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Abstract
Magnetic resonance (MR) is finding increasing use in chemical engi-
neering research. The real power of MR techniques is that by bringing
together spectroscopy, diffusion, micro-imaging and flow imaging, we
have a non-invasive, chemically-specific measurement technique that can
characterise a system over length-scales ranging from Å to the cm-scale.
The aims of this chapter are two-fold: first, to outline the principles of
MR measurements such that they are presented as an integrated set of
measurements clearly based on the same physicochemical phenomena;
and second, to highlight the recent advances in the field, with a focus on
the development of measurement techniques with immediate application
to chemical engineering research. The power of bringing together the full
range of MR measurements to address phenomena occurring over mul-
tiple length-scales is illustrated using examples taken from the field of
chemical reaction engineering.
I. Introduction
In recent years there have been notable developments in measurement science
and technology, particularly in applications of non-invasive measurement tech-
niques to the chemical and process industries. This interest in implementing
modern metrology for the study of multi-component, multi-phase systems is
likely to be central to the development of many aspects of chemical engineering
research in the coming years. Techniques already established in use include
g- and X-ray absorption, ultrasound attenuation, laser and phase Doppler an-
emometry, particle-imaging velocimetry and capacitance tomography (Boyer
et al., 2002). Of course, there remains significant opportunity to identify new
applications of such techniques and to assess and improve the accuracy and
spatial and temporal resolution of these measurements, as well as to use these
new data to aid in the development and validation of new theoretical or nu-
merical approaches. This chapter focuses on recent developments in magnetic
resonance (MR) applications in chemical engineering research, the majority of
the examples being drawn from ongoing work in our own research laboratory.
MR is a measurement technique that is particularly well suited to providing
insight at multiple length-scales. Until recently, each ‘‘family’’ of MR tech-
niques tended to be found in different fields of research. For example, MR
spectroscopy (usually referred to as nuclear magnetic resonance, or NMR,
spectroscopy) was a tool in common use by chemists and to some extent phys-
icists, while MR imaging (or MRI) was the domain of the medical physicist.



QUANTIFYING PHYSICS AND CHEMISTRY AT MULTIPLE LENGTH-SCALES 65
MR diffusion measurements, usually referred to as pulsed field gradient (PFG)
or pulsed gradient spin echo (PGSE) techniques, tended to be a niche area of
activity undertaken by particular research groups in physics and chemistry lab-
oratories around the world. Clearly, given that these techniques are all based on
the phenomenon of the resonant excitation of the nuclear spin system, they can
all be applied to a given sample within the same sample environment. In many
cases, combinations of MR measurements can be integrated into a single MR
experiment. For example, why not image (i.e. spatially resolve) a spectroscopic
or diffusion measurement? It is when the whole family of MR techniques is
brought together that MR has its greatest impact on chemical engineering re-
search, particularly at the level of Å- to cm-scale physical and chemical proc-
esses. It is therefore timely that an article is dedicated to the recent
developments made in this field and their proven and potential applications.

In addition to the ability of MR to probe a hierarchy of length-scales in a
range of systems, the field has been given additional impetus by the development
and implementation of ‘‘fast’’ data acquisition techniques. These will be dis-
cussed in detail in this chapter. The key development has been to reduce data
acquisition times from tens of minutes to tens of milliseconds, making study of
the unsteady state possible while retaining all the attributes of chemical
specificity, non-invasiveness and transport measurement capability inherent to
MR methods. Two major themes are covered in this chapter. First, the recent
technical developments in fast data acquisition will be explained and illustrated.
Second, an applications focus will be developed: we will look at one case study
in particular—that of a fixed-bed catalytic reactor—and review the nature of
information that can be obtained over the range of length-scales characterising
the system.

