displacement 

that grows linearly with time. 

At short diffusion times, the experiment returns the result for the restricted 

diffusion measurement with a value close to free diffusion.  Setting the evolution time of 

an experiment for a longer time, the molecules are allowed to diffuse through the pore 

space and experience the effects of the microstructural barriers.  In this situation, an 

effective diffusion coefficient, 𝐷𝑒𝑓𝑓 is returned as a result of the PGSE measurement.  

The pulsed gradient spin echo (PGSE) NMR experiment is sensitive to molecular 

displacements over a certain experimental time.  With the assumption of applied narrow 

gradient pulses and the low 𝒒 limit, the PGSE NMR experiment measures the mean 

square displacement corresponding to a time of molecular displacement returns. 

Using the Einstein definition of a molecular mean square displacement, the 

effective diffusion coefficient is mathematically expressed 

𝐷𝑒𝑓𝑓(𝑡) =
<(𝒓(𝑡)−𝒓(0))2>

6𝑡
= 𝐷𝑎𝑝𝑝   (3.32). 

Diffusion measurements play an important role in understanding the transport 

processes in complex porous media, allowing the analysis of fluid flow in different 

structures and having a relationship with tortuosity and porosity [5].  Figure 3.6 

schematically illustrates the results of particle collisions with the boundaries in a well-

connected system of the porous medium (Fig. 3.6 (left)) and in a system of an isolated 

pore (Fig. 3.6 (right)) as the experiment time increases. 
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Figure 3.6. Time-dependent diffusion in a well-connected system (left) and in a system of 

the isolated pore (right).  Redrawn from [1]. 

 

 

At a short diffusion time, only a few molecules experience the collisions with the 

wall surface.  The mean square displacement, < (𝒓(𝑡) − 𝒓(0))2 > grows linearly in 

time, and self-diffusion coefficient, 𝐷0 is a slope of this function.  At longer times, the 

molecules sample more of the pore space losing the memory about the initial position and 

causing a decrease of the effective diffusion coefficient.  Equation (3.33) gives a 

definition of an asymptotic value of 𝐷𝑒𝑓𝑓(∞) reduced by tortuosity effects in a well-

connected porous system 

lim
𝑡→∞

𝐷𝑒𝑓𝑓(𝑡)

𝐷
=

𝐷𝑒𝑓𝑓(∞)

𝐷
=

1

𝛼
    (3.33) 

where 𝛼 denotes a factor known as tortuosity, the parameter characterizing the geometry 

and structure of the void volume in porous systems. 
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The tortuosity is an important geometrical factor used to characterize the porous system 

by defining the limits of diffusion and conductivity.  In a model system such as a 

randomly packed spherical bed, the tortuosity may be calculated as 𝜙 −1/2, where 𝜙 is 

the volume fraction of the pore space. 

Equation (3.34) reveals the proportionality of the electrical conductivity of an 

electrolyte solution in the bulk and the solution that fills the porous space through a 

geometrical factor  

1

𝐹
=

𝜎𝑝

𝜎0
.     (3.34). 

In a complex porous system, such as a porous rock, the well-known Archie’s law 

relates the formation factor, 𝐹 with porosity, 𝜙 

𝛼 = 𝐹𝜙     (3.35). 

and 

𝐷𝑒𝑓𝑓(∞)

𝐷0
=

1

𝐹𝜙
.    (3.36). 

The NMR method provides an opportunity to measure and analyze the periodic, 

incoherent motion of fluid behavior in packed-bed reactors, biological cells, and 

membranes.  At this point, the reader should be introduced to molecular transport 

phenomenon that explains fluid behavior in porous systems.  Hydrodynamic dispersion is 

a mechanism of molecular spreading due to varying velocities in the flow streamlines in 

porous media [8].  It is a stochastic process of molecular migration driven by advective 

velocity gradients and molecular diffusion across the streamlines.  The mechanism of 
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hydrodynamic dispersion is affected by the complex structure of the porous system and 

fluid streamlines that follow the velocity field. 

The Peclet number, 𝑃𝑒 is a dimensionless number, used to characterize 

hydrodynamic dispersion in the porous medium.  Expressed as a ratio of advection to 

diffusion, it can be written [9] 

𝑃𝑒 =
𝑣𝐿

𝐷0
     (3.37) 

where 𝑣 is the average fluid velocity, m/s, 𝐿 the characteristic length of the system, m, 𝐷0 

the molecular diffusion of the particles in the fluid, m2/s. 

Figure 3.7 shows three different processes that drive the dispersion mechanism in 

porous media.  When the molecules are trapped in dead ends of pores or diffuse in 

recirculation regions, the hold-up of fluid occurs (Fig. 3.7 (left)).  The hold-up dispersion 

scales with 𝑃𝑒2 [10].  The porous system with a network of pores and tortuous paths 

introduces stochastic variations in velocity field.  This process is known as a mechanical 

dispersion that scales with 𝑃𝑒 [10] (Fig. 3.7 (middle).  Taylor dispersion, shown in Fig. 

3.7 (right), is a transport process affecting the mechanism of dispersion. It occurs in all 

directions due to fluid molecules diffusing across the flow streamlines. 

 

 
Figure 3.7. Illustrates the three dispersion processes in the porous system [11]: hold-up 

(left), mechanical dispersion (middle), Taylor dispersion (right). 
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Pulsed Gradient Stimulated Echo 

 

 

Many heterogeneous systems such as porous media are characterized by restricted 

apparent spin mobility.  For such a system, the transverse relaxation is much shorter than 

the longitudinal relaxation.  In this case, the NMR PGSE diffusion measurement is 

limited by the loss of phase coherence.  It is convenient to introduce a longitudinal or z-

axial storage of the spatially-encoded magnetization.  The modified pulse sequence is 

called the pulsed gradient stimulated echo (PGSTE) and schematically shown in Figure 

3.8.  The NMR PGSTE experiment is an effective, well-established method to measure 

the diffusion of fluid molecules in restricted geometries of isolated or extended pore 

space.  Tanner in [12] showed the usefulness of PGSTE application to measure the 

diffusion coefficient in systems where 𝑇1 > 𝑇2.  The refocusing 180° rf pulse is replaced 

by two 90° rf pulses.  The pulse sequence applies the first 90° rf pulse placing the vector 

of magnetization into the transverse plane.  The main feature of the PGSTE sequence is 

that for most of the time interval ∆ the vector of magnetization 𝑀 is aligned with the z-

axis and is subject to 𝑇1 relaxation only.  The introduction of the z-storage delay to the 

PGSE sequence allows avoidance the loss of phase coherence due to 𝑇2. 
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Figure 3.8. The pulse gradient stimulated echo sequence. 

 

 

Velocity Imaging 

 

 

MR velocity imaging is a powerful technique to encode the spins with respect to 

position and velocity.  The non-invasiveness of this method found an application in 

cardiovascular medicine to visualize and quantify blood flow in vessels [13], in 

engineering research to study fluid flow in biofilm reactors [14, 15].[16] and rheology of 

non-Newtonian fluids [17].  The standard velocity imaging pulse sequence includes the 

imaging gradient 𝑮 employed for spatial position 𝒓 encoding and PGSE gradient 𝒈 

employed for displacement, 𝑹 encoding. 

The PGSE part of the experiment encodes for information about the average 

propagator, �̅�(𝑹, ∆), so the normalized echo signal for each pixel can be shown as a 

phase modulation factor 

𝐸 (𝒒, ∆) = ∫ �̅� (𝑹, ∆) exp(𝑖2𝜋𝒒 ∙ 𝑹) 𝑑𝑹.   (3.38). 

Equation (3.39) describes the NMR signal generated in both 𝒌- and 𝒒-space 
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𝑆 (𝒌, 𝒒) = ∫ 𝜌(𝒓)exp [𝑖2𝜋𝒌 ∙ 𝒓] ∫ �̅�(𝒓|𝒓′, ∆) exp[𝑖2𝜋𝒒 ∙ 9(𝒓′ − 𝒓)] 𝑑𝒓′𝑑𝒓  (3.39). 

The combination of the normal imaging pulse sequence and PGSE pulse sequence 

reveals the signal in equation (3.40) and indicates the reconstruction in 𝒌-space will result 

in a product of 𝜌(𝒓)𝐸(𝒒, 𝒓) 

𝑆 (𝒌, 𝒒) = ∫ 𝜌(𝒓)𝐸(𝒒, 𝒓) exp(𝑖2𝜋𝒌 ∙ 𝒓] 𝑑𝒓.  (3.40). 

Figure 3.9 depicts the MR velocity imaging pulse sequence.  It is a standard 

imaging sequence with an additional pair of gradient pulses of amplitude, 𝒈, duration, 𝛿, 

and separation time, ∆.  The narrow gradient pulses of PGSE NMR are used to reveal an 

average propagator for each pixel contained in the image.  For laminar flow in a tube, this 

propagator is a Gaussian centered at 𝑣∆ with the width of the curve proportional to √𝐷. 

 

 
Figure 3.9.  Velocity imaging pulse sequence is a combination of position and 

displacement encoding. 
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ELECTROOSMOTIC FLOW AND DISPERSION IN CLOSED POROUS MEDIA 

 

 

This chapter is an edited version of the paper Maier, R. S., Nybo E. N., Seymour J. 

D., Codd S. L.: Electroosmotic Flow and Dispersion in Open and Closed Porous Media.  

Transport in Porous Media. 113(1), 67-89 (2016).  The author is grateful to Dr. R. S. Maier 

for permission to use the text from Introduction and Summary section, part of Results 

section. 

 

Introduction 

 

 

Electroosmotic flow (EOF) in porous media has a variety of applications, 

including soil consolidation [1, 2] dewatering [3], electromigration of solutes [4, 5], 

particulates [6, 7], and separations [8].  The latter applications emphasize the transport 

properties of EOF and depend on controlling dispersion within restricted pore spaces.  

EOF transport properties in porous media are also of interest in certain microfluidic 

applications [8, 9]. 

The electroosmotic driving force occurs at the pore walls. In an open channel, the 

apparent slip velocity, 𝑣𝑠, propagates outward by viscous shear yielding a uniform(plug) 

flow profile in contrast to the parabolic pressure driven flow (PDF) profile.  The variance 

of a uniform velocity distribution is minimal and because dispersion, 𝐷(𝑡), is 

proportional to the velocity variance [10], dispersion tends to be lower under EOF.  

Dispersion behavior is perhaps less well understood in applications, such as 

electromigration, in part because media such as soils and concretes are not as well 

characterized as manufactured separations media.  The dispersion behavior is less clear, 
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for example, in a porous media with restrictions on flow, such as a significant number of 

blocked pores.  The flow behavior is well understood in a simple closed geometry.  It is 

well known that electroosmotic flow in a closed tube induces a reverse PDF [11, 12], 

indicating that induced pressure gradients and reverse flows may occur in natural or 

manufactured porous media with restricted or blocked pores.  There are fewer results for 

flow and dispersion in closed porous media.  Locke et al. [13] used NMR spectroscopy to 

recover the velocity distributions in open and closed cylinders packed with glass spheres.  

They observed the velocity variance increased with applied voltage [13].  Buhai, Li and 

Kimmich [14] studied EOF dispersion behavior in model porous media (VitraPor glass) 

closed to external flow and observed hydrodynamic backflow and the breaking of 

similitude between the electric and fluid fields.  They also observed a transition from 

subdiffusive to superdiffusive dispersion as the electric field strength or pore size was 

increased.  

In a porous medium completely closed to external flow, the electroosmotic and 

induced pressure driven flows combine to yield zero net flow and maximum 

electroosmotic pressure.  Electroosmotic permeability, or the resistance to electroosmotic 

flow, is independent of the pore size.  An applied electric field generates the same 

electroosmotic slip velocity in capillaries of different diameter [15].  However, the 

resistance to pressure-induced reverse flow, the hydraulic permeability, depends on the 

pore surface to volume ratio and decreases with the square of the pore size.  This is 

balanced by the electroosmotic pressure, which scales inversely with the pore size 

squared and hence inversely with the hydraulic permeability [10, 16].   
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In the case of an unconsolidated porous medium, electroosmotic pressure can be 

sufficient to induce fluidization or consolidation.  For particle classes subject to 

fluidization, the theoretical minimum fluidization velocity 𝑢mf is proportional to the 

square of the particle  diameter [17].  As pressure is increased, rearrangement of the solid 

matrix typically occurs before actual fluidization. With the onset of fluidization, 

dispersion scales strongly with fluid velocity [18]. 

Highly cohesive particles may resist fluidization but strong interparticle attraction 

is associated with channel and cavity formation during packing and such defects are 

associated with greater dispersion [19].  Massimilla and Donsi compared the magnitude 

of Van der Waals and gravitational forces acting on particles and found a crossover near 

100 µm [20].  Their results are consistent with other experimental work indicating 

difficulty in fluidizing beds below about 40 µm.  As the particle size is decreased, 

channels become more stable and the bed more difficult to fluidize [21]. 

The present experiments and simulations involve electroosmotic flows with 

Helmholtz-Smoluchowski slip velocities 𝑣𝑠 (4.1) on the same order as √6𝐷𝑚𝑡/𝑡 (where 

𝐷𝑚 is a self-diffusion coefficient), i.e. the diffusion distance over the experimental time, 

and the average pore velocity �̅� < 𝑣𝑠 in general.  The sphere diameters and average pore 

velocities in the experiments correspond to the Peclet number range, 0 ≤ 𝑃𝑒 ≡ �̅�𝑑/𝐷𝑚 ≤

25, which spans from diffusion-dominated transport to mechanical dispersion.  In the 

diffusion-dominated regime, 𝑃𝑒 < 1, one expects restricted diffusion, with asymptotic 

𝐷 ≈ 𝐷𝑚/𝜏, where 𝜏 is the tortuosity.  This implies that 𝐷(𝑡) is a decreasing function of 

time because 𝜏 > 1 (𝜏 = 𝐿𝑒
2 /𝐿2, where 𝐿 is the length of the domain and  𝐿𝑒 the average 
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length of current flow [10]).  In the mechanical regime, roughly 𝑃𝑒 > 10, dispersion is 

well predicted by a power-law relationship of the form 𝐷𝐿/𝐷𝑚 = 𝛼𝑃𝑒𝛽, where 𝐷𝐿 is 

denoted as a longitudinal or axial dispersion, 𝛽 > 1, implying 𝐷𝐿(𝑡) is an increasing 

function of time.  The present experiments and simulations investigate 𝐷(𝑡) in the pre-

asymptotic regime.  Where 𝐷(𝑡) < 𝐷𝑚, the pre-asymptotic behavior is subdiffusive, 

while in cases where 𝐷(𝑡) > 𝐷𝑚, the pre-asymptotic behavior is superdiffusive.  The 

time scale for asymptotic dispersion depends on the transport mechanism.  Under EOF, 

the exchange mechanism includes convection due to the slip velocity (balanced by 

backflow in dead-end pores) in addition to diffusion.  𝐷(𝑡) is a time-dependent tensor 

[10], and where isotropy is not assumed.  Transverse dispersion is denoted by 𝐷𝑇 under 

the assumption of transverse isotropy.  In the case of no flow, the dispersion coefficient 

differs from the effective diffusivity in porous media as, 𝐷eff = 휀𝐷(𝑡) = 휀𝜃𝐷𝑚/𝜏 , where 

휀 is the porosity and the constrictivity, 𝜃, is assumed equal to one in the present work.  

The symbol 𝐷0 ≡ 𝐷𝑚 is used in the figures for clarity. 

The constitutive equation describing current flow in porous media is 𝐽 = 𝜎eff𝐸, 

where 𝐽 is the current density with unit A/m2, 𝜎eff is the effective conductivity with unit 

S/m, and 𝐸 is the macroscopic or applied electric field with unit V/m.  The current 

density is approximated as 𝐽 = 𝐼/𝐴, where 𝐴 is the cross-sectional area of the porous 

medium perpendicular to the orientation of the applied field, and the current 𝐼 = 𝜎𝑓𝑉𝑓 

from Ohm’s Law, with 𝜎𝑓 the fluid conductivity and 𝑉𝑓 the flux with unit V·m. 
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The Helmholtz-Smoluchowski relation describes EOF at a mesoscopic length 

scale where the electric double layer (EDL) thickness is much smaller than the pore size.  

It predicts the apparent slip velocity along a pore surface, 

                                            𝑣𝑠 = 𝜇0𝐸 =
𝜖0𝜖𝑟𝜁

𝜇
𝐸     (4.1) 

where 𝜇0 is the electrophoretic mobility, 𝜖0 and 𝜖𝑟 are the absolute and relative 

permittivity, 𝜇 the dynamic viscosity, 휁 the surface potential, and 𝐸 the local electric 

field.  Note,  E is used to denote both the applied and the local electric field and the 

meaning depends on the context [22]. The values 𝜖0 = 8.854 × 10−12 F/m, 𝜖𝑟 = 75.0, 

and 𝜇 = 0.001 Pa·s are assumed in all cases. 

The constitutive equation describing electroosmotic flow through porous media is 

a generalization of equation (1), 𝑄/𝐴 = 𝐾𝑒𝐸, where 𝑄 is the volumetric flow rate with 

unit m3/s and 𝐾𝑒 is the electroosmotic permeability with unit m2/(V·s), defined as 𝐾𝑒 ≡

𝜇0𝜎eff/𝜎𝑓 ≡ 𝜇0휀/𝜏. 

The electroosmotic pressure can be defined in an equilibrium sense by expressing 

the volumetric flow as the sum of hydraulic (Darcy's Law) and electroosmotic 

contributions.  In the absence of an external applied pressure gradient, 

                                         𝑄 𝐴⁄ = −
𝐾ℎ

𝜇
∇𝑝 + 𝐾𝑒𝐸     (4.2) 

where 𝐾ℎ is the hydraulic permeability with unit m2 and ∇𝑝 the pressure gradient [1].  It 

follows that ∇𝑝 = 0 when 𝑄/𝐴 = 𝑣𝑠 and 𝐾𝑒 = 𝜇0 (i.e., an open tube), and ∇𝑝 =

∇𝑝𝑚𝑎𝑥 = (𝜇𝐾𝑒/𝐾ℎ)/𝐸 when 𝑄/𝐴 = 0 (i.e., a closed porous medium). 
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Materials and Methods 

 

 

NMR Transport Measurement 

 

NMR measurements of hydrodynamic dispersion induced by electroosmosis were 

obtained in a porous medium constructed from glass spheres.  The sample cylinder was 

closed to external flow and an internal flow was induced by an applied electric field using 

a Keithly 2410 SourceMeter.  NMR measurements were obtained on a DRX250 Bruker 

spectrometer with a 10 mm diameter RF coil and a 1.4 T/m, three-dimensional 

microimaging gradient probe. All experiments were conducted at a constant temperature 

of 20°C. 

The signal acquired in an NMR experiment may be sensitized to measure 

translational motion over a range of displacements from 10-8 to 10-3 m on time scales 

from 10-4 s to 1 s [23, 24].  This measurement of translational motion, whether via self-

diffusion, coherent velocity or dispersion, is made by the strategic application of a pair of 

rectangular narrow gradient pulses of amplitude 𝑔, duration 𝛿 and separation ∆, termed 

the pulsed gradient spin echo sequence, which encodes for displacements. Pulsed 

gradient NMR enables the measurement of the time-dependent effective diffusion 

coefficient 𝐷(𝑡) in complex systems. 

In the NMR experiments presented in this paper, a variant of the pulsed gradient 

experiment using a PGSTE, described in details in chapter 3 in this thesis, was combined 

with an electrophoretic pulse as shown in Figure 4.1 to allow for motion encoding while 

electroosmotic transport is being induced.  This electrophoretic nuclear magnetic 
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resonance (eNMR) technique was originally presented by Holz, Seiferling and Mao [25] 

and further developed by others [26-28]. 

 

 
Figure 4.1.  PGSTE pulse sequence and electrophoretic pulse.  𝜏 is the time between 

initiation of the electrophoretic pulse and the first r.f. pulse, 𝛿 and ∆ are the gradient 

pulse duration and separation, respectively. A second electrophoretic pulse of opposite 

sign and equal duration is applied after the signal is measured. 

 

 

The gradient amplitude 𝑔 was varied from 0.006 T/m to 0.12 T/m, using pulse 

duration 𝛿=3 ms and pulse separation ∆ varying from 50 ms to 400 ms.  The 

electrophoretic pulse was turned on 2.5 s before the initial RF pulse to allow the 

electroosmotic flow to reach steady state.  After data acquisition, the applied voltage was 

inverted and a second electrophoretic pulse of identical duration was applied to reverse 

the effects of the electroosmotic flow and minimize gas bubble formation at the top 

electrode.  Finally, an interval of 13 s was allowed between experiment repetitions to 

minimize Joule heating in the sample.  The total time for one NMR diffusion coefficient 

measurement at a specific value of observation time ∆ was 27 min. 
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Electroosmosis 

 

Electroosmosis refers to fluid motion occurring when an electrical potential is 

applied across a microchannel, membrane or porous medium.  When in contact with a 

non-neutral fluid known as an electrolyte, the mineral surface adjacent to the fluid forms 

a negative or positive charge. Oppositely charged ions (counterions) are attracted toward 

the charged solid surface and ions with the same charge (coions) are repelled from the 

surface.  Due to the random thermal motion of the solvent particles and ions, the counter- 

and coions are non-homogeneously dispersed in the region adjacent to the solid surface.  

This area is known as an electric double layer (EDL) where the excess ion charges 

neutralize the mineral surface.  In the case of a negatively charged surface, the layer of 

positively charged ions along the negatively charged surface drags the electrolyte 

solution layer by layer.  This results in a bulk flow formed along the solid surface due to 

the viscous friction force.  The large viscous drag force exerts a strong viscous resistance 

to flow due to the no-slip condition.  Electroosmotic flow occurs when this viscous drag 

force is in balance with the electrostatic body force.   

The EDL structure is schematically shown in Figure 4.2, identifying the inner 

Stern layer, the layer of ions adsorbed onto the mineral surface, and the outer diffuse 

layer form the Stern plane (Fig. 4.2 (top)).  The ion interactions in the electrolyte solution 

decay exponentially with distance known as the Debye shielding distance or Debye 

length, 𝜆𝐷 (Fig. 4.2 (bottom)). 
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Figure 4.2.  The diffuse layer with inner Stern layer forms the so-called electrical double 

layer.  Redrawn from [22]. 

 

 

The potential at the solid-liquid interface (i.e., the surface of shear) is known as the 

surface- or zeta-potential, 휁 and was introduced in equation (4.1).  It is a fundamental 

parameter for the analytical study of all electrokinetic properties.  Kirby and Hasselbrink 

[29] provided a review of zeta-potentials in microfluidics.  According to their studies, 
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zeta-potential measurements are complex and results obtained in different studies and 

laboratories do not always match.  The zeta-potential is a function of the chemical 

composition of the mineral, salinity, pH of the electrolyte solution, and temperature [30].  

Revil et al. derived the 휁 potential as a function of pH, temperature, and salinity using the 

surface charge density and the Stern potential. 

Electroosmosis can be used to control fluid flow through membranes [31], porous 

systems [32], and impermeable soils [1].  Silica, borosilicate, and soda-lime glass are 

usually the material choice for analytical techniques that study or measure 

electroosmosis.  There are silanol groups involved in the surface reactions that are 

represented by equation (4.3) and (4.4) [33] 

> 𝑆𝑖𝑂𝐻0 ⇔ 𝑆𝑖𝑂− + 𝐻+    (4.3) 

> 𝑆𝑖𝑂𝐻0 + 𝑀𝑒+ ⇔ 𝑆𝑖𝑂𝑀𝑒0 + 𝐻+   (4.4) 

where > 𝑆𝑖𝑂𝐻0 is the surface silanol group, > 𝑆𝑖𝑂− the negative surface site, 𝑀𝑒+ a 

metal cation of the salt. The > symbol refers to the surface complexes.  A few types of 

complex configurations generated on a solid-liquid interface at different pH were 

described in details by Revil et al. [30]. 

 

The Sample Holder and Experimental Set-Up 

 

The sphere packing sample holder was a polyether ether ketone (PEEK) cylinder 

(ID=6.55 mm, L=108 mm) fitted with frits, platinum wire electrodes and PEEK plugs at 

both ends according to the recommendations in [26].  Current was supplied through 

shielded wires. The length of the section between the two electrodes was 80 mm.  One 

end of the cylinder was fitted with a platinum electrode and frit to contain the spheres and 



66 
 

sealed with teflon tape.  In order to remove impurities, the glass beads were washed with 

10% HCl and rinsed with deionized water.  The spheres were immersed in a 1 mM KCl 

solution and incrementally added into the cylinder while accumulated air bubbles were 

removed from the sphere packing by gentle stirring and cylinder vibration.  In order to 

have a chemically stable, steady solution, sphere packs with fresh 1 mM KCl solution 

were rebuilt after every set of experiments that involved the presence of electroosmotic 

flow.  Each set of experiments with an applied electric field included five NMR 

experiments that differ in their displacement encoding time .  The second PEEK plug 

and electrode were then fitted and the cylinder was sealed (Figure 4.3). 

 

 
Figure 4.3.  Sample chamber for glass beads. 

 

 

The electrodes were connected to a Keithly 2410 source meter, which was triggered by 

the NMR spectrometer to supply the necessary constant voltage pulses to the electrodes 

in step with the NMR sequence.  The experimental set-up for EOF hydrodynamic 

dispersion measurements is shown in Figure 4.4. 

 



67 
 

 
Figure 4.4.  Experimental set-up for EOF hydrodynamic dispersion measurement. 

 

 

Glass Spheres 

 

Five different sizes of borosilicate glass spheres, ranging in mean diameter from 

30 µm to 1000 µm, were obtained from Cospheric Microspheres.  Borosilicate (BS) glass 

spheres were preferred to soda-lime (SL) glass spheres due to lower susceptibility effects. 

Codd et al. in [34] demonstrated that the chemical composition of the glass affects the 

surface relaxation.  Their study showed that the relaxation rate of water being in contact 

with SL glass was much faster compared to BS glass.  The bead packs formed with BS 

and SL spheres and saturated with 1 mM KCl solution were analyzed using the NMR 

PGSTE method. 

The zeta potential was measured for each size of glass spheres immersed in 1 mM 

KCl solution (Table 4.1) using a PALS Zeta Potential Analyzer (Ver. 5.59, Brookhaven 

Instruments Corp).  The mean zeta potential value was obtained after 10 runs for each 

bead size. The zeta potential data are impacted by sedimentation of these large (> 10 m) 
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particles and are presented merely to demonstrate the values are of similar order of 

magnitude for all particles. 

 

Table 4.1.  Velocity statistics for closed sphere packings, including flow type, sphere 

diameter 𝑑, zeta potential 휁, slip velocity 𝑣𝑆 from (4.1), minimum fluidization velocity 

𝑢𝑚𝑓, and mean backflow pore and superficial velocities 𝑣𝐵 and 𝑢𝐵 from simulation. 

Values of 50 µm, 100 µm, and 200 µm spheres are extrapolated from the results for 30 

µm based on the 휁 potential.  Applied field strength was 5 kV/m.  Units are m/s unless 

otherwise noted. 

𝑑 (𝜇𝑚) 휁 (𝑉) 𝑣𝑠 𝑢𝑚𝑓 𝑣𝐵 𝑢𝐵 

30 -0.018 -6.08E-05 -6.27E-06 -1.80E-05 -7.20E-06 

50 -0.017 -5.63E-05 -1.74E-05 -1.67E-05 -6.67E-06 

100 -0.020 -6.72E-05 -6.97E-05 -1.99E-05 -7.96E-06 

200 -0.045 -1.48E-04 -2.79E-04 -4.38E-05 -1.75E-05 

1000 -0.030 -1.00E-04 -6.97E-03 -3.04E-05 -1.22E-05 

 

 

Lattice-Boltzmann Simulation 

 

Electroosmotic flow and dispersion were simulated under the assumptions of a 

thin electric double layer (EDL), uniform surface charge, steady flow, and a conservative, 

charge-free solute in a porous medium saturated with a neutral electrolyte [22].  The 

spatial resolution of the pores was on the order of one micron or larger, several orders of 

magnitude larger than the EDL.  The zeta potential was assumed to be uniform over all 

solid surfaces.  This assumption is based on the small EDL thickness relative to the pore 

size, the washing of the particles and replacement of the ionic solution between each 

sample run, and the use of an opposite charge electric field pulse in each increment of the 

eNMR (Fig. 4.1) experiment to redistribute the solution ions.  The electric field was 

calculated under the assumption of a neutral fluid electrolyte and non-conducting solid 
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surfaces in the porous matrix and confining walls.  The EDL slipping plane velocity (4.1) 

was applied at all solid surfaces using the computed electric field and the zeta potential 

values from Table 4.1 [22].  The applied voltage drop was constant in time (DC) and the 

fluid flow field was assumed to have a steady, time-independent solution.  Solute 

transport was governed by hydrodynamic forces only and electrophoretic motion was not 

considered. 

 

Results and Discussion 

 

 

An internal magnetic field gradient exists between two areas with different 

susceptibility, i.e., a rock saturated with water.  NMR signal loss is caused by enhanced 

dephasing of the NMR spins in this magnetic gradient.  In order to simulate a porous 

medium and minimize the susceptibility effects that lead to signal loss, BS glass spheres 

were chosen for this study.  Dispersion coefficients in the absence and in the presence of 

flow were measured using the NMR PGSTE method in closed packed SL and BS beds of 

spheres of 𝑑=1000 µm.  Figure 4.5 is an illustration of the transverse and axial dispersion 

measured as a function of the chemical composition and applied field strength.  Higher 

dispersion values were observed in sphere packings formed with BS glass beads in the 

absence and in the presence of flow.  Both transverse and axial dispersion coefficients 

increased significantly when 2.5 and 5 kV was applied to the system.  This may be 

explained by an increased slip velocity value that influences the dispersion coefficient.  

According to equation (4.1), slip velocity depends on the zeta-potential.  The zeta-

potential is the electrokinetic potential that strongly depends on the applied electrical 
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field and chemical composition of the solid surface contacting the liquid phase [29].  

Higher zeta-potential values result in increased hydrodynamic dispersion values as we 

observe in Figure 4.5.  The zeta-potential for BS glass beads is greater than that for SL 

glass beads. 

 

 
Figure 4.5.  Transverse (left) and axial (right) dispersion in closed BS and SL sphere 

packings as a function of observation time. 

 

 

Dispersion was measured in closed BS sphere packings for a range of sphere 

diameters using eNMR methods.  The particle Peclet number for closed packings is 

defined as 𝑃𝑒 = 𝑣𝐵𝑑/𝐷𝑚, where 𝑣𝐵 is the mean backflow velocity.  The values of 𝑣𝐵 are 

estimated from simulation and given in Table 4.1 along with the minimum fluidization 

velocity 𝑢𝑚𝑓 = [(𝜌𝑠 − 𝜌𝑓)𝑔휀3𝑑2]/[150(1 − 휀)𝜇] [17].  𝐷𝑇 and 𝐷𝐿 vs. observation time, 

𝑡 are plotted in Figure 4.6 for a case of absence of electroosmotic flow and for two values 

of the applied field gradient.  Dispersion was isotropic in the transverse plane under EOF.  

Because the measurements were made over a maximum observation time of t=0.4 s, the 

presumption is that 𝐷(𝑡) is more fully developed for smaller 𝑑 unless evidence suggests 

heterogeneities that would extend the development time. 
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Figure 4.6.  Transverse and axial dispersion in closed BS sphere packings as a function of 

sphere diameter and applied field strength from NMR experiment. 

 

 

In the absence of flow, measurements indicate that dispersion is essentially 

isotropic and that 𝐷(𝑡) decreases with time to a value less than the molecular diffusion 

constant, for each sphere diameter.  The values of 𝐷𝐿, and 𝐷𝑇 differ by less than 5% for 

each sphere diameter (Fig. 4.6), except for the 100 µm and 200 µm spheres where, for 

reasons not entirely understood, 𝐷𝐿 is about 25% lower than 𝐷𝑇.  In any case, it 

demonstrates the sensitivity of the restricted diffusion coefficient to the details of these 
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small glass bead packings. The values of 𝐷𝐿/𝐷𝑚 and 𝐷𝑇/𝐷𝑚 range from 0.25 to 0.5 at 

t=0.4 s for all sphere diameters except for the 1000 µm spheres, for which 𝐷𝐿/𝐷𝑚 ≈

𝐷𝑇/𝐷𝑚 = 0.75 and the trend is decreasing. 

Under a 2.5 kV/m applied field in packed beds of spheres, 𝑃𝑒 = 7.5.  Dispersion 

is isotropic and the measured coefficients are 𝐷𝐿/𝐷𝑚 = 𝐷𝑇/𝐷𝑚 = 1.3 after t=0.4 s (Fig. 

4.6).  Under a 5 kV/m field, 𝑃𝑒 = 15 and dispersion doubles: 𝐷𝑇/𝐷𝑚 = 2.8 and the trend 

appears decreasing, while 𝐷𝐿/𝐷𝑚 = 2.5 and the trend is flat with increasing observation 

time.  Simulation in the present work predicts 𝐷𝐿/𝐷𝑚 = 1.1 in a closed cylinder after 0.4 

s, increasing to 1.4 after 1 s (Figure 4.7), whereas [35] found a fully-developed value of 

𝐷𝐿/𝐷𝑚 = 1.25 for 𝑃𝑒 = 15 in an open bulk packing [35]. 

 

 
Figure 4.7.  Transverse and longitudinal; dispersion simulated in open and closed sphere 

packings.  Peclet number for closed packings is based on mean backflow velocity. 

 

 

There are probably two factors at work.  The closed packing has a higher velocity 

variance than the open packing (cf. Figure 7 in [36]).  A second factor is the sphere 
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packing effect associated with the small ratio of cylinder to sphere diameter, 6.55.  The 

packing effect does not necessarily manifest as higher velocity variance, but it has a 

substantial impact on short-time dispersion (cf. Figures 7 and 11 in [37]).  Although the 

experimental and simulated packings had the same ratio of cylinder and sphere diameters, 

the experimental packing was eight times longer than the simulated cylinder and the 

packing process may therefore have introduced greater heterogeneity.  Bed 

rearrangement due to fluidization is not thought to be a factor, nor is particle cohesion. 