Before introducing the principles of MR methods it will be useful to illustrate
the multi-scale nature of MR measurements with examples of relevance to
chemical engineering that fall outside the scope of the main case study of re-
action engineering. The first of these is the field of Rheo–NMR. The current
state of the art integrates conventional rheological measurements with MR
experimentation. Commercially available sample environments can be pur-
chased such that, for example, a cone-and-plate rheology measurement can be
performed in situ within the MR magnet, thereby enabling an image of the
velocity field within the sample to be acquired during shear. This new type of
Rheo–NMR measurement has already produced some important insights. For
example, Britton and Callaghan (1997) reported visualisations of anomalous
behaviour such as apparent slip, shear banding and fracture during shear
measurement in worm-like surfactants (Fig. 1). Quite apart from the interesting
rheology under study, this result demonstrates how MR imaging can give us
new insights into the limitations of our day-to-day ‘‘macroscopic’’ materials
characterisation techniques—in this case, the cone-and-plate rheometer. Obvi-
ous questions are: Is the rheometric characterisation provided by the conven-
tional cone-and-plate device giving us all the relevant information about the



FIG. 1. (a) Velocity image and (b) shear rate map for a worm-like surfactant in a 41 cone gap, at a

shear rate of 16 s�1 (above critical shear rate). A distinct deviation from a linear velocity gradient

and shear banding are observed. The velocity scale lies between the limits 712mm/s and the shear

rate between 757 s�1. Reproduced with permission from Britton and Callaghan (1997).
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in-use properties of our material? How can we use this new information in
optimising product and process performance? In situ Rheo–NMR studies can
also be combined with in situ MR spectroscopy, which then allows us to char-
acterise molecular re-arrangements occurring during shear; such data sets have
enormous potential value in testing and validating theoretical models of pol-
ymer rheology (e.g. Cormier et al., 2001; Cormier and Callaghan, 2002). At
larger length-scales, process applications of Rheo–NMR have been demon-
strated with, for example, routine in-line monitoring of shear viscosity–shear
rate data (Arola et al., 1997; Powell et al., 1994). The effect of shear on the
structural evolution of multi-phase systems during processing operations can
also be probed (Altobelli et al., 1997).

A different area of application of MR is that of solids flow. Visualisation of
the distribution of solids within vessels by conventional means is limited by
opacity; therefore, MR provides one of the few means to visualise structure in
particulate arrays and the flow of solids. MR studies of solids are limited to the
study of materials that give a detectable MR signal under the relevant exper-
imental conditions—this usually restricts studies to particles that have a liquid-
like (i.e. relatively long spin–spin relaxation time—to be discussed later in Sec-
tion II.B) core. Typical systems are oil-filled plastic beads or seeds which have a
naturally high oil content. Early studies focussed on imaging the particle dis-
tribution at rest within the container, following perturbations to the system.
Such studies have been able to probe convection phenomena within granular
systems resulting from vibrations of granular beds (Ehrichs et al., 1995) and to
follow the evolution of segregation in rotating granular flow (Hill et al., 1997).
Imaging measurements have also been reported while motion is occurring. For
example, Seymour et al. (2000) have imaged spatial distributions of collisional
correlation times during three-dimensional (3-D) granular flow in a horizontal
rotating cylinder. A further example has been reported by Metcalfe et al. (1999),
who reported results of experiments designed to investigate axial transport and
core formation in granular systems. Figure 2 shows some images reported from
this study—the detail in the internal structure of the bed is clearly seen. MR



(a) (b) (c)

FIG. 2. Central slice of a rotating tube 75% full, with an aspect ratio of 3, comprising mustard

seeds (MR active) and polystyrene beads (MR inactive). The mustard seeds are identified as the light

grey pixels. The polystyrene beads give no signal intensity. In images (a)–(c) the mustard seeds and

polystyrene beads are seen to segregate rapidly but retain a non-mixing core region. Reproduced

with permission from Metcalfe et al. (1999).
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imaging has also been used to visualise formation of bands of high shear within
vibrating granular beds (Caprihan et al., 1997), and to quantify the time-av-
eraged density variations and the random motion of granular particles in the
presence of gas flow in a model gas-fluidised bed reactor (Savelsberg et al.,
2002). Although not performing a spatially resolved (imaging) experiment,
Yang et al. (2002) have used a pulsed field gradient stimulated echo technique to
measure the short time (3-D) displacement, density and granular temperature of
mustard seeds vibrated at 15 g in a vertical column of internal diameter 9.0mm.
The behaviour of the dense lower region of the sample was adequately described
by inelastic hard-sphere hydrodynamics. However, in the upper layers of the
sample, where the mean free path is long, the vertical and horizontal velocities
became decoupled, and these observations could not be predicted by current
theory.

Hopefully, these examples have given the reader not previously acquainted
with MR methods a feel for the potential uses of this field of measurement
science in their own research. However, to appreciate the wealth of information
that can be obtained from MR measurements, knowledge of the basic principles
of MR measurements is required. Therefore, the structure of this chapter is as
follows. In Section II, the principles of MR measurements will be described.
Sections III and IV report two areas of MR research in which developments of
immediate relevance to chemical engineering research have been made. Section
III addresses the technical developments made in the field of rapid data acqui-
sition, and examples of data acquired using these new techniques are given.
Areas of application are illustrated, examples being chosen from outside the
field of reaction engineering to broaden the scope of the chapter. Section IV is
dedicated to a case study of reaction engineering studied by MR over a range of
length-scales from the Å- and nm-scale behaviour of reactant molecules within
the catalyst and the nature of the active site and pore structure of the catalyst, to
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the macro-scale hydrodynamics characterising single- and two-phase flow with-
in a fixed-bed reactor packed with catalyst pellets. It is hoped that the reader
will see that the same combination of MR methods can be applied to many
areas of chemical engineering research including the optimisation of oil recovery
processes and the design and control of the manufacture of controlled release
pharmaceutical and agrochemical delivery systems, to name just two.

Before proceeding further, it is important that the limitations of MR meas-
urements are identified. In general, we assume that ferromagnetic and para-
magnetic systems cannot be studied. However, study of samples and sample
environments containing such materials (in small amounts) is sometimes pos-
sible. Clearly, from a practical point of view, large ferromagnetic objects cannot
be handled within and close to a superconducting magnet. However, sample
environments comprising modest amounts of aluminium and brass can be used.
With respect to the sample itself, the ability to study a given system is very
material-specific. Ferromagnetic and paramagnetic particles, present even at
parts per million levels, act to distort the local magnetic fields and relaxation
times within the sample, thereby making all studies based upon quantitative
analysis extremely difficult. However, depending on the nature of the informa-
tion that is of interest, systems containing such species can be addressed. MR is
also considered to be inherently insensitive compared with other spectroscopic
techniques; i.e. it takes 1015 nuclear spins to generate a detectable signal. For
this reason, gas-phase studies have been a rather specialist area. However, as we
will see later (Section III.E), gas-phase studies are now very much a reality with
respect to both direct gas-phase imaging and the use of gases as probe molecules
to characterise species adsorbed at interfaces.
II. Principles of MR Measurements
There are a large number of different MR techniques that, at first glance,
seem quite unrelated. Perhaps the simplest way to look at MR methods is to
recognise that they will fall into one of two categories—those that do not re-
quire any spatial resolution or positional encoding within the data, and those
that do. If you need to encode spatial information in some way, then in addition
to a basic MR experiment, which is typically performed in a large, supercon-
ducting magnetic field, additional smaller linear gradients in the magnetic field
will also be applied at some point during the measurement. This section is set
out as follows. In Section II.A, the concepts behind spatially unresolved and
spatially resolved experiments are introduced. The simplest MR measurement
records a signal proportional to the absolute number of nuclear spins within the
system; careful calibration of signal intensity against a reference sample con-
taining a known number of nuclear spins allows the absolute number of spins
present in the sample to be quantified which, in turn, yields the number of
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species of interest present. Extensions to the MR measurement allow the signal
obtained to give quantitative information on the physical–chemical environ-
ment of those spins as well as on the temperature and transport processes
associated with them—the principles of these measurements are presented in
Sections II.B–II.D. In Section II.E, the actual ‘‘working’’ formalism for under-
standing imaging experiments (known as ‘‘pulse sequences’’) is introduced, and
this is then used, in Section II.F, to introduce the principles of ‘‘fast’’ MR
measurements. There is no attempt here to give a detailed introduction to the
principles of MR techniques; the interested reader should refer to excellent texts
by Callaghan (1991) and Kimmich (1997). A very basic introduction to under-
standing MR spectroscopy measurements and simple imaging sequences
(Gladden, 1994) and a more recent, detailed review of fast imaging sequences
of relevance to chemical engineering (Mantle and Sederman, 2003) may also be
of interest.
A. SPATIALLY UNRESOLVED AND SPATIALLY RESOLVED EXPERIMENTS