Packed beds of spheres of 𝑑 =200 µm with 𝐸=2.5 kV/m, yield 𝑃𝑒 = 2.  The 

dispersion measurements indicate mild anisotropy with 𝐷𝐿/𝐷𝑚 = 0.3 and 𝐷𝑇/𝐷𝑚 = 0.4, 

both slightly larger than their corresponding values in experiments without 

electroosmotic flow (Fig. 4.6).  For 𝐸=5 kV/m, 𝑃𝑒 = 4, 𝐷𝑇/𝐷𝑚 = 0.6, 𝐷𝐿/𝐷𝑚 = 0.7 and 

the trends appear flat.  In this case, the closed packing is not more dispersive than open 

packings.  For 𝑃𝑒 = 4, [35] reported 𝐷𝐿/𝐷𝑚 = 0.8 for fully developed EOF in an open 

bulk packing and, in the present work, 𝐷𝐿/𝐷𝑚 = 0.9 was obtained after 1 s.  Wall effects 

are thought minor in this case compared to the 1000 µm spheres because the larger ratio 

of cylinder to sphere diameter, 32.75, indicates that the structured region does not 

propagate into the core of the cylinder.  Also, neither fluidization nor particle cohesion is 

thought to play a role in the packing.  In sum, there are no factors that would tend to 

create major heterogeneities in the closed packing. 

At a sphere diameter of 100 µm and 𝐸=2.5 kV/m, 𝑃𝑒 = 0.5.  After 0.4 s, 

𝐷𝑇/𝐷𝑚 = 0.4 with no trend and 𝐷𝐿/𝐷𝑚 = 0.6 with an increasing trend (Fig. 4.6).  For 

𝐸=5 kV/m, 𝑃𝑒 = 1, 𝐷𝑇/𝐷𝑚 = 0.7, with an increasing trend and 𝐷𝐿/𝐷𝑚 = 1.6 with a 
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strongly increasing trend.  In this case, the closed packing is more dispersive than open 

EOF.  For 𝑃𝑒 = 1, [35] reported 𝐷𝐿/𝐷𝑚 = 0.7 for EOF in an open bulk packing.  In the 

present work, simulation in an open bulk packing yielded 𝐷𝐿/𝐷𝑚 = 0.7 after 0.4 s with a 

slight decreasing trend.  The difference between experiment and simulation is thought to 

result from heterogeneities in the experimental packing.  In 100 µm spheres, reverse 

velocities are probably not large enough to cause local bed movement during the flow 

experiment.  However, cohesive forces are strong enough to balance gravitational forces, 

and it is conjectured that channels were formed in the experiment by particle aggregation 

during the packing process. 

Further reduction of the sphere size to 𝑑= 50 µm with 𝐸=2.5 kV/m further lowers 

the Peclet number to 𝑃𝑒 = 0.2.  After 0.4 s, 𝐷𝑇/𝐷𝑚 = 0.6 and the trend is flat to slightly 

increasing, while 𝐷𝐿/𝐷𝑚 = 1.0 and the trend is increasing (Fig. 4.6).  For 𝐸=5 kV/m, 

𝑃𝑒 = 0.4 and 𝐷𝑇/𝐷𝑚 = 1.1  while 𝐷𝐿/𝐷𝑚 = 2.7 with a strongly increasing trend.  In 

this case, the evidence for heterogeneities is quite strong.  Dispersion in the closed 

packing is significantly higher than the results for PDF and comparable to the values 

obtained at much higher Pe in 1000 µm sphere packs.   Based on 𝑃𝑒, the dispersion 

coefficient is expected to have subdiffusive behavior, whereas the actual behavior is 

superdiffusive.  The trend is strongly increasing even though the development time is 

arguably in the asymptotic time frame.  In 50 µm spheres, reverse flow velocities likely 

attained in the experiment were locally on the same order as the minimum fluidization.  It 

is conjectured that channels were formed due to particle aggregation during the packing 
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process, and that bed movement occurred locally during the flow experiment, further 

contributing to heterogeneities in the pack structure. 

The final sphere size studied was 𝑑=30 µm.  In this size spherical bead pack, for 

𝐸=2.5 kV/m, 𝑃𝑒 = 0.14 and dispersion appears isotropic; 𝐷𝑇/𝐷𝑚 = 𝐷𝐿/𝐷𝑚 = 0.6 after 

0.4 s and the trend is weakly increasing (Fig. 4.6).  For 𝐸=5 kV/m, 𝑃𝑒 = 0.27 and 

𝐷𝑇/𝐷𝑚 ≈ 𝐷𝐿/𝐷𝑚 = 0.76 with an increasing trend.  In this case, the evidence for 

heterogeneities is also strong, but is based more on trends than observed magnitude.  

Simulation in the present work predicts 𝐷𝐿/𝐷𝑚 = 0.55 after 0.4 s, and 0.45 after 1 s, 

with a decreasing trend.  In 30 µm spheres, cohesive forces dominate gravitational force, 

and particle aggregation is likely to have created channels during packing of the 

experimental cylinder.  The backflow velocity likely attained during the experiment is 

greater than the minimum fluidization velocity, but fluidization of the entire bed is not 

thought to have occurred because cohesive forces are sufficient to inhibit large scale 

particle motion.  However, local bed movement may have contributed to channel 

formation. 

 

Conclusions 

 

 

At the smallest diameters, 30 µm and 50 µm, where the measurement time is on 

the same order as the diffusion time scale, measurements still show increasing trends, 

indicating the dispersion coefficient is not yet fully developed.  The most likely 

explanation is the existence of channels and cavities in the packing that introduce a length 

scale larger than the sphere diameter.   
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The dispersion coefficient in 50 µm and 100 µm packings exceeded the PDF 

correlation to a greater extent than for 30 µm, in spite of the fact that at 30 µm, the mean 

backflow exceeded the minimum fluidization velocity.  The 50 µm and 100 µm packings 

also exhibited stronger upward trends, indicating larger heterogeneities with longer 

correlation length.  This suggests the possibility that greater cohesive forces in the 30 µm 

spheres inhibited large-scale bed movement and formation of large channels, compared to 

slightly larger spheres.  Lift and cohesion are both less significant at 50 µm and 100 µm, 

but may combine to more readily shift and freeze sphere positions in response to local 

pressure gradients. 

The conclusion is that for a given 𝑃𝑒, dispersion under EOF is greater in a closed 

packing than an open packing, provided the bed is fixed.  Where EOF-induced backflow 

is significant, the fluid pressure can cause structural changes in an unconsolidated 

medium.  These changes may alter the flow and increase dispersion.  The potential for 

structural change appears greatest for particle size less than 100 µm, where cohesive 

forces begin to balance gravitational forces [20], and where typical EOF velocities are 

sufficient for fluidization. 

The plots of 𝐷𝐿(𝑡), and 𝐷𝑇(𝑡) to a lesser extent, go through minima in cases 

where the Peclet number is transitional between the diffusive and mechanical-dispersion 

regimes.  At short times, 𝐷(𝑡) has the dynamics of restricted diffusion, while at longer 

times, the effects of mechanical dispersion are manifested.  Location of the minimum 

depends on the Peclet number.  These results confirm observations in [14].  The 
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mechanics of the short-time competition between diffusion and advection are discussed 

in [38]. 

Where induced backflow is significant, EOF has the potential to induce structural 

changes in an unconsolidated medium.  In smaller spheres, reverse flow velocities may 

reach the minimum fluidization velocity and induce bed movement.  Cohesive forces are 

also significant below this diameter, and while they may inhibit fluidization, particle 

aggregation may also contribute to heterogeneities in the pack structure, leading to 

superdiffusive behavior at Peclet numbers otherwise associated with subdiffusive 

dispersion.  The potential for structural change appears greatest for particle size less than 

100 µm, where cohesive forces begin to balance gravitational forces, and where typical 

EOF velocities are sufficient for fluidization. 
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ELECTROPHORETIC NUCLEAR MAGNETIC RESONANCE MEASUREMENT 

OF ELECTROOSMOTIC FLOW AND DISPERSION 

IN HYDRATING CEMENT PASTE 

 

 

Introduction 

 

 

The application of electrical fields is an efficient technological method for 

dewatering and drying cement mortar slurries [1] and removal of unwanted ions from the 

steel elements in cement-based systems [2].  It holds promise for solving problems 

involving the delivery of binding agents to infill the pore space in rigid cement-based 

structures via electroosmosis [3, 4].  However, the electroosmotic flow (EOF) of water 

occurring in hydrating cement paste and the effect of an electrical current on complicated 

cement structure is not well-known.   

NMR is an efficient, non-invasive method for measurement and monitoring of 

moisture transport and changes in porous cement systems [5-9].  The dynamics of water 

within the porous matrix of hydrating cement paste has been successfully characterized 

by NMR using magnetic relaxation [8, 10] and translational diffusion [5-7, 10].  Many of 

these studies provided fundamental analysis of water self-diffusion and its dependence on 

hydration reactions and time using NMR pulsed gradient spin echo (PGSE) techniques.  

The electrophoretic NMR (eNMR) method using the pulsed gradient stimulated echo 

(PGSTE) has been applied in porous media and ion separations to study EOF dispersion 

behavior [11-17].  In this study, eNMR PGSTE experiments are used to study the 

transport behavior of hydrogen ions in a hydrating cement paste during the curing process 



83 
 

both with and without the application of an electric field, whilst micro CT imaging is 

used to examine the resulting microstructural changes. 

 

Theory 

 

 

In the absence of EOF, the effective diffusion coefficient describes the diffusion 

through a porous medium, 𝐷𝑒𝑓𝑓(𝑡) = 휀𝜃𝐷𝑚𝜏 and depends on the porosity 휀, coefficient 

of molecular diffusion 𝐷𝑚, tortuosity 𝜏 and constrictivity 𝜃.  However, in the presence of 

EOF, dispersion will be the dominant transport mechanism.   Dispersion 𝐷(𝑡) is caused 

by a combination of two transport mechanisms, diffusion and advection.  It is 

characterized by the non-dimensional ratio of advection rate to diffusion rate, i.e. the 

Peclet number, 𝑃𝑒 = �̅�𝑑/𝐷𝑚, where �̅� is the mean fluid velocity and 𝑑 the porous media 

particle size.  The Peclet number strongly influences the transverse (𝐷𝑇) and longitudinal 

dispersion (𝐷𝐿) components of D.  Measurements of hydrodynamic dispersion 𝐷(𝑡) can 

probe confined fluids in disordered, multiscale porous systems and reveal the systems 

intrinsic and mechanical properties [18]. 

Hydrating cement paste is a complicated, multiphase material, with a pore system 

structure characterized by a wide range of length scales varying from nanometers to 

millimeters [19, 20].  The structure experiences irreversible changes over time as the 

cement cures.  Calcium silicate hydrate (C-S-H) gel, the main product of a reaction 

between cement powder and water, forms a clay-like layered structure with an extremely 

high surface area and water contained in the pore space.  An amorphous structure of C-S-

H gel results due to agglomeration of colloids or solid particles during the hydration 
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period.  Depending on the scientific approach, the gel can be studied as a colloidal or 

granular material.  According to Jennings’s cement nanostructure colloid model-II (CM-

II) [21], C-S-H structure consists of globules with the ability to rearrange under stress.  

Hydrating cement paste as an unconsolidated porous medium might experience 

consolidation and fluidization when the electroosmotic pressure is sufficient.  In the case 

of fluidization, solid particles in a liquid-solid system separate from each other and 

suspend with time forming a so called fluidized bed.  Granule rearrangement and 

subsequent reduced resistance to the fluid flow lead to an increased pressure followed by 

void and channel formation prior to the actual fluidization.   

Voids and channels in structurally nonuniform packings are associated with 

strong cohesive forces acting on solid particles.  Schure and Maier [22] applied three-

dimensional computer simulations to confirm that such structural inhomogeneities are 

characterized with enhanced dispersion coefficient .  In [23] Baerns examined the effect 

of interparticle adhesive forces on bed fluidization.  With decreasing particle size, the bed 

fluidization becomes a challenge followed by substantial stabilization of the channels.  In 

the case of fresh cement paste, Lecompte et al [24] suggested that shearing leads to a 

shrinkage effect inside a cement mix and a reduction of the particle assembly volume in 

the sheared band. 

Electroosmotic transport has been previously used for reduction of moisture 

content in masonry [25], reduction of permeability in hardened cement paste [4], and 

electro-cementation of a marine clay [26].  This method is based on the principle of 

electroosmosis when a bulk liquid flow occurs near charged solid surfaces in a porous 
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system or fine capillary due to an applied electric field.  The CSH particles are negatively 

charged due to the presence of titrating silanol groups on their surface [27].  In the case of 

a negatively charged surface, the applied electrical field exerts a force on the layer of 

liquid adjacent to this polar wall due to uneven charge distribution.  The layer of ions 

carrying the positive charge along the negatively charged surface drags the electrolyte 

solution layer by layer towards the cathode.  There is a bulk flow formation along the 

solid surface due to the viscous friction force.  Figure 5.1 is a schematic illustration of 

EOF in a porous medium for both a closed and open cell.  The closed cell has a 

recirculation flow with a reverse flow in pore centers to conserve mass [28]. 

 

 
Figure 5.1.  Electroosmotic flow profile in porous medium contained in an open (left) and 

closed (right) cell. 

 

 

A significant number of blocked pores in the cement matrix dictates certain 

restrictions on flow in the porous media, so the effect of an applied electric field is 

complicated.  In an open channel, pressure-driven flow (PDF) forms a classical parabolic 

profile as opposed to the plug-like flow profile formed in the presence of EOF when an 

apparent slip velocity, 𝑣𝑠, is present at the pore walls.  However, for a porous system 

confined in a closed system, the EOF and PDF combine resulting in zero net flow and 

maximum electroosmotic pressure.  Electroosmotic permeability, the ability to resist 
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EOF, is independent of the pore size.  It contributes to the formation of the same 

electroosmotic slip velocity value in pores of different diameters [29].  Hydraulic 

permeability characterizes the resistance to PDF.  The pore surface-to-volume ratio 

affects the hydraulic permeability causing it to decrease with the square of the pore size.  

For a fixed solid porous system, closed to external flows, the mean counterflow velocity 

is independent of the pore size.  These competing flows and resulting electroosmotic 

pressure influence void and channel formation.  The electrolysis of water is a mechanism 

that also impacts the structure of a hydrating cement paste.  This reaction is a 

decomposition of pure water into hydrogen and oxygen due to electrical current passing 

through the water.  Castellote et al [30] considered the electrolysis of water as the main 

reaction taking place and altering the microstructure in cured cement paste samples.   

This research analyzes the effect of an applied electric current on the 

displacement dynamic behavior of hydrogen ions in a hydrating cement paste confined in 

a closed cell.  Blocked pores in the cement matrix restrict gas and fluid flow, in the 

presence of the applied electric field the dynamics can alter the matrix structure. 

Void and channel formation is shaped by gas and fluid flow.  In a porous medium 

confined in a closed system, EOF induces PDF in the opposite direction, resulting in zero 

net flow and maximum electroosmotic pressure [29].  Lattice-Boltzmann simulations of 

EOF in a closed porous system [31] indicated slip flow everywhere at the sphere surfaces 

and backflow concentrated in some pores and absent in others (Figure 5.2).  Pore-size 

recirculation cells are common but the flow patterns responsible for majority of the 

recirculation have a longer length scale. 
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Figure 5.2.  EOF in closed column packed with 1000 µm spheres.  Direction of potential 

flow is upward.  Vector length corresponds to the velocity magnitude and vectors with a 

negative, or backflow, component are shown in red.  Pore-scale rotational flow shown 

enlargement at right.  Reproduced from [31]. 

 

 

Materials and Methods 

 

 

Materials 

 

White Portland cement (WPC) was chosen for this study due to its low content of 

Fe2O3 (Table 5.1).  The particle size distribution of Portland cement ranges from 1 µm to 

100 µm with between 60% and 90% of the particle mass below 30 µm [32, 33].  The 

cement paste sample holder (Figure 5.3) was a glass cylinder (ID=8.7 mm, L=115 mm) 

fitted with platinum electrodes, with 80 mm distance between anode and cathode, and 

rubber stoppers at both ends.  
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Table 5.1.  Chemical composition and potential compounds of WPC 

chemical composition 

 

weight % 

SiO2 21.4 

Al2O3 4.61 

Fe2O3 0.20 

CaO 66.78 

MgO 0.97 

SO3 4.46 

K2O 0.23 

Na2O 0.08 

Free lime 1.28 

potential compounds 

 

 

Alite C3S (3CaO∙SiO2) 65.00 

Belite C2S (2CaO∙SiO2) 12.00 

Aluminate C3A (3CaO∙Al2O3) 12.00 

Ferrite C4AF (4CaO∙Al2O3∙Fe2O3) 1.00 

other 10.00 

 

 

The paste was made from WPC provided by Lehigh Cement Company (CA, 

USA).  It was mixed in a 0.6 water/cement (w/c) weight ratio with deionized water and 

stirred by hand for about 2 min.  The fresh paste was placed in the cylinder using a plastic 

pipette to ensure paste contact with the bottom platinum electrode.  Each sample was 

shaken using a vortex mixer to de-bubble the cement paste.  The second rubber plug and 

electrode were then fitted, and the cylinder was sealed.  The anode and cathode were 

connected to a Keithly 2410 source meter, which was triggered by the NMR spectrometer 

to supply the necessary constant pulses to electrodes in step with the NMR sequence. 
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Figure 5.3.  Electroosmotic cell for eNMR dispersion measurement in cement paste. 