1. Spatially Unresolved Measurements

A spatially unresolved experiment is usually taken to imply a spectroscopy
experiment, although relaxation time studies (Section II.B), transport (Section
II.C) and temperature (Section II.D) measurements are also often measured as
‘‘bulk’’ properties. The spatially unresolved spectroscopy experiment is the
simplest type of MR experiment, and the principles upon which this measure-
ment is based underpins all types of MR measurement, be they spatially un-
resolved or spatially resolved.

When a nucleus of non-zero nuclear spin quantum number is placed in an
external magnetic field (typically a superconducting magnetic field of 2–10T), its
nuclear spin energy levels become non-degenerate. As a result of this, at the
equilibrium state of the spin system, there exists a net magnetisation vector
aligned parallel to the direction of the external magnetic field, assumed to be
along the z-direction. By exposing the system to electromagnetic energy of ap-
propriate frequency (radio-frequency (r.f.)), a resonant absorption occurs be-
tween these nuclear spin energy levels. The specific frequency at which this
resonance occurs is called the resonance (or Larmor) frequency, and is pro-
portional to the strength of the external magnetic field, B0, used in the exper-
iment. The precise energy-level splitting is specific to a given isotope of an
element, and the resonance frequency (o0) is given by

o0 ¼ gB0 (1)

where g is the gyromagnetic ratio, which is an isotope-specific property. The
precise energy-level splitting is slightly modified by the electronic environment
of the nucleus under study; thus, o0 is also modified and becomes specific to
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individual molecules containing the element of interest. We can therefore take a
spectrum of a mixture of chemical species and identify the presence of particular
molecular species in that mixture (i.e. a conventional NMR or MR spectroscopy
experiment). In principle (see Section II.B), the measurement is quantitative; i.e.
following calibration we know exactly how much of each chemical species is
present. A standard way of representing the basic MR measurement is shown in
Fig. 3. Initially, the net magnetisation vector, M, is aligned along the direction
of the magnetic field. The action of the excitation pulse, in this case a pulse of
r.f. applied at right angles (along x0) to the direction of the superconducting field
is to rotate M about the x0-axis. In this example, the r.f. excitation is applied for
sufficient time so that M is rotated to lie along the y0-axis in the x0–y0 plane. If
this condition is met, the r.f. pulse is referred to as a p=2 (or 901) pulse; i.e. it has
rotated M through p=2 radians. These processes actually occur in the ‘‘rotating
frame’’ of reference (hence the primed symbol) which, in the laboratory frame,
precesses about the z-axis (i.e. about B0) at the Larmor frequency. This con-
FT

time

time

(ii)

(iii)

(iv)

x' x' x' x'

y' y' y' y'
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FIG. 3. The behaviour of the magnetisation vector (i) is shown in response to the application of a

single p=2 r.f. pulse along the x0-direction, (ii). The decay of the magnetisation vector in the x0–y0

plane yields the received time-domain signal, called the FID, shown in (iii). The result of a digital

Fourier transform of the FID is the spectrum shown in (iv). For a liquid-like sample, the full-width

at half-maximum-height of the spectral signal is 1=pT�
2 (see Section II.B).



QUANTIFYING PHYSICS AND CHEMISTRY AT MULTIPLE LENGTH-SCALES 71
vention is adopted to simplify the representation of the action of the r.f. pulses.
In this rotating frame representation, the MR time-domain signal, following r.f.
excitation, is measured by acquiring the signal (i.e. magnitude of the magnet-
isation vector) aligned along y0 as a function of time; this signal will decay with
time owing to the recovery of the magnetisation along z0 and, at shorter time-
scales, owing to the loss of phase coherence of the spin isochromats comprising
the net magnetisation vector along the y0-axis. These decay processes are termed
the spin–lattice and spin–spin relaxation processes and will be discussed further
in Section II.B. The decay of the magnetisation along the y0-axis is recorded as a
decaying voltage in a receiver coil. Fourier transform of this time-domain
signal, usually referred to as the free induction decay (FID) yields the frequency
domain spectral response in which the area under the spectral peak, following
appropriate calibration, gives a quantitative measure of the number of nuclear
spins associated with that spectral frequency (i.e. a quantitative measure
of the number of molecules of a given molecular species present). Thus, MR
is an intrinsically chemical-specific, quantitative measurement. This is the esse-
ntial attribute that makes it such a powerful tool in science and engineering
research.