 

 

Magnetic Resonance Dispersion Measurement 

 

A Bruker 250 MHz superconducting magnet with a Micro 2.5 probe (Bruker 

Biospin, Karlsruhe, Germany) and 10 mm radiofrequency (rf) coil was used for 

dispersion measurements.  All the dispersion experiments were carried out at 20°C.  The 

PGSTE method is a well-known technique for molecular dynamic measurements in 

restricted porous network systems [34, 35].  eNMR is a powerful technique that includes 

NMR motion encoding employed in parallel with application of an electrical field to 

measure the enhanced fluid motion due to the electrical field [31, 36].  The PGSTE 

eNMR method involves a specific temporal sequence of radiofrequency, electrical pulses 

and applied magnetic field gradients, as shown in Figure 5.4.  The first rf pulse excites 

the spins from their equilibrium state and places them into the transverse plane.  

Following the application of a narrow gradient of amplitude 𝒈 with duration time 𝛿 the 

spins are encoded for their original position.  The displacement observation (or separation 

time) ≫ 𝛿 is the time between the first and second narrow gradients and allows for 
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spins to move from their original position.  NMR samples with a dominating solid phase 

are characterized by a much faster spin-spin 𝑇2 relaxation process compared to the spin-

lattice 𝑇1 relaxation [37].  Cement has a rapid signal decay, as is observed in the studied 

samples due to short 𝑇2 relaxation time [5].  The PGSTE NMR method is a modified 

classical PGSE pulse sequence where the 180° pulse is replaced by two 90° pulses.  

Application of this NMR technique allows storage of the magnetization vector in the 

longitudinal z-axis and helps to avoid phase coherence loss due to 𝑇2 processes.  

Application of the second gradient pulse with the same amplitude 𝒈 and duration time 𝛿 

unwraps the phase and encodes for the total displacement of the spins over .  Electric 

field pulses are applied as shown with an opposite polarity pulse used to redistrict charge 

from the electrodes.  

 

 
Figure 5.4.  PGSTE pulse sequence and electrophoretic pulse.  τ is the time between 

initiation of the electrophoretic pulse and the first rf pulse.  δ and Δ are the gradient pulse 

duration and separation, respectively.  A second electrophoretic pulse of opposite sign 

and equal duration is applied after the NMR signal is measured. 
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The measurement of flow in hydrating cement paste presents special challenges 

because electroosmosis interacts with the hydration process.  Independent samples were 

used for the experiment with and without EOF.  In the sample with EOF, a single sample 

approach, alternating between no flow and EOF, was used to measure hydrodynamic 

dispersion during hydration.  Using this approach of making all the measurements on a 

single sample provided experimental control over changes in structure induced by EOF, 

as well as heterogeneities introduced during sample preparation. 

Due to the delay required to load the sample in the NMR magnet and shim and 

tune the NMR spectrometer, the time between mixing and initiation of the first NMR 

experiment was approximately 2 hrs. The first NMR diffusion measurement was made in 

the x direction with no voltage applied.   The second NMR diffusion measurement was 

made in the z direction with no voltage applied.  The third and fourth NMR diffusion 

measurements were made in the x and z directions with 100 V applied across the sample.  

This sequence of four NMR measurements which took 98 min was repeated over a period 

of 48 hrs.  During the overnight periods from 6.5 hrs to 24 hrs and from 30 hrs to 48 hrs, 

only measurements with an applied voltage were made. 

For each NMR diffusion experiment, 𝒈 was varied from 0.07 T/m to 1.39 T/m 

with 𝛿=0.5 ms and ∆=20 ms.  The electrophoretic pulse was turned on 2.5 s before the 

initial rf pulse to allow time to establish the electroosmotic flow.  After data acquisition, 

the applied voltage was inverted and an identical duration voltage pulse was applied to 

reverse the effects of the electroosmotic flow and minimize gas bubble formation at the 

top electrode.  An experimental repetition time of 7 s was used.  The total time for one 
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NMR diffusion coefficient measurement with no applied voltage and hence no EOF was 

12 min, whereas the measurements made with an applied voltage and EOF took 37 min, 

yielding a four experiment sequence time of 98 min indicated above. 

 

Micro CT Scan Imaging 

 

A SkyScan 1173 𝜇-CT system (Bruker-microCT, Belgium) was used to image the 

macropore structure of the cement paste samples after eNMR experiments.  A series of 

cross-section images perpendicular to the cement column length were generated using 

SkyScan NRecon software (Bruker-microCT) and the Feldkamp algorithm [38].  Each 

cross-section image corresponds to a 25 𝜇m-thick slice of the column length and has a 

pixel resolution of 25 𝜇m.  Cross-section slices were converted into binary images based 

on a threshold pixel intensity.  The threshold intensity value was set to delineate pixels 

darker than the threshold as void space (black in Figure 5.5) and lighter pixels as cement 

(grey in Figure 5.5).  The binary images were analyzed using SkyScan CTan software to 

determine the average percent void space in the cement by calculating the fraction of 

pixels representing void space in each cross-section image and averaging over the length 

of the scanned cement column. 

 

Results 

 

 

EOF in closed cement paste samples caused a significant increase in macroscopic 

void volume compared to closed samples with no flow (Figure 5.5).  Macroscopic voids 

formed during hydration under a 1.25 kV/m applied field.  The largest voids appear to 

have a length scale on the same order as the sample cylinder and their aspect ratio is 
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fracture-like. Smaller isolated voids are also visible.  The mean macrovoid volume 

fraction was 휀𝑀 = 11.7% (±3.5), based on 4 samples.  Macroscopic void formation at 

zero voltage was negligible, with a mean volume fraction of 0.125% (±0.04) based on 

two samples.  Joule heating was discounted as a significant contributing factor because of 

the 0.5 s cooling pause between electric field pulses of 3 s . Also, results in [39] show a 

temperature rise of approximately 2.5 °C after 15 s under a constant 5 kV/m field, 

whereas a field strength of 1.25 kV/m was used in the present work, and applied in pulses 

of 3 s every 3.5 s, supporting the limited impact on results of Joule heating. 

 

 
Figure 5.5.  Macrovoid structure in hydrated cement paste samples after eNMR 

experiments. The vertical cylinder images are projections of 3D reconstructions of 

macrovoid morphology, showing their connected structure and length scale. The axial 

slices show macrovoid cross sections at the indicated location in the cylinder. Void 

regions are shown in black and solid regions in grey.  Macrovoid volume fractions for the 

two samples are (left) 13% and (right) 14%. 
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Macrovoid formation in the sealed cylinders indicates that EOF alters the normal 

progression of chemical and autogenous shrinkage and may induce additional contraction 

of the cement matrix.  Chemical shrinkage occurs quickly when unhydrated cement is 

mixed with water.  Tazawa [40] calculated an 11% volume difference based on hydration 

kinetics and also observed the same value for w/c=0.60 after three hours.  Under normal 

curing conditions, most of the chemical shrinkage turns into internal air voids.  At early 

stages of hydration, capillaries are partially evacuated and the residual fluid menisci exert 

a compressive strain on the pore structure.  Macroscopic shrinkage occurs in the absence 

of external pressure so long as the cement matrix is not too rigid.  After the paste has 

attained some rigidity, hydration still proceeds, but the chemical shrinkage also forms 

local microvoids.  Thus, the observed macroscopic volume change in a hydrated paste 

does not necessarily correlate with the volume of chemical shrinkage. 

In early stages of hydration, there is plenty of free, unreacted water contained in 

cement paste that can lead to electrolysis in the presence of the electric field [30].  At 

standard temperature and pressure, 3.822 ml of hydrogen and 1.911 ml of oxygen might 

form from the electrolysis of the 1% of pure free water contained in 5.5 ml of fresh 

cement paste.  This level of released gas volumes would increase pressure on the cement 

matrix and could cause some of the local channel and void formation. 

The effect of EOF also depends on the stage of hydration.  The application of an 

AC current is known to accelerate hydration in neat cement [41].  Sohn and Mason [42] 

investigated the effects of 1.25 kV/m DC electric field on the conductivity of a hydrating 

cement paste starting after 24 hrs.  They found irreversible changes in pore structure, but 
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no significant differences in hydration.  They suggested that swelling in bottleneck pores 

was responsible for reduced pore connectivity and that the higher current density in such 

pores might accelerate hydration and shrinkage [42].  Pressure-accelerated hydration and 

associated shrinkage have also been suggested in the context of external pressure 

gradients [43]. 

EOF probably accelerates capillary evacuation, by a combination of increased 

hydration and fluid transfer, which increases the compressive strain normally associated 

with autogenous shrinkage.  After the initial set (a couple of hours), the application of 

EOF would increase pressure and flow, possibly enough to weaken the chemical bonds, 

allowing compressive strains to deform the matrix and expel gas from local microvoids.  

This process may continue for many hours but would be most significant in the first 

hours after initial set.  However, early in hydration, while there is plenty of free water, 

hydraulic shear resulting from backflow may also play a role in helping to compress the 

matrix.  The effects of shear are discussed in [24, 44].   

Most likely, the macrovoids were initially formed by the pressure of hydrogen 

and oxygen gas exerted on cement matrix.  This mechanism was followed by shear forces 

from fluid backflow under hydraulic pressure and normal shrinkage effects, i.e. 

compressive strains as capillary pores are desaturated by a combination of hydration and 

electroosmotic flow.  Since macrovoids were only visible in samples subjected to EOF, it 

may be that all mechanisms are necessary, even if shear does not actually cause much 

shrinkage.  Faster flow paths along the cylinder wall, for example, may nucleate the 

formation of macrovoids along the cylinder circumference by opening channels.  As 
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hydration and shrinkage proceed, contraction may be energetically favored along the 

initial fracture.  In [45] Susanto et al performed experimental and numerical simulation 

results of DC current application on mortar cubes.  Two groups of specimens, the first 

half immersed in water with no current and the second with mortar samples subjected to 

stray current flow, were compared to each other in the study.  Susanto reported slightly 

higher percentage of hydrated water content, reduced porosity, and denser matrix in 

specimens affected by the stray current flow.   

An order-of-magnitude analysis of the electroosmotic pressure and the 

compressibility of fresh cement paste suggests that fluid pressure was sufficient to cause 

some compaction.  The electroosmotic pressure in a fully saturated sample was estimated 

on the order of 100 kPa with values of paste conductivity, electroosmotic mobility, and 

hydraulic permeability, as follows.  The conductivity was assumed to be 𝜎𝑒𝑓𝑓/𝜎𝑓 ≈ 0.5 

for a cement paste of porosity 0.65, based on results in [46].  The mobility was assumed 

to be constant, 𝜇0=2×10-8, based on a zeta potential of -0.03 V [47].  𝐾ℎ was assumed to 

be 10-13 m2 in fresh cement paste, ranging down to 10-15 m2 after 8 hrs, based on a range 

of permeability estimates in the literature [48-51].  An estimate of cement paste 

compressibility was obtained from Rangeard et al. [48] who measured the cement matrix 

void fraction as the paste was compressed under a constant strain.  For w/c= 0.3, they 

found the void fraction, 𝑒 = 휀/(1 − 휀), decreased linearly from 𝑒 ≈ 1 down to 0.7 as the 

effective stress increased from 10 to 1000 kPa.  This corresponds to a decrease in 

porosity 휀 from 0.50 to 0.41, a reduction of 18 percent.  Thus, a pressure of 100 kPa 
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could be enough to decrease porosity by a few percent, if the fluid pressure were 

effectively transferred to the solid matrix. 

The Peclet number in the fresh cement paste matrix under EOF is estimated as 

𝑃𝑒 ≈ 0.2 based on an applied field strength of 1.25 kV/m, estimated backflow velocity 

𝑣𝐵 =7.5×10-6 m/s and estimated cement particle size 𝑑 =5 µm.  The measurement time 

was ∆=20 ms, much shorter than the mean time for a water molecule to convect through a 

pore.  Hence, 𝐷(𝑡) is still expected to have the dynamics of restricted diffusion under 

EOF conditions. 

NMR PGSTE measurements alternated between no flow and EOF over a period 

of 48 hrs (Figure 5.6).  The first no-flow measurements indicated mild anisotropy, with 

𝐷𝑇 > 𝐷𝐿 at 1.8 hrs.  The first EOF measurements at 2.7 hrs exhibited variability among 

samples.  The measurement is highly elevated above the preceding no-flow measurement 

in one sample (left), but only slightly elevated in the other (right).  No-flow 

measurements obtained after the first EOF measurements at t =3.6 hrs decreased from the 

initial no-flow measurements and show no obvious effect of changes in pore structure.  

The second set of EOF measurements at 4.5 hrs show minor elevation above the 

preceding no-flow measurements.  After approximately 10 hrs the EOF dispersion 

measurements are essentially isotropic.  After 25 hrs, the final no-flow measurements are 

comparable to the EOF measurements, in both samples. 
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Figure 5.6.  Transverse and axial dispersion in closed cement paste samples vs hydration 

time from eNMR experiments.  The two samples (left and right) exhibit different degrees 

of anisotropy and responses to EOF.  No flow experiments were acquired with the 

electric field pulses turned off.  EOF experiments were taken in the presence of electric 

field pulses. 

 

 

PGSTE measurements were also made in two samples without the electrophoretic 

pulse for the same 48 hour period used in the EOF samples.  These results (Figure 5.7) 

exhibited good reproducibility and quantitative agreement with the no-flow results from 

the EOF samples over the first 20 hrs.  After that time, diffusion decreased more slowly 

in the samples without EOF.  At 48 hrs, 𝐷 ≈1.4×10-10 m2/s, compared to the EOF 

samples which ranged from 0.6×10-10 m2/s to 1×10-10 m2/s.  Macrovoid formation in the 

no-flow-only samples was not significant. 
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Figure 5.7.  Transverse and axial diffusion in closed cement paste samples vs hydration 

time from NMR experiments.  The two samples (left and right) exhibit good 

reproducibility.  No electric field pulses were applied to these two samples. 

 

 

The similarity of diffusion measurements between the EOF and no-flow-only 

samples is interesting.  It indicates, as does the variability in measured dispersion under 

EOF, that the macrovoids were not saturated for any great length of time, if at all, 

because they did not contribute to the signal.  On one hand, saturated macrovoids may 

explain the increased value for the first EOF measurements.  The restricted diffusion 

coefficient measured under no flow, prior to EOF, was 𝐷𝑇 =4.7×10-10 m2/s and this is 

assumed to be the contribution from the paste matrix.  From the micro-CT scan imaging 

data the macrovoids comprised approximately 15% of the sample volume.  If their signal 

contribution approached the free diffusion value of 20×10-10 m2/s, then the volume-

averaged value would be 𝐷𝑇 ≈(0.15×20)+(0.85×4.7)=7×10-10 m2/s, which is 

approximately the maximum measured value under EOF.  On the other hand, the similar 
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magnitude of EOF and no-flow measurements after 4 hrs, and earlier in one sample, 

suggests that macrovoid formation is essentially a shrinkage phenomenon, and that 

transient saturation might be a secondary consequence of EOF, not a precondition for 

their formation.  Results from Thomas et al [52] suggest that between 15% and 18% of 

original free water is bound chemically or constrained in gel pores within the first two 

hours of hydration.  By the time of the first EOF measurement, it can therefore be 

assumed the cement matrix was partially desaturated and susceptible to pressure-assisted 

shrinkage.  The interpretation is that pressure of released gaseous products of electrolysis 

and electroosmotic pressure caused macrovoid formation, but the presence of potentially 

small amount of water in the macrovoids was a transient and highly variable 

phenomenon, and not essential to the formation process except perhaps at very early 

times as discussed earlier.  In any case, the macrovoids are thought to have been 

unsaturated at the conclusion of the first EOF measurements as supported by the 

restricted diffusion coefficient measurement at this stage.  Following these 

measurements, the pattern of minor EOF elevation followed by a drop in the subsequent 

no-flow measurements may be interpreted as a swelling effect in the capillary network 

under EOF that increases the effective free diffusion distance, followed by coagulation 

after measurement, i.e. the reversibility phenomenon [53].  However, after a period of 10 

to 20 hrs, this pattern is no longer evident.  

Diffusion anisotropy was measured at early times of hydration.  Since cement 

paste is widely regarded as an isotropic medium [54-56], the most likely explanation 

involves sample preparation.  For example, Karim and Krabehoft [57] suggested that the 
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extrusion of paste into a sample cylinder causes compaction.  Fennis and Walraven [58] 

considered vibration factor as a basic reason influencing compaction of cement matrix.  

In the present work, the samples were vibrated in order to eliminate air bubbles, so it is 

also possible that compaction can occur through a natural or accelerated settlement 

process. 

The initial diffusion measurements, made prior to EOF, were between 3.5 and 

4.8×10-10 m2/s, or 𝐷/𝐷𝑚 ≈0.20.  Previous NMR results for restricted diffusion are 

significantly higher than these values [6, 59, 60], 𝐷/𝐷𝑚 ≈0.6.  After 24 hrs, the 

measurements are between 0.75 and 1.0×10-10 m2/s, or 𝐷/𝐷𝑚 ≈0.04, still lower than 

most previous results, but consistent with others [61]. 

 

Conclusions 

 

 

In this study, the electrophoretic NMR method and micro-CT scan imaging were 

applied to analyze the fluid transport and structure of hydrating cement paste in a closed 

cell.  In a porous medium with dead-end pores and high tortuosity, such as a hydrated 

cement paste, EOF induces PDF backflow.  In a suspension, backflow can induce 

compaction via shear, so the hydraulic pressure is balanced in part by a contraction of the 

solid matrix.  In a hydrating cement paste, this phenomenon may augment EOF-

accelerated chemical shrinkage early in hydration.  EOF induced the formation of 

macrovoids in a fresh paste.  The gaseous products of the electrolysis of water such as 

hydrogen and oxygen likely exerted sufficient pressure on the cement matrix at early 

stages of hydration.  Due to these processes, the cement matrix could experience 
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significant local void formation, contraction, and cracking.  The dispersion NMR 

measurements were comparable to diffusion measurements without EOF, indicating the 

macrovoid structure was not fully saturated with pore fluid and so did not contribute 

significantly to the NMR signal.  The data clearly indicate by a decrease in diffusivity 

that a compaction of the structure occurs in the presence of EOF. 
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FLOW VELOCITY MAPS MEASURED BY NUCLEAR MAGNETIC RESONANCE 

 

IN MEDICAL NEEDLELESS CATHETER CONNECTORS 

 

 

Introduction 

 

 

Mapping fluid flow patterns in a complicated geometry is of interest for diverse 

biomedical, pharmaceutical and numerous engineering applications.  Needleless 

connectors (NCs) are broadly used medical devices with complicated internal design [1] .  

Structural features such as complex geometry of surfaces which generate tortuous fluid 

flow paths lead to flow complexity that may impact bacterial deposition and biofilm 

formation [2] and lead to increased risk of blood stream infections in patients [3].  It is 

useful to visualize in detail the fluid transport and velocity distribution dependence on 

fluid pathways, dead spaces and stagnation zones in needleless connectors of different 

designs, to provide data for eventual correlation of these dynamics to issues like bacterial 

deposition. 

Needleless connectors, as part of intravenous (IV) therapy and catheter systems, 

were introduced to medical markets at the beginning of 1990s.  This implementation 

significantly reduced the risks and complications related to the accidental needlestick 

injuries in health care professionals [4, 5].  However, the attachment of pathogenic 

microorganisms to the inert surface of fluid delivery systems, their constituents and 

associated living tissues causes formation of bacterial biofilms [3].  Further pathogenic 

bacterial colonization of medical devices in health care settings leads to increasing risk of 

infection and clinical treatment problems caused by antibiotic resistance [3, 6].  
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Significant scientific research has been done to investigate how bacterial particle 

deposition, biofilm formation, structure, and development in different flow configurations 

are influenced by hydrodynamic conditions, surface properties, and channel and flow cell 

geometry [2, 7-13]. 

The study of fluid flow in complicated geometrical structures requires special 

methods that are often costly and time-consuming.  Computational fluid dynamics (CFD) 

is widely used to determine flow patterns and give descriptions of the fluid transport in 

pharmaceutical [14, 15], medical [16] and engineering systems [17, 18].  However, 

experimental results are necessary to support and improve the accuracy of CFD 

experiments.  Magnetic resonance imaging (MRI) techniques are now routinely used in 

the medical field including measurement of blood flow [19].  One of the main advantages 

of MRI is the possibility of quantifying the complexity of fluid flow and hydrodynamic 

effects in different geometries in a non-invasive and non-destructive way.  Magnetic 

resonance velocity imaging is known as an effective method to measure and provide the 

details of fluid flow structure [20].  Xia, Callaghan and Jeffrey applied this method to 

visualize flow patterns in sudden contraction and expansion flows and provided accurate 

spatially resolved velocity measurements [21].  That experimental work was fundamental 

in presenting dynamic MRI as an effective tool to reveal secondary flow features in 

complex geometries.  MRI velocity measurements have also been applied to directly 

measure all three velocity components in hydrodynamic instabilities, such as supercritical 

Taylor number in Couette flow [22], providing details on the internal structure and 

asymmetry of the vortices. 
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MRI has a broad spectrum of techniques to examine fluid dynamics and 

characterize its behavior in pharmaceutical and engineering research.  Rudin and Sauter 

in their study [23] implemented MRI and dynamic MRI for drug development studies 

based on evaluation of a rat model.  Manz et al. investigated flow patterns around 

bacterial clusters [24] obtaining flow velocity maps via dynamic MRI.  Zhang and Webb 

in [25] found similarities in the results of CFD and MRI velocity techniques obtaining the 

velocity fields in flow cells for microseperations.  Velocity MRI has been demonstrated 

as a non-destructive method for fluid flow studies in biomedical engineering [26, 27] and 

in incorporation of CFD and MRI methods in the study of blood flow [28] as well as 

many other systems [29].   

This research demonstrates that dynamic MRI provides quantitative velocity data 

for comparison to CFD models which can impact biomedical engineering device design.  

MRI velocity imaging experiments presented in this work provide a detailed comparison 

of the three velocity components at numerous spatial positions in six medical NCs of 

different design.  It is shown that the internal device structure has a significant impact on 

velocity profiles.  These experiments validate that MRI velocity measurements are an 

effective technique to accurately measure the velocity field and characterize transport due 

to complexity of the geometry in opaque systems such as off the shelf medical devices.  

The data provide a basis for future studies of the correlation between transport of 

bacterial pathogens in NCs and the flow field, which could be controlled through design. 
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Theory 

 

 

MRI velocimetry is an efficient and non-destructive technique to study fluid flow.  

A velocity imaging pulse sequence or timing diagram of radiofrequency (rf) pulses and 

magnetic field gradients is shown in Figure 6.1.  It is a combination of a standard MRI 

spatially resolved technique with a pulsed gradient spin echo (PGSE) technique that 

includes the addition of a bipolar gradient pair [20].  The proton 1H, referred to as a spin, 

is an object of manipulation for three orthogonal gradients.  Dynamic MRI is based on 

tracking spin positions in space and its displacement over an experimentally controlled 

displacement time. 

 

 

Figure 6.1.  Dynamic MRI pulse sequence or timing diagram used for velocimetry.  

Imaging pulse sequence includes frequency encoding along read axis, phase encoding 

along phase axis, and slice of the sample was excited.  The PGSE gradient pair 𝒈 was 

applied in all three x-, y-, and z-directions to obtain the three velocity components.  It is 

drawn on a separate line, but in reality it was applied alternately in read, phase and slice 

directions. 
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The application of a magnetic field gradient of amplitude 𝒈 with duration time 

𝛿 generates a phase shift of the spin magnetization which defines their initial position.  

Observation or displacement time ∆≫ 𝛿 is the time between the first and second 

gradients.  The second pulsed gradient with the same amplitude 𝒈 and duration time 𝛿  

unwraps the phase dependent on the final position of the spins.  The spin displacement 

from original point 𝒓 to final point 𝒓′ generates a net phase shift dependent on the 

gradient area 𝛿𝒈 

𝜙 (𝒓) =  𝛾𝛿𝒈 ∙ (𝒓′ − 𝒓)    (6.1) 

where γ is a gyromagnetic ratio (=2.675x 108 rad s-1 T-1 for the hydrogen proton). 

The form of the normalized spin echo signal measured by the top two lines of the 

experiment in Fig. 6.1 is represented by 

𝐸 (𝒈, ∆) =
𝑆(𝒈,∆)

𝑆(0,∆)
= ∬ 𝜌(𝒓)𝑃𝑠(𝒓|𝒓′, ∆)exp (𝑖𝛾𝛿𝑔 · [𝒓′ − 𝒓])𝑑𝒓′𝑑𝒓  (6.2) 

where 𝜌(𝒓) is the initial spin density, and 𝑃𝑠(𝒓|𝒓′, ∆) is the propagator of the motion, i.e., 

the conditional probability for a spin to displace to final position 𝒓′ at time 𝑡 = ∆ given it 

was at 𝑟 at 𝑡 = 0 [30, 31].  Introducing the reciprocal displacement wave vector, 𝒒 =
𝛾𝛿𝒈

2𝜋
, 

equation (6.2) can be written 

𝐸 (𝒒, ∆) = ∬ 𝜌(𝒓)𝑃𝑠exp (𝑖2𝜋𝒒 · [𝒓′ − 𝒓])𝑑𝒓′𝑑𝒓  (6.3). 

Defining the average propagator as 𝑃�̅�(𝑹, ∆) ∫ 𝜌(𝒓)𝑃𝑠(𝒓|𝒓′, ∆)𝑑𝒓 , gives the probability of 

displacement, 𝑹 = 𝒓′ − 𝒓, during the observation time ∆ for all spins averaged over the 

initial configuration and the NMR signal is defined as 

𝐸 (𝒒, ∆) =  ∫ �̅�𝑠(𝑹, ∆)exp  (𝑖2𝜋𝒒 · 𝑹)𝑑𝑹   (6.4). 
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Equation (6.4) shows that the average propagator  𝑃𝑠 (𝑹, ∆) is the Fourier transform of the 

measured signal 𝐸 (𝒒, ∆) with respect to 𝒒 and is obtained directly from the experiment. 

The MRI experiment is based on the excitation of certain nuclei, i.e. spins, in the 

presence of a strong applied magnetic field, 𝐵0 and the application of the linear magnetic 

field gradient, 𝑮.  The precession frequency of the nuclear spins differs depending on 

spin location 𝒓 across the sample and is given by 𝜔(𝒓) = 𝛾(𝐵0 + 𝑮 ∙ 𝒓).  The signal 

obtained from the sample of spin density, 𝜌(𝒓) is a result of the multiplication of an 

unperturbed NMR signal with a phase factor exp (𝜙(𝒓)) where 𝜙(𝒓) = 𝛾𝑮 ∙ 𝒓𝑡 is the 

phase shift caused by a spread in frequencies due to application in the spatial encoding 

gradient 𝑮.  Integrating over the entire sample volume, the MRI signal is given by 

𝑆(𝑡) = ∭ 𝜌(𝒓) exp[𝑖𝛾𝑮 ∙ 𝒓𝑡] 𝑑𝒓   (6.5). 

The signal acquired is again convenient to express in terms of the concept of a reciprocal 

space vector, 𝒌 =
𝛾𝑮𝑡

2𝜋
 and the signal acquired in 𝒌-space, can be rewritten in wave 

vector notation as 

𝑆(𝒌) = ∭ 𝜌(𝒓) exp[𝑖2𝜋𝒌 ∙ 𝒓] 𝑑𝒓.   (6.6). 

The Fourier transformation of NMR signal from equation (6) generates the local nuclear 

spin density function or image 

𝜌(𝒓) = ∭ 𝑆(𝒌) exp[−𝑖2𝜋𝒌 ∙ 𝑟] 𝑑𝒌   (6.7). 

Combination of the imaging technique with motion detection, termed dynamic 

MRI or MRI velocimetry, provides direct, non-invasive, quantitative measurement of the 

spatial distribution of the velocity field, 𝒗(𝒓) = 𝑹/∆. 
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Materials and Methods 

 

 

MRI velocity data were acquired on a Bruker 300 MHz vertical super wide bore 

magnet networked to a Bruker Avance III spectrometer and equipped with a Micro 2.5 

three-dimensional gradient probe (1.48 T/m at 60 A) and a 15 mm diameter 1H 

radiofrequency (rf) coil.  All experiments were conducted at a constant temperature of 

20°C.   

Six commercially available NCs from five major manufacturers (Table 6.1) were 

used in this study as flow cells.  A single NC was connected to a high-pressure liquid 

chromatography (HPLC) pump Pharmacia P-500 (Pharmacia, Sweden) via a luer-lock 

connector at the inlet and water was pumped to a reservoir at the outlet.  The fluid flow 

was set up against gravity in order to avoid air bubble accumulation in a flow cell.  

Magnevist (Berlex Laboratories), a gadolinium-based MRI contrast agent, was added to 

deionized (DI) water to allow faster experimental repetition time, by reducing the 

longitudinal relaxation time 𝑇1, and therefore shorter experiment time.  The doped DI 

water was degassed before use. 

The MRI experimental parameters used for measuring a single velocity profile: 

are echo time Te=11.755 ms, repetition time TR=1500 ms, with 32 averages for flow and 

with 4 averages for no-flow experiments with a total acquisition time of 1.7 hrs and 0.2 

hrs respectively.  MRI data were acquired for both flow and no-flow conditions in order 

to provide robust phase correction for the calculation of the velocity field quantification 

by removing phase shifts due to imaging magnetic field gradients.  Volumetric flow rates 

of 50 ml/hr and 0 ml/hr were used for flow and no-flow experiments.  The accuracy of 
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velocity phase encoding is increased by subtracting no-flow experiments with observed 

phase shifts from flow experiments. 

 

Table 6.1 Needleless connectors tested 

Needleless 

connector 

 

Manufacturer Product 

number 

MaxPlus CareFusion 

(San Diego, CA, USA) 

 

MP1000-C 

BD Q-Syte Becton Dickinson Infusion Therapy Systems Inc. 

(Sandy, UT, USA) 

 

385100 

SmartSite Smiths Medical ASD, Inc. 

(Dublin, OH, USA) 

 

SM5000 

MicroClave 

Neutral 

ICU Medical Inc. 

(San Clemente, CA, USA) 

 

B3300 

Neutron ICU Medical Inc. 

(San Clemente, CA, USA) 

 

NC100 

OneLink Baxter HealthCare Corp. 

(Deerfield, IL, USA) 

 

7N8399 

 

 

Slice thicknesses of 0.3 mm for the longitudinal images and 0.5 mm for the 

transverse cross-sectional images were used.  The internal design of each NC dictates the 

specific axial slice selection.  Table 6.2 contains the MRI parameters for longitudinal and 

transverse cross-sectional images.  Varying PGSE gradients were employed due to the 

wide range of velocities present in the three coordinate directions for the different NCs.  

A gradient pulse duration time δ=0.5 ms and gradient pulse separation time Δ=8 ms were 

used for motion encoding with gradient amplitudes 𝒈 ranging from 0.012 T/m to 1.257 
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T/m dependent on the amplitude of the velocity component being measured, with larger 

𝒈 for smaller velocity. 

 

Table 6.2 MRI parameters used for velocity maps 

Needleless 

connector 

Field of view, 

mm (longitudinal 

image) 

 

Spatial 

resolution, µm 

(longitudinal 

image) 

Field of view, 

mm 

(cross-

sectional 

image) 

Spatial 

resolution, µm 

(cross-sectional 

image) 

MaxPlus 

 

30x15 234x234 15x15 234x234 

BD Q-Syte 

 

32x8 125x125 8x8 125x125 

SmartSite 

 

32x8 125x125 8x8 125x125 

MicroClave 

Neutral 

32x8 125x125 8x8 125x125 

Neutron 

 

32x8 125x125 8x8 125x125 

OneLink 

 

32x8 125x125 8x8 125x125 

 

 

A series of dynamic MRI experiments were completed for different locations in 

each NC chosen to provide quantification of the velocity field generated by the internal 

structure of the NC.  Data was Fourier transformed for each spatially image pixel in the 

𝑞-space that describes dynamics phase spin behavior.  The Prospa software package 

(Magritek, New Zealand) was employed to obtain the velocity images and these were 

imported into MatLab (MathWorks, Natick, MA) to plot all three orthogonal components 

of the velocity 𝑣𝑥,  𝑣𝑦,  𝑣𝑧 and calculate the speed 𝒗 = √𝑣𝑥
2 + 𝑣𝑦

2 + 𝑣𝑧
2. 
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Results and Discussion 

 

 

The aim of this study is to characterize the correlation between the structural 

design of NCs and the velocity fields generated by those structures. 

The fluid velocity profiles were obtained at a minimum of six cross-sectional 

positions (see Appendix A for all locations) and one spatially resolved longitudinal 

position in each NC using different directions of spatial encoding.  The velocity maps 

reveal dominant flow features and a dependence of secondary flow components, 

transverse to the axial flow component 𝑣𝑧 on local geometry. 

Signal intensity of the MRI indicates the fluid distribution in the NCs providing 

an image of the structure as shown in Figure 6.2 with slice thickness of 0.3 mm and 

spatial resolution of 234x234 µm (Fig. 6.2a) and 125x125 µm (Fig. 6.2b-f).  The MRI 

intensity is denoted by colors according to provided color bar.  Each connector includes a 

housing, female luer lock fitting at the proximal end/inlet, male luer lock fitting at the 

distal end/outlet, and a cavity or chamber extending between an inlet and outlet.  The 

cavity is of a general cylindrical shape.  The cylindrical cavity may have a variety of 

different diameters at different longitudinal locations of the connector body. 
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Figure 6.2.  Magnetic resonance images of the water distribution within the needleless 

connector (a) MaxPlus, (b) BD Q-Syte, (c) SmartSite, (d) MicroClave Neutral, (e) 

Neutron, (f) OneLink.  Flow inlets are at bottom and outlets are at top. 

 

 

The syringe luer exerts the pressure and activates the NC.  All six NCs in Fig. 6.2 

are shown with a standard male luer taper connected to the proximal end of the NC and 

each NC is open to fluid flow and filled up with doped water.  The NCs differ in external 

and internal design.  The complicated structural features cause inhomogeneous fluid 

distribution in the connectors.  The MaxPlus NC shown in Fig. 6.2a has a plunger that is 

made of elastomeric material.  The insertion of the male luer fitting collapses the 

elastomeric plunger down and creates the fluid flow path.  The fluid flows along the 

channels formed around the depressed plunger.  A heterogeneous fluid distribution with 

uneven distribution of pockets of water is observed in the MaxPlus NC due to the 

compression of the elastic material as part of the connection method.  The BD Q-Syte NC 

(Fig. 6.2b) contains a split septum that is located in the inlet and extends longitudinally 

when the male luer lock taper is connected to allow fluid flow.  Due to material 
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flexibility, a portion of the split septum is pushed down into the housing expanding 

radially, when the male luer fitting is connected with the female proximal end of the 

connector.  The enlarged radial portion extends from side to side of the internal housing 

walls and generates an inhomogeneous fluid distribution in the inlet region.  The 

SmartSite NC shown in Fig. 6.2c, also includes a housing with an inlet and outlet ends, 

defining a chamber there between.  The split septum of the SmartSite NC carries an 

elastomeric plunger.  The insertion of the male luer lock fitting with the proximal end of 

the connector depresses the elastomeric plunger, pushes it into a larger diameter chamber 

allowing fluid flow through the corrugated channel formed within the plunger.  Areas of 

more and less homogeneous water distribution alternate in the radially extended plunger 

region due to varying diameters of the corrugated channel along the axis of the SmartSite 

NC.  The MicroClave Neutral in Fig. 6.2d and Neutron in Fig. 6.2e have some structural 

features in common.  Fluid flow is established between an inlet at the proximal end and 

an outlet at the distal end while the male luer tip component is connected to the female 

inlet.  The Neutron NC has a regulator made of elastomeric material. Fig. 6.2f shows the 

internal structure and fluid distribution in the OneLink NC.  Besides a housing, an inlet 

and outlet, there is a valve centered in the housing and a gland located between housing 

surfaces.  The valve provides a flow control between the inlet and outlet.  The OneLink 

NC includes a cup-shaped gland with the deformable walls located between the inlet and 

the outlet of the housing.  This structural feature is built in order to avoid a retrograde 

flow through the outlet into the housing while the flow is set in the NC.  It is apparent 



121 
 

that the cup-shaped gland causes an uneven distribution of fluid in the OneLink NC, 

especially in narrow channels formed between the gland and the housing surfaces. 

Figure 6.3 is a set of longitudinal MRI velocity maps showing the velocity 

magnitude 𝒗 = √𝑣𝑥
2 + 𝑣𝑦

2 + 𝑣𝑧
2 and 𝑣𝑥, 𝑣𝑦, 𝑣𝑧 velocity components for all 6 NCs.  The 

velocity profiles reveal the dominant flow structures in the connectors (Fig. 6.3a-f).  All 6 

NCs have a similar inlet design where the female end of the NC is connected to the 

standard male luer taper to establish the fluid flow through the medical device.  Fluid 

dynamic behavior for flow in conduits is characterized by the dimensionless Reynolds 

number, 𝑅𝑒 = 𝑣𝐷𝜌/𝜇.  This is the ratio of inertial to viscous forces in the fluid, which 

depends on 𝑣 the bulk velocity, 𝐷 conduit diameter, 𝜌 fluid density and 𝜇 fluid viscosity.  

Values of density 𝜌=0.99821 g/cm3 and viscosity 𝜇=0.01002 g/cm∙s for water at 20°C are 

used for 𝑅𝑒 calculation.  The experimentally measured velocities at the inlet of each NC 

yields 𝑅𝑒 of the order of 10, as shown in Table 6.3.  An 𝑅𝑒 < 2000 in pipe flow 

indicates non-turbulent, laminar flow.  

 

Table 6.3.  Reynolds number calculation for inlet. 

Needleless 

connector 

 

Inlet diameter, 𝐷,  

cm 

Bulk velocity, 𝑣, 

cm/s 
𝑅𝑒 

MaxPlus 0.1144 1.010 11.51 

BD Q-Syte 0.1261 1.118 14.04 

SmartSite 0.1125 1.129 12.65 

MacroClave Neutral 0.1262 1.129 14.90 

Neutron 0.1125 1.068 11.96 

OneLink 0.1208 1.175 14.14 

 

 

The results visualize the fact that the flow of an incompressible fluid at constant 

volumetric flow rate has a higher velocity, by conservation of mass, in narrow channels, 
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and slower in larger diameter channels.  The velocity distributions obtained in the 

MaxPlus connector (Fig. 6.3a) reveal the flow in this medical device as the most non-

uniform.  This is due to the specific configuration of the flow channels generated by this 

compression of the elastomeric plunger.  The longitudinal, or axial, z velocity component 

is significantly lower in Fig. 6.3a compared to the amplitudes in the other NCs, as shown 

by the color bar indicating maximal 𝑣𝑧=20 mm/s at the inlet.  The results elucidate one of 

the dominant flow features for 5 of the NCs (Fig. 6.3b-f), that the fluid flow undergoes 

regions of its maximum value in the narrowest part of the channel, and becomes slower 

and uniform with enlarging channel diameter.  Fig. 6.3b shows the velocity distribution in 

the BD Q-Syte NC, which exhibits 𝑣𝑧 velocity dropping close to zero in a widest part and 

maximal value 𝑣𝑧=17 mm/s in the narrowest channel.  The velocity images for the 

SmartSite and OneLink NC shown in Fig. 6.3c and 6.3f indicate the highest 𝑣𝑧 velocity 

values found corresponding to regions of sudden contraction.  The maximum velocities 

are 𝑣𝑧=66 mm/s for the SmartSite NC and 𝑣𝑧=87 mm/s for the OneLink NC, which is the 

largest positive value of z velocity measured (Fig. 6.3f).  Similar but less extreme 

velocity increases occur in the regions of maximum contractions for the other NCs, 

𝑣𝑧=26 mm/s for the MicroClave Neutral NC and 𝑣𝑧=31 mm/s for the Neutron NC (Fig. 

6.3d, e).   
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Figure 6.3.  Experimentally determined impact of geometrical structure on the 2D 

spatially resolved velocity distribution.  The images show the velocity of water flowing 

from right to left in the 0.3 mm thick longitudinal slice through (a) MaxPlus, (b) BD Q-

Syte, (c) SmartSite, (d) MicroClave Neutral, (e) Neutron and (f) OneLink.  For each 

longitudinal slice, all three velocity components 𝑣𝑥, 𝑣𝑦 , 𝑣𝑧 and total velocity maps are 

shown.  The main axial z-component of velocity 𝑣𝑧 (column 2) is indicated by red to the 

left.  A positive (red) x-component 𝑣𝑥 (column 3) represents flow into the page and a 

negative (blue) x-component represents flow out of the page. A positive (red) y-

component 𝑣𝑦 (column 4) represents flow up the page and a negative (blue) y-component 

represents flow down the page. 

 

 

The velocity distributions for 𝑣𝑥 and 𝑣𝑦 in the longitudinal cross sections in Fig. 

6.3 demonstrate the presence of strong secondary flows.  The complex geometries of the 
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devices generate recirculation and vortex flow structures due to channel size and primary 

flow direction change.  Based on the observed flow features in the longitudinal spatial 

resolution images (Fig.6.3), a series of cross-sectional velocity images were acquired for 

numerous positions in all 6 NCs (Figure 6.4-6.9).  The velocity profiles of 𝑣𝑥 and 𝑣𝑦 

components quantify the secondary flows caused by the different geometrical structures 

of the medical devices.  In this paper, a subset of the data composed of four cross-

sectional images with significant secondary flows are presented for each of the 6 NCs.  

Table 6.4 provides the details of the experimentally observed secondary flow amplitudes 

at four reference locations for each NC.  The values indicate the strength of secondary 

vortex flow structures in cases when the primary flow direction is axial and flow channel 

orientation away from the z-axis when 𝑣𝑥 or 𝑣𝑦 > 𝑣𝑧. 

Figure 6.4 shows color-coded velocity cross-sectional images for 4 locations along the 

axial flow through the MaxPlus NC (see Appendix A for all locations).  This system has 

non-uniform fluid transport and asymmetric flow due to the compression of the 

elastomeric plunger.  Note that a subset of 4 cross-sectional axial positions was chosen at 

locations where complex flow occurs within each connector is presented in this paper.  

The z velocity component 𝑣𝑧 is non-uniform for all axial slices and achieves the lowest 

magnitude velocity value when compared to the other NCs tested in this study.  This is 

due to primary flow channels which are non-axial due to the tortuous flow path generated 

by the compressed elastomer as can be seen in Fig. 6.3a.  In Fig. 6.4, reference locations 

1 and 2 are located in close proximity upstream of the elastomeric plunger and reveal 

significant secondary flows that vary in a rapid manner along the device axis.  The fluid 
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flow measurements reveal the presence of the significant secondary flows in all 4 

reference locations (see Table 6.4 for details).  At reference location 1 the secondary x-

direction velocity ratio is 154% for 𝑣𝑥/𝑣𝑧 and the secondary y-direction velocity ratio is 

175% for 𝑣𝑦/𝑣𝑧 (by Fig. 6.4).  In reference location 1 the flow is transitioning from the 

entry cylindrical channel to the larger cylinder containing the plunger and the fluid is 

flowing in the x- and y-directions outward radially (Fig. 6.4 column 1).  Reference 

location 2 has secondary x-direction velocity ratio 162% for 𝑣𝑥/𝑣𝑧  and y-direction 86% 

for 𝑣𝑦/𝑣𝑧 (by Fig. 6.4).  In reference location 2 and 3 the channels formed by the plug are 

clearly visible in an octagonal pattern with varying velocity within each channel and 

between them.  Reference location 3 has 𝑣𝑥 magnitude which exceeds 𝑣𝑧 by 25%, which 

taken with the 𝑣𝑥, 𝑣𝑦, 𝑣𝑧 variations in Fig. 6.3a and the large values of 𝑣𝑥/𝑣𝑧 and 𝑣𝑦/𝑣𝑧 

ratios, indicates a spatially varying sinusoidal type flow.  At plane 4 where a sharp and 

large contraction at the exit leads to a change in flow direction inward radially as seen in 

the predominant 𝑣𝑥 and 𝑣𝑦 velocity (Fig. 6.4 column 4).  Reference slice 4 exhibits 

regions with 𝑣𝑥 and 𝑣𝑦 magnitude values 3-5 times higher than the magnitude value of 𝑣𝑧 

due to the predominant flow path being non-axial, and effect not observed in most cross-

sections chosen for analysis in the other NCs.  Hence the ratios of secondary to axial 

flows introduced to characterize non-axial advective transport intensity is not an indicator 

of vortex type flow as in the other NCs. 
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Figure 6.4.  Velocity profiles for 4 axial (cross-sectional) slices in the MaxPlus NC 

acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white dashed line 

in the schematic, three velocity components and total velocity maps are shown.  A 

positive (red) axial velocity 𝑣𝑧 (bottom row) is out of the page while a negative (blue) z-

component is into the page.  A positive (red) x-component 𝑣𝑥 (second row) represents 

flow to the right while a negative (blue) represents flow to the left.  A positive (red) y-

component 𝑣𝑦 (third row) represents flow up the page and a negative (blue) component 

represents flow down the page. 
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Table 6.4.  The x- and y-direction maximum velocity as a percentage of the z-direction 

velocity for each reference location.  The z-direction velocity data is determined at the 

same x-, y-coordinates. 

NC Reference 

location 1 

Reference 

location 2 

 ∣ 𝑣𝑥 ∣,
𝑚𝑚

𝑠

∣ 𝑣𝑧 ∣,
𝑚𝑚

𝑠

 
∣ 𝑣𝑦 ∣,

𝑚𝑚
𝑠

∣ 𝑣𝑧 ∣,
𝑚𝑚

𝑠

 

 

∣ 𝑣𝑥 ∣,
𝑚𝑚

𝑠

∣ 𝑣𝑧 ∣,
𝑚𝑚

𝑠

 
∣ 𝑣𝑦 ∣,

𝑚𝑚
𝑠

∣ 𝑣𝑧 ∣,
𝑚𝑚

𝑠

 

 

% % % % 

MaxPlus 0.975

0.633
 

0.983

0.563
 

 

2.532

1.564
 

 

1.477

1.721
 

 

154% 

 

175% 

 

162% 

 

86% 

BD Q-Syte 1.290

7.508
 

 

1.323

9.009
 

 

0.860

3.589
 

 

0.625

3.456
 

 

17% 

 

15% 24% 18% 

SmartSite 2.179

5.005
 

 

3.253

5.500
 

 

1.375

13.110
 

 

0.542

8.575
 

 

44% 59% 10% 6% 

Micro 

Clave 

Neutral 

0.563

3.735
 

 

0.781

4.046
 

 

1.219

2.641
 

 

2.057

3.454
 

 

15% 

 

19% 46% 56% 

Neutron 0.772

3.251
 

 

0.548

3.251
 

 

4.536

3.860
 

 

3.878

4.266
 

 

24% 

 

17% 118% 91% 

OneLink 3.283

5.629
 

 

3.753

5.942
 

 

5.626

11.14
 

 

6.256

6.829
 

 

58% 

 

63% 51% 92% 
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Table 6.4. Continued. 

NC Reference 

location 3 

Reference 

location 4 

 ∣ 𝑣𝑥 ∣,
𝑚𝑚

𝑠

∣ 𝑣𝑧 ∣,
𝑚𝑚

𝑠

 
∣ 𝑣𝑦 ∣,

𝑚𝑚
𝑠

∣ 𝑣𝑧 ∣,
𝑚𝑚

𝑠

 

 

∣ 𝑣𝑥 ∣,
𝑚𝑚

𝑠

∣ 𝑣𝑧 ∣,
𝑚𝑚

𝑠

 
∣ 𝑣𝑦 ∣,

𝑚𝑚
𝑠

∣ 𝑣𝑧 ∣,
𝑚𝑚

𝑠

 

 

% % % % 

MaxPlus 0.985

0.782
 

1.100

1.408
 

 

3.376

0.625
 

 

2.250

0.625
 

 

126% 

 

78% 

 

540% 

 

360% 

BD Q-Syte 0.704

3.377
 

 

0.469

3.190
 

 

0.501

3.930
 

 

0.470

3.712
 

 

21% 

 

15% 13% 13% 

SmartSite 2.475

15.750
 

 

2.025

11.810
 

 

1.125

9.572
 

 

1.294

9.752
 

 

16% 17% 12% 13% 

Micro 

Clave 

Neutral 

2.972

5.162
 

 

10.08

8.259
 

 

0.258

8.439
 

 

0.305

16.320
 

 

58% 

 

122% 3% 2% 

Neutron 2.659

5.506
 

 

5.387

7.758
 

 

1.097

3.816
 

 

1.097

4.664
 

 

48% 

 

69% 29% 24% 

OneLink 0.325

4.719
 

 

3.751

4.719
 

 

14.850

5.626
 

 

9.553

6.376
 

 

7% 

 

79% 264% 150% 

 

 

Velocity encoded images of x, y, and z velocity components for the BD Q-Syte 

NC are shown in Figure 6.5.  Reference locations 1, 2, and 3 clearly indicate the 
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evolution of the flow as it goes through a contraction at 1 and expands at planes 2 and 3 

over a short axial distance (see Appendix A for all locations).  The 𝑣𝑧 velocity component 

is lowest in the widest area of this device due to mass conservation of an incompressible 

fluid.  The secondary flow data indicate a large scale recirculating flow.  This flow is a jet 

of expanding cross-sectional area indicated by 𝑣𝑧 from plane 1 to 2.  The flow into the 

contraction generates a vortex flow on each side of the contraction with opposite 

rotational orientation as seen in Fig. 6.3b.  The contraction is ellipsoidal in shape.  Note 

the outward radial secondary flow in the contraction in plane 1 shows that the secondary 

flows exist in the narrow channel.  Cross-sections 2 and 3 show the secondary flow 

weakening with distance into the expansion.  At axial position 4 the structure is again 

symmetric and there is inward flow associated with a contraction at the exit.  All 4 

reference locations give secondary x-and y-direction velocity ratios of 13-24% for 𝑣𝑥/𝑣𝑧 

and 13-18% for 𝑣𝑦/𝑣𝑧 (see Table 6.4 for details).  The maximum observed secondary 

flow percentage of the axial velocity is 24% for 𝑣𝑥/𝑣𝑧, the lowest when compared to 

other five NCs.  
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Figure 6.5.  Velocity profiles for 4 axial (cross-sectional) slices in the BD Q-Syte NC 

acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white dashed line 

in the schematic, three velocity components and total velocity maps are shown.  A 

positive (red) axial velocity 𝑣𝑧 (bottom row) is out of the page while a negative (blue) z-

component is into the page.  A positive (red) x-component 𝑣𝑥 (second row) represents 

flow to the right while a negative (blue) represents flow to the left.  A positive (red) y-

component 𝑣𝑦 (third row) represents flow up the page and a negative (blue) component 

represents flow down the page. 

 

 

The SmartSite needleless connector velocity data is shown in Figure 6.6 (see 

Appendix A for all locations).  The entrance velocity increases from plane 1 to 2 due to a 

narrow contraction of this connector, reaching its maximum value of the 𝑣𝑧 component in 

plane 2.  The longitudinal velocity images indicate a sinusoidal pattern of non-axial flow 
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components in the region of varying diameters of the corrugated channel (Fig. 6.3c).  The 

internal design in the central region of this device generates a helical flow pattern with 

strong non-axial flow components.  The 𝑣𝑧 component obtains a value close to zero at the 

wall similar to a steady state pipe flow parabolic profile (Fig. 6.6, reference position 3).  

In Fig. 6.6, reference locations 2, 3, and 4 indicate secondary x-and y-direction velocity 

ratios of 10-16% for 𝑣𝑥/𝑣𝑧 and 6-17% for 𝑣𝑦/𝑣𝑧 (see Table 6.4 for details).  The inward 

radial flow at cross-section 1 entering the contraction are strong with 𝑣𝑥/𝑣𝑧~44% and 

𝑣𝑦/𝑣𝑧~59%.  The site of the axial flow channel does not vary through the corrugated 

elastomer, as evidenced by 𝑣𝑧 at plane 2, 3 and 4 indicating axial stagnation in the 

extended rings of the elastomer. 
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Figure 6.6.  Velocity profiles for 4 axial (cross-sectional) slices in the SmartSite NC 

acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white dashed line 

in the schematic, three velocity components and total velocity maps are shown.  A 

positive (red) axial velocity 𝑣𝑧 (bottom row) is out of the page while a negative (blue) z-

component is into the page.  A positive (red) x-component 𝑣𝑥 (second row) represents 

flow to the right while a negative (blue) represents flow to the left.  A positive (red) y-

component 𝑣𝑦 (third row) represents flow up the page and a negative (blue) component 

represents flow down the page. 

 

 

The spatially varying axial velocity and secondary flows generated by the 

influence of the internal structure in the MicroClave Neutral NC are shown in Figure 6.7 

(see Appendix A for all locations).  The slow entrance flow increases steadily as the fluid 
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flows along through constrictions of varying shape of the device.  The internal geometry 

is a cylindrical inlet that flows into an annulus that feeds a slit along a diameter in the 

center of the device.  In plane 1 the flow is still primarily axial in the annular region.  By 

plane 2 the asymmetry of the slit channel in plane 3, oriented along the y-direction, is 

generating asymmetric velocity distributions.  The 𝑣𝑦 components in plane 2 shows flow 

splitting in the annulus with opposite flow directions and 𝑣𝑥 has an alternating 4 pole 

pattern with positive-negative transitions centered on the strongest axial 𝑣𝑧 flow.  In 

reference locations 2 and 3 significant secondary flow components are generated.  The 

secondary velocity ratios are 𝑣𝑦/𝑣𝑧=58% and 𝑣𝑥/𝑣𝑧=46% in reference location 2 and 

𝑣𝑥/𝑣𝑧=122% and 𝑣𝑦/𝑣𝑧=56% in location 3 (Table 6.4) where the primary flow is non-

axial.  The 𝑣𝑥 and 𝑣𝑦 velocity in plane 3 visualize the flow into the slit.  At plane 4 the 

flow has transitioned back to an axial flow in a cylindrical channel with small secondary 

flows still present. 

Data for the Neutron connector are shown in Figure 6.8 (see Appendix A for all 

locations).  The data has some similarity to the flow in the MicroClave Neutral (Fig. 6.7) 

in that there is an annulus flow entering a slit oriented along a diameter.  Position 1 

indicates an annular flow with small radially inward secondary flows entering the slit at 

plane 2.  Plane 2 is located at the transition from the annulus to the slit and large 

amplitude secondary flows with a near 4 pole positive-negative patterns are evident.  The 

velocity ratios are 𝑣𝑥/𝑣𝑧=118% and 𝑣𝑦/𝑣𝑧=91% at plane 2 (Table 6.4).  Reference 

position 3 is located at an expansion into an axial obstruction in which secondary flow is 
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directed outward radially into the annulus with zero axial velocity 𝑣𝑧 in the outer parts of 

the annular region as can be seen in Fig. 6.3e.   

 

 
Figure 6.7.  Velocity profiles for 4 axial (cross-sectional) slices in the MicroClave 

Neutral NC acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white 

dashed line in the schematic, three velocity components and total velocity maps are 

shown.  A positive (red) axial velocity 𝑣𝑧 (bottom row) is out of the page while a 

negative (blue) z-component is into the page.  A positive (red) x-component 𝑣𝑥 (second 

row) represents flow to the right while a negative (blue) represents flow to the left.  A 

positive (red) y-component 𝑣𝑦 (third row) represents flow up the page and a negative 

(blue) component represents flow down the page. 
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In this location, 𝑣𝑥/𝑣𝑧=48% and 𝑣𝑦/𝑣𝑧=69% (Table 6.4), using the center point inlet 𝑣𝑧 

for comparison.  At plane 4 a predominantly axial flow is reestablished with secondary 

flows directed outward radially. 

 

 
Figure 6.8.  Velocity profiles for 4 axial (cross-sectional) slices in the Neutron NC 

acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white dashed line 

in the schematic, three velocity components and total velocity maps are shown.  A 

positive (red) axial velocity 𝑣𝑧 (bottom row) is out of the page while a negative (blue) z-

component is into the page.  A positive (red) x-component 𝑣𝑥 (second row) represents 

flow to the right while a negative (blue) represents flow to the left.  A positive (red) y-

component 𝑣𝑦 (third row) represents flow up the page and a negative (blue) component 

represents flow down the page. 
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Figure 6.9 illustrates MRI flow visualization within the OneLink NC (see 

Appendix A for all locations).  In the sudden contraction at plane 1 there is a jetting of 

the axial component of velocity as it enters a constriction and radially inward secondary 

flows are generated.  The secondary flows in the x-direction are up to 58% for 𝑣𝑥/𝑣𝑧 and 

63% for 𝑣𝑦/𝑣𝑧 showing the flow inward toward the contraction.  The flow in plane 2 and 

3 indicates a pentagonal array of flow channels.  The flow in the vortices of the pentagon 

are not uniform with higher and lower velocities.  The 𝑣𝑥 and 𝑣𝑦 components indicate a 

complex secondary flow pattern within the structure.  The flow out of this pentagonal 

structure at plane 4 enters a non-axial channel oriented along the x-axis.  𝑣𝑥 shows 

asymmetric inward flows while 𝑣𝑦 is an impinging flow with the same flow orientation in 

both channels.  The secondary x-direction velocity ratio is 264% for 𝑣𝑥/𝑣𝑧 and the 

secondary y-direction velocity ratio is up to 150% for 𝑣𝑦/𝑣𝑧. 
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Figure 6.9.  Velocity profiles for 4 axial (cross-sectional) slices in the OneLink NC 

acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white dashed line 

in the schematic, three velocity components and total velocity maps are shown.  A 

positive (red) axial velocity 𝑣𝑧 (bottom row) is out of the page while a negative (blue) z-

component is into the page.  A positive (red) x-component 𝑣𝑥 (second row) represents 

flow to the right while a negative (blue) represents flow to the left.  A positive (red) y-

component 𝑣𝑦 (third row) represents flow up the page and a negative (blue) component 

represents flow down the page. 
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Conclusions 

 

 

The data presented here demonstrate the detailed information MRI velocimetry 

can provide through spatial resolution of flow patterns in medical needleless connectors 

for catheters.  The spatial variations in velocity due to varying medical device design are 

quantitatively measured and indicate the complex flow paths taken by fluid transiting the 

device.  Non-axial, secondary flows are significant in all 6 NCs due to contractions, 

expansions and non-axial flow channels.  The results demonstrate the ability of MRI 

velocimetry to provide baseline data for further colloid and bacterial transport studies and 

CFD code validation. 
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MRI VELOCIMETRY STUDY OF METAL CONTAINING FLUID FLOW 

 

THROUGH CHANNELS IN ALGINATE GELS 

 

 

Introduction 

 

 

Alginate has found a wide range of commercial applications such as a thickening 

and stabilizing component in the food and drink industry [1], and as a swelling, gelling 

and impression material in pharmaceutical [2] and dental industries [3].  Researchers also 

use it as a tissue surrogate model [4, 5] in biomedical and drug delivery technology.  

Environmental engineers have become interested in using it to research the process of 

how metal ions are transported through the earth’s subsurface [6, 7].  Due to its ability to 

absorb water rapidly, alginate and alginate-based biosorbents can be used as a 

synthesized medium to trap the heavy-metal contaminants from polluted industrial water 

[8, 9].  Specifically, calcium alginate gels can be used as adsorbents for copper recovery 

from aqueous solutions [10-12]. 

Nuclear magnetic resonance (NMR) has been used as a non-destructive method to 

characterize heavy metal uptake in alginate-based biosorbents [8, 13-16] and dynamics 

processes involving heavy metal ions in the alginate gel matrix and capillaries [17-19].  A 

full understanding of metal diffusion and ion exchange processes through the gel 

subsurface and the mechanism of metal binding in the polymer gel matrix is of great 

interest.  The details of local fluid flow and ion exchange mechanisms from capillaries in 

a gel matrix are crucial for the understanding of diffusion and dispersion mechanisms in 
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alginate gels.  This study uses dynamic NMR imaging techniques for the investigation of 

flow profiles in gel capillaries. 

 

Theory 

 

 

Alginate is a naturally forming copolymer polysaccharide which contains alginic 

acid and alginic acid salts.  This natural polymer can be extracted from brown seaweed as 

an insoluble mix of alginic acid salts and then processed into a soluble salt mix for further 

commercial use.  Alginate is also isolated as a biopolymer from certain types of bacteria, 

such as the mucoid strain of Pseudomonas aeruginosa [20].   

Alginate is widely used for a variety of purposes due to its physicochemical 

properties and low toxicity.  Alginates are copolymers formed from α-L-guluronate 

residues (G-units) (Figure 7.1a) and β-D-mannuronate residues (M-units) (Figure 7.1b) 

[21]. 

These monomers are arranged in the chain as (-M-)n, (G-)n, and (-MG-)n blocks 

forming a linear polysaccharide structure.  There is no obvious pattern or sequence of 

blocks along the polymer chain and the specific structure in alginates has not been 

determined.  However, it is well-known that mannuronic acid to guluronic acid ratio 

(M:G ratio) is an important characteristic responsible for different structures and physical 

gel properties [22]. 
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Figure 7.1.  Alginate molecular structure: a) α-L-guluronate (G-units), b) and β-D-

mannuronate (M-units). 

 

 

Alginic acid is the main component of the linear unbranched alginate polymer 

chain of brown algae.  The carboxylic group of alginates, sulfonic group of fucoidan, and 

hydroxyl groups are identified as the most significant functional groups involved in the 

complex mechanism of metal cation binding [23].  The molecular structure of the 

guluronic acid residues dictates a certain distance between the carboxylic and the 

hydroxyl groups [23].  These structural features of the monomer blocks are responsible 

for the chelation process and metal binding selectivity.  The distance between two 

functional groups can explain the degree of molecular coordination of certain types of 

metal ions, such as calcium ions, that tightly bind with alginate polymeric chains forming 

new three-dimensional gel structures [24].  The activity of binding sites and the solubility 

of metal complexes are strongly affected by the pH level.  The metal precipitation 

increases with increasing pH, which changes the solid-liquid interface and number of 

binding sites available for metal cations [25]. 

The addition of divalent ions of a metal such as calcium Ca2+ or copper Cu2+ to 

alginate solution promotes a three-dimensional network formation called the egg-box 
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model [24].  The electrostatic interactions and ion exchange mechanism force G-units to 

cross-link with metal ions [26].  This alginate “zigzag” structure depends upon its 

polymer composition.  Haug et al. [27] reported varying alginate gel binding selectivity 

and affinity in ion-exchange reactions with divalent metal cations.  Their experimental 

study has demonstrated that binding affinity of alginate-based biosorbents for metal 

cations, such as Pb2+, Cu2+, Cd2+, Zn2+, Ca2+ increases with increased guluronic acid 

residues depending on molecular conformation. 

Alginate is generally known as a highly water-soluble polysaccharide [28].  

Additionally, as mentioned earlier, this biopolymer is selective for multivalent metal 

cations and is characterized as the active adsorbent.  Due to these properties, there is 

increased interest in studying this natural polysaccharide as an efficient adsorbent 

material for removal of heavy metals from contaminated water. 

The ion-exchange mechanism is dominant in the heavy metal uptake experiment 

[29] and knowledge of the kinetics of polymer-metal binding is crucial for industrial 

processes and their operating conditions.  There are a few models proposed in the 

literature describing the transport of divalent metal ions in alginate systems [10, 12, 30, 

31]  These studies investigated Ca2+-based alginate gels and observed the replacement of 

divalent Ca2+ cations with Cu2+ cations. 

Jang et al. [30] and Chen et al. [31] published experimental results of copper 

absorption by alginate-based materials and proposed two ion-exchange models that both 

take chemical reaction and diffusion into account.  Jodra et al. [12] improved these 

models and proposed a new model that describes equilibrium of metal cations recovery.  
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This model includes the chemical conditions in the gel phase and concentration factor 

according to Donnan equilibrium theory.  These three models are discussed below. 

The shrinking core model, or shell progressive model (SCM), proposed by Jang et 

al. [30] assumes that freely diffusing metal cations are involved in an irreversible reaction 

at the core-shell interface of the biopolymer.  This reaction has a rate exceeding the metal 

cation diffusion rate and the surface of the shrinking core becomes inert to freely 

diffusing metal ions. 

Rao and Gupta [32] derived the following expression describing the SCM 

1 − 3(1 − 𝑋𝑡)
2

3 + 2(1 − 𝑋𝑡) =
6𝐷

𝑅2𝐶0 ∫ 𝐶𝑡𝑑𝑡
𝑡

0
   (7.1) 

where 𝑋𝑡 is the extent of reaction, 𝐶𝑡 the concentration of free metal in solution at time t 

(mol/m3), 𝐶0 is the average Cu2+ binding site density of the alginate gel (mol/m3), 𝐷 the 

biopolymer diffusion coefficient (m2/s), and 𝑅 the bead radius (m).  The description of 

the SCM model introduces the metal ion concentration as a diffusion driven gradient. 

In contrast, the linear absorption model (LAM) studied by Chen et al. [31] states 

that there is a linearly proportional dependence of the concentration of metal ions 

involved in polymer-metal binding and the concentration of freely moving cations.  Chen 

et al. found agreement with Jang et al. in that the chemical reaction rate is much faster 

than the metal ion diffusion rate.  According to LAM, there are reaction sites in the 

biopolymer matrix that are always available for occupation by metal ions. 

In 2001 Jodra et al. [12] proposed a new equilibrium model that assumes a 

stoichiometric relationship between the concentration of divalent metal ions released 

from the gel phase to the solution and the concentration of heavy metal ions enclosed in 
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the gel matrix.  This model states there is a certain amount of calcium ions that can be 

released from the gel phase by a given number of heavy metal ions.  A concentration 

factor obtained from Donnan theory is taken into account for the mathematical derivation 

of the concentration factors (see ref. [12] for derivation details).  The divalent metal 

cation adsorption by the gel phase and the related equilibrium constant are represented by 

equations 7.2-7.4 

2𝑅− + 𝑀2+ ↔ 𝑅2𝑀     𝐾𝑀 =
𝑞𝑀

𝑞𝑅
2 �̅�𝑀

     (7.2) 

2𝑅− + 𝐶𝑎2+ ↔ 𝑅2𝐶𝑎     𝐾𝐶𝑎 =
𝑞𝐶𝑎

𝑞𝑅
2 �̅�𝐶𝑎

    (7.3) 

𝑅− + 𝐻+ ↔ 𝑅2𝑀    𝛽𝑅𝐻=  
1

𝐾𝑎
=

𝑞𝐻

𝑞𝑅�̅�𝑀
    (7.4) 

where 𝑞𝑅 is the dissociated functional group (mol/kg dry algNa), 𝑞𝐻 the protonated 

functional group (mol/kg dry algNa), 𝑞𝑀 the chelated functional group (mol/kg dry 

algNa), 𝐾 the equilibrium constant, 𝐶̅ the solution concentration of metal (mol/L), βRH 

the protonation constant of the functional groups, and the suffix “Ca” and “M” refer to 

calcium and heavy metal ions, respectively. 

Equations 7.5-7.8 describe the concentration of the chemically bound metal, M, 

Ca, proton ions, H into the gel and the number of free functional groups, R 

𝑞𝑀 =
𝑄𝐾𝑀�̅�𝑀

(
1

2𝑞𝑅
)(1+𝛽𝑅𝐻�̅�𝐻)+𝐾𝑀�̅�𝑀+𝐾𝐶𝑎�̅�𝐶𝑎

    (7.5) 

𝑞𝐶𝑎 =
𝑄𝐾𝐶𝑎�̅�𝐶𝑎

(
1

2𝑞𝑅
)(1+𝛽𝑅𝐻�̅�𝐻)+𝐾𝑀�̅�𝑀+𝐾𝐶𝑎�̅�𝐶𝑎

    (7.6) 

𝑞𝐻 =
𝑄𝛽𝑅𝐻�̅�𝐻

1

2
(1+𝛽𝑅𝐻�̅�𝐻)+𝑞𝑅(𝐾𝑀�̅�𝑀+𝐾𝐶𝑎�̅�𝐶𝑎)

    (7.7) 
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𝑞𝑅 =
(1+𝛽𝑅𝐻�̅�𝐻)+[(1+𝛽𝑅𝐻�̅�𝐻)2+16𝑄(𝐾𝑀�̅�𝑀+𝐾𝐶𝑎�̅�𝐶𝑎)]

1
2

4(𝐾𝑀�̅�𝑀+𝐾𝐶𝑎�̅�𝐶𝑎)
  (7.8) 

where 𝑄 is the total amount of functional groups. 

The experimental results of Jodra et al. also showed that the variation of the water 

content in the gel affects the ion exchange mechanism followed by a change in the gel 

phase volume. 

In this study MRI was applied as a non-destructive method for fluid flow studies 

in capillaries made in alginate gel.  The experimental results provided quantitative 

velocity data for comparison of ion exchange induced flow behavior in the case of 

flowing fluid containing Ca2+ and Cu2+ cations through a Ca2+ based gel. 

 

Materials and Methods 

 

 

Materials 

 

The alginate gel was formed from the interaction of 1.5 wt% alginate solution and 

0.5 M calcium chloride solution (CaCl2).  1.5 wt% alginate solution in a 0.1 M sodium 

chloride (NaCl) was prepared by dissolving sodium alginate powder (Acros Organics, 

Geel, Belgium) and sodium chloride (NaCl) (Sigma-Aldrich, St. Louis, MO, USA) in 

deionized water under constant stirring at room temperature.  The solution was stored at 

4°C in order to prevent bacterial growth.  The 0.5 M CaCl2 ion solution was prepared by 

dissolving calcium chloride (Sigma-Aldrich, St. Louis, MO, USA) in deionized water. 

Prior to preparing the gel samples, 10 mm outer diameter (OD) NMR test tubes 

were cut to a length of 11 cm creating two open ends. The glass tubes were coated with 

1.5 wt% alginate solution and left to dry in a furnace for an hour at 110°C. This 



149 
 

procedure was repeated two more times to ensure that the gel formed from the reaction 

between the alginate solution and CaCl2 solution completely adhered to the tube walls.  A 

solid plastic plug was inserted from one open end to the center of the glass tube.  Two 1.5 

mm OD glass capillary tubes were placed in the center to form capillaries which 

penetrate the entire sample.  1.5 mL of 1.5 wt% alginate solution was placed in the NMR 

tube and allowed to degas in the refrigerator overnight.  Approximately 3 ml of 0.5 M 

calcium chloride solution was slowly added on top of the alginate solution and left to sit 

on the counter as the gel formed. Once the gel was formed, the glass capillary tubes were 

removed from the sample, forming a 1.5 mm ID gel welled capillary flow channel.   

 

Magnetic Resonance Experiments 

 

MRI data were acquired on a Bruker 250 MHz vertical wide bore spectrometer 

equipped with a Micro 2.5 three-dimensional gradient probe (1.493 T/m at 60 A) and a 

10 mm diameter 1H radiofrequency (rf) coil.  Velocity and relaxation time weighted maps 

of the system during fluid flow in alginate gels.  All experiments were conducted at 20°C.   

The pulsed gradient spin echo (PGSE) velocity encoding sequence shown in 

Figure 7.2 was used to obtain spatially resolved z velocity component maps.  The 

combination of the standard imaging pulse sequence containing the imaging gradient 𝑮 

employed for spatial position 𝒓 encoding and PGSE pulse sequence that includes gradient 

𝒈 to encode displacement from 𝒓 to 𝒓′ over time ∆.  Dynamic displacement 𝑹 = 𝒓′ − 𝒓 

encoding gives a signal with the net accumulated phase 𝜙 = 𝛾𝛿𝒈𝑹.  The velocity can be 

calculated with the measured phase and known values of 𝛿, ∆, and 𝒈. 
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Figure 7.2.  Single PGSE motion-encoding sequence for velocity imaging. 

 

 

The result of the NMR experiment with position encoding 𝑮 and motion encoding 

𝒈 gradients is a signal mathematically given by 

𝑆(𝒈, 𝑮) = ∫ 𝜌(𝒓)𝐸∆(𝒈, 𝒓) exp(𝑖𝛾𝑮𝑡𝐺 ∙ 𝒓) 𝑑𝒓 (7.9) 

with a spin density 𝜌(𝒓) in the imaging voxel of finite volume 𝑑𝒓.  In terms of a dynamic 

reciprocal space vector 𝒒, the normalized echo signal is shown as 

𝐸∆(𝒒, 𝒓) = ∫ 𝑃�̅�(𝑹, ∆) exp(𝑖2𝜋𝒒 ∙ 𝑹) 𝑑𝑹  (7.10) 

where 𝐸∆(𝒒, 𝒓) is the echo signal normalized to the signal amplitude with 𝒒 = 0.  The 

propagator 𝑃�̅�(𝑹, ∆) gives the conditional probability that a spin has moved displacement 

distance 𝑹 during time ∆, for the image localized volume element. 

 

Experimental Set-Up 

 

The NMR tube with alginate gel sample in the middle and a packing of glass 

beads at the inlet and outlet for physical stabilization was connected to the flow system 
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shown in Figure 7.3.  0.5 M CaCl2 was flowed through the alginate gel sample prior to 

measurements being conducted in order to avoid air bubbles that could be trapped in 

artificial capillaries during the experimental setup.  A single tube with alginate gel sample 

was connected to a high-pressure liquid chromatography (HPLC) pump Pharmacia P-500 

(Pharmacia, Sweden) via silicone tubing at the inlet and water solutions were pumped to 

a reservoir at the outlet.  The fluid flow of 20 ml/hr was set up against gravity in order to 

avoid air bubble accumulation in the flow cell.  0.1 M calcium chloride (CaCl2) and 0.001 

M copper chloride (CuCl2) solutions were used for visualization of the reactive-advective 

transport study in alginate gels. 

 

 
Figure 7.3.  Alginate gel sample with glass bead pack at the inlet and outlet (a) and the 

experimental setup (b). 

 

 

The MRI experimental parameters used for measuring a single velocity profile are 

presented in Table 7.1.  MRI data were acquired for flow conditions in the z-direction of 

the 𝐵0 field (Figure 7.3b) with the volumetric flow rate of 20 ml/hr.  Initially 0.5 M 
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CaCl2 was flowing through the alginate gel sample prior to velocity imaging in order to 

avoid the air bubbles that might be trapped in gel capillaries during the time of 

experimental setup and maintain Ca2+ equilibrium.  The longitudinal image of a gel 

sample (not shown here) with a slice thickness of 2.0 mm and field of view (FOV) of 

30×10 mm was obtained for each experiment to ensure the artificial capillaries were 

filled with 0.5 M CaCl2 solution prior to performing flow measurements with 0.1 M 

CaCl2 and 0.001 M CuCl2. 

 

Table 7.1.  The MRI experimental parameters used to obtain a velocity map. 

Type of 

solution 

flowing 

through 

alginate gel 

 

Echo time,  

TE, ms 

Repetition 

time, TR, ms 

Number of 

averages 

Total 

acquisition 

time, hr 

0.1 M CaCl2 16.08 

 

2000 16 1.10 

0.001 M CuCl2 16.08 

 

800 32 0.90 

 

 

A series of transverse cross-sectional velocity images with a slice thicknesses of 

1.0 mm and FOV of 10×10 mm over 64×64 pixels, for a spatial resolution of 156×156 

µm/pixel, was obtained for cases of 0.1 M CaCl2 and 0.001 M CuCl2 flowing through the 

alginate gels.  A gradient pulse duration time 𝛿=1.0 ms and gradient pulse separation 

time ∆=10.841 ms were used for motion encoding with gradient amplitude of 0.06 T/m.  

Data was Fourier transformed for each spatial image pixel in the 𝒒-space that describes 

dynamics phase spin behavior.  The Prospa software package (Magritek, New Zealand) 
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was employed to obtain the velocity images and these were imported into MatLab 

(MathWorks, Natick, MA) for presentation. 

 

Results and Discussion 

 

 

0.1 M CaCl2 and 0.001 M CuCl2 flow through calcium based alginate gel were 

separately studied by mapping the axial velocity component 𝑣𝑧.  Figure 7.4 demonstrates 

signal intensity distribution of hydrogen in a calcium alginate gel and velocity profiles 

over the time of exposure to 0.1 M CaCl2.  The MRI intensity is proportional to water 

concentration and water environment, so whilst not a direct quantitative map of the water 

concentration, the MR images provide qualitative representation of the sample.  The MRI 

intensity is denoted by colors according to provided color bars.  The two bright red 

circular zones are the regions with flowing solution (Fig. 7.4 (a)).  The results of axial 

velocity imaging of fluid flow are presented in Fig. 7.4 (b).  The experimental results 

indicate no significant change in velocity and capillary radius over the experimental time.   
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Figure 7.4.  MR images (a) and velocity profiles (b) over increasing time of alginate gel 

exposure to Ca2+.  For each velocity map, z-direction velocities are averaged over 0.5 mm 

thickness slice for increasing time of alginate gel exposure to Ca2+ metal cations.  Artifact 

phenomenon is observed along the middle line of the sample due to flow. 

 

 

Figure 7.5 demonstrates signal intensity distribution of hydrogen in calcium 

alginate gel and velocity profiles over the time of exposure to 0.001 M CuCl2.  Fig 7.5 (a) 

demonstrates an inhomogeneous displacement of Ca2+ by Cu2+ ions and non-uniform 

distribution of Cu2+ ions in alginate gel matrix.  These regions are indicated by increased 

brightness due to a signal coming from hydrogen characterized by shorter relaxation time 

due to contact with Cu2+ ions.   
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Figure 7.5.  MR images (a) and velocity profiles (b) over increasing time of alginate gel 

exposure to Cu2+.  For each velocity map, z-direction velocities are averaged over 0.5 

mm thickness slice for increasing time of alginate gel exposure to Cu2+ metal cations.  

Artifact phenomenon is observed along the middle line of the sample due to flow.  Note 

that the black dotted circle on the velocity image indicates the original capillary size. 

 

 

The intensity images for experiments with Cu2+ ions show a bright zone, or reaction 

front, between the region of flow indicated as bright red and dark blue gel matrix that did 

not participate in the metal exchange reaction.  Nestle and Kimmich in their study [33] of 

heavy metal absorption in alginate, biosorbents and kombu algal biomass observed a 

similar reaction front.  They concluded that it was not possible to apply the SCM 

described earlier in this chapter to accurately explain reaction front phenomenon.  The 
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original capillary size at 1.8 hr of experimental time was marked with the black dotted 

circle (Fig. 7.5 (b)).  The evaluation of capillary radius shows a radius increase of 12% in 

the left capillary and 17% in the right capillary.  Fig. 7.5 (b) indicates an obvious 

decrease in fluid velocity over the experimental time.  Copper is known as a heavy metal 

with one of the highest retention capacity values.  Jodra and Mijangos in their study of 

ion exchange in alginate gels [12] observed shrinking of the alginate gel spheres while 

the Ca2+ ions were displaced and Cu2+ ions were retained in alginate.  In case of Cu2+ 

cations introduced to the sample, the increased capillary size followed by decreased fluid 

velocity can be explained by shrinking of the alginate gel matrix. 

 

Conclusions 

 

 

Fluid flow of Ca2+ and Cu2+ containing solutions through calcium alginate gels 

has been visualized using the NMR velocimetry technique.  In the case of divalent copper 

cations exposure to calcium-based alginate gel, the observed enlarged radius and 

decreased average velocity value can be explained by a replacement of Ca2+ ions by Cu2+ 

cations followed by shrinking of alginate gel matrix.  No change in capillary radius and 

velocity was observed while introducing a 0.1 M CaCl2 solution.  The water content in 

the alginate matrix can be replaced by Ca2+ ions attributing to a minor change in radius 

and velocity and no gel expansion was observed. 
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CONCLUSIONS 

 

 

All work outlined in this thesis demonstrates the uniqueness of NMR to describe 

fluid transport in detail for opaque systems or systems with complicated internal design.  

This thesis presents the design, experimental setup and experimental results for high field 

NMR studies of diffusion coefficient measurements and velocity maps.  The results 

demonstrate the ability of NMR to provide information about internal structures and 

transport properties in a non-invasive way in complex systems. 

NMR PGSTE techniques combined with EOF were used to study diffusion and 

dispersion coefficients as a function of observation time in closed glass bead packs.  This 

study includes collaborative work with Dr. R. S. Maier whose lattice-Boltzmann 

simulations in closed and open bead packs provided detailed insight on fluid transport in 

porous systems to compare to the experimental results.  Dispersion coefficients in the 

absence and in the presence of flow were measured via NMR in five different sizes of 

borosilicate glass spheres, ranging in mean diameter from 30 µm to 1000 µm.  It was 

concluded that where induced backflow is significant, EOF has the potential to induce 

structural changes in an unconsolidated medium.  In smaller spheres, reverse flow 

velocities may reach the minimum fluidization velocity and induce bed movement.  

Cohesive forces are also significant below this diameter, and while they may inhibit 

fluidization, particle aggregation may also contribute to heterogeneities in the pack 

structure, leading to superdiffusive behavior.  The potential for structural change appears 

greatest for particle sizes less than 100 µm, where cohesive forces begin to balance 

gravitational forces, and where typical EOF velocities are sufficient for fluidization. 
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NMR PGSTE techniques were used to study fluid transport and structural changes 

in a hydrating cement paste in a closed cell.  This study includes collaborative work with 

Dr. E. G. Lauchnor who provided 3D structural models of hydrated cement samples after 

the eNMR experiments using the micro-CT scan imaging method.  Her results show EOF 

induced the formation of macrovoids in all closed hydrated cement samples.  Most likely, 

the macrovoids were initially formed by the pressure of released gas volumes, the result 

of the electrolysis of water at early stages of cement hydration.  The dispersion NMR 

measurements are comparable to diffusion measurements without EOF, indicating the 

macrovoid structure was not fully saturated with pore fluid and so did not contribute to 

the NMR signal. 

MRI velocimetry was applied as a non-invasive and non-destructive technique to 

acquire spatial velocity maps of fluid flow in a range of needleless connectors (NCs), 

commonly used medical devices with complicated internal design.  The spatial variations 

in velocity due to varying medical device design are quantitatively measured and indicate 

the complex flow paths taken by molecules transiting the device.  Non-axial, secondary 

flows are significant in all NCs due to contractions, expansions, and non-axial flow 

channels.  The results demonstrate the ability of MRI velocimetry to provide baseline 

data for further colloid and bacterial transport studies and CFD code validation. 

MRI velocimetry was applied as a non-invasive method to visualize Ca2+ and 

Cu2+ containing fluid flow in calcium-based alginate gel capillaries.  Capillary radius and 

velocity change differ for fluid containing Ca2+ cations and fluid containing Cu2+ cations.  
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The experimental results of this work show velocity changes in gel capillaries are caused 

by the ion exchange processes followed by gel structural changes. 

NMR has proven to be an efficient method to obtain information about internal 

structures and transport properties, such as diffusion, dispersion, and velocity.  This 

dissertation demonstrates the potential of NMR to provide new insights based on fluid 

transport measurements that underlie many applications in the medical field as well as in 

chemical and environmental engineering. 
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VELOCITY CROSS-SECTIONAL IMAGES IN NEEDLELESS CONNECTORS 

 

 

The fluid velocity profiles were obtained at a minimum of six cross-sectional 

positions in each NC using different directions of spatial encoding. 

 

 
Figure A.1.  Velocity profiles for 8 axial (cross-sectional) slices in the MaxPlus NC 

acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white dashed line 

in the schematic, three velocity components and total velocity maps are shown.  A 

positive (red) axial velocity 𝑣𝑧 (third column) is out of the page while a negative (blue) z-

component is into the page.  A positive (red) x-component 𝑣𝑥 (first column) represents 

flow to the right while a negative (blue) represents flow to the left.  A positive (red) y-

component 𝑣𝑦 (second column) represents flow up the page and a negative (blue) 

component represents flow down the page. 
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Figure A.2.  Velocity profiles for 7 axial (cross-sectional) slices in the BD Q-Syte NC 

acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white dashed line 

in the schematic, three velocity components and total velocity maps are shown.  A 

positive (red) axial velocity 𝑣𝑧 (third column) is out of the page while a negative (blue) z-

component is into the page.  A positive (red) x-component 𝑣𝑥 (first column) represents 

flow to the right while a negative (blue) represents flow to the left.  A positive (red) y-

component 𝑣𝑦 (second column) represents flow up the page and a negative (blue) 

component represents flow down the page. 
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Figure A.3.  Velocity profiles for 8 axial (cross-sectional) slices in the SmartSite NC 

acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white dashed line 

in the schematic, three velocity components and total velocity maps are shown.  A 

positive (red) axial velocity 𝑣𝑧 (third column) is out of the page while a negative (blue) z-

component is into the page.  A positive (red) x-component 𝑣𝑥 (first column) represents 

flow to the right while a negative (blue) represents flow to the left.  A positive (red) y-

component 𝑣𝑦 (second column) represents flow up the page and a negative (blue) 

component represents flow down the page. 
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Figure A.4.  Velocity profiles for 6 axial (cross-sectional) slices in the MicroClave 

Neutral NC acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white 

dashed line in the schematic, three velocity components and total velocity maps are 

shown.  A positive (red) axial velocity 𝑣𝑧 (third column) is out of the page while a 

negative (blue) z-component is into the page.  A positive (red) x-component 𝑣𝑥 (first 

column) represents flow to the right while a negative (blue) represents flow to the left.  A 

positive (red) y-component 𝑣𝑦 (second column) represents flow up the page and a 

negative (blue) component represents flow down the page. 
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Figure A.5.  Velocity profiles for 9 axial (cross-sectional) slices in the Neutron NC 

acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white dashed line 

in the schematic, three velocity components and total velocity maps are shown.  A 

positive (red) axial velocity 𝑣𝑧 (third column) is out of the page while a negative (blue) z-

component is into the page.  A positive (red) x-component 𝑣𝑥 (first column) represents 

flow to the right while a negative (blue) represents flow to the left.  A positive (red) y-

component 𝑣𝑦 (second column) represents flow up the page and a negative (blue) 

component represents flow down the page. 
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Figure A.6.  Velocity profiles for 8 axial (cross-sectional) slices in the OneLink NC 

acquired by MRI.  For each slice of 0.5 mm thickness indicated by the white dashed line 

in the schematic, three velocity components and total velocity maps are shown.  A 

positive (red) axial velocity 𝑣𝑧 (third column) is out of the page while a negative (blue) z-

component is into the page.  A positive (red) x-component 𝑣𝑥 (first column) represents 

flow to the right while a negative (blue) represents flow to the left.  A positive (red) y-

component 𝑣𝑦 (second column) represents flow up the page and a negative (blue) 

component represents flow down the page. 

 

 