2. Spatially Resolved Measurements

In the context of this chapter, spatial resolution refers to any MR measure-
ment that requires identification of the spatial location of nuclear spins. As
such, spatially resolved measurements include both imaging and transport
measurements. To achieve a spatially resolved measurement, the same physical
principles and experimental ‘‘excitation-acquire’’ strategies required for the
spatially unresolved measurements still apply. The basic spatially unresolved
experiment is still performed, but by applying a spatially varying magnetic field,
in addition to the large static field B0, the resonance frequency of species within
the sample becomes a function of their position along z and the strength of the
applied gradient. Thus, for a magnetic field gradient applied along the
zdirection, Gz:

oz ¼ g B0 þ Gzzð Þ (2)

Clearly, this is the basis of an imaging experiment; the measurement can be
calibrated such that the relationship between resonance frequency and spatial
position is known. Figure 4 illustrates the basic principles of an imaging ex-
periment. Without application of the linear gradient in the magnetic field we
perform a spatially unresolved experiment; i.e. the water in both test tubes
resonates at the same frequency. Therefore, we see only one MR signal, which is
a quantitative measure of the total amount of water in the two test tubes. Upon
application of the field gradient, the water at every spatial location along the
direction of that gradient has a different resonance frequency; therefore, we
acquire an FID that represents, after Fourier transformation, a 1-D spatial



field gradient

spatial separation, ∆z

no
gradient

frequency, ω

FT

with
gradient

frequency separation, ∆ω∆ω

ω

FT

FIG. 4. Consider two test tubes containing different amounts of water. Spatial resolution is ob-

tained by applying a linear gradient in the magnetic field, which makes the resonant frequency of the

nucleus of interest a function of its position in real space. Without the presence of the field gradient,

the water within the two tubes resonates at the same frequency and a single-peak spectrum is

obtained, the area under it being a quantitative measure of the total amount of water in the two

tubes. Upon application of the field gradient, the resonant frequency of the water molecules becomes

a function of their position along the direction of the applied field gradient. Fourier transform of the

acquired signal yields a 1-D profile of the amount of water present. The area under each ‘‘peak’’

gives the amount of water in each tube.
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projection (along the direction of the applied gradient) of the amount of
water in the two tubes. 2-D and 3-D images are acquired by applying gradients
in 2 and 3 orthogonal directions, respectively. However, just as importantly, we
see from Eq. (2) that if the application of a magnetic field gradient encodes a
given nucleus by its spatial position, then by developing a pulse sequence which
allows us to measure the change in position in a given time interval, we have the
basis of a MR measurement of transport. This is indeed the principle of the
majority of MR transport measurement techniques, e.g. PGSE, often called
PFG, measurements of molecular diffusion and MR flow-imaging measure-
ments. The detailed principles of transport measurements are described in Sec-
tion II.C.

In addition to measurements of ‘‘how much’’ and ‘‘what type’’ of chemical
species is present, modification of the MR experiment allows us to quantify the
physical state of that species (e.g. gas, liquid, gel, solid), temperature and, as has
just been alluded to, any incoherent or coherent transport processes within the
system of interest. By integrating any of these measurements into an imaging
experiment, we can spatially map these quantities or exploit the effect of these
characteristics on the magnitude or frequency of the MR signal to preferentially
observe sub-populations of spins within the system. In this latter application we
are exploiting so-called ‘‘contrast’’ mechanisms in the image acquisition. These
concepts will be illustrated in Sections II.B–II.D.



QUANTIFYING PHYSICS AND CHEMISTRY AT MULTIPLE LENGTH-SCALES 73
B. NUCLEAR SPIN RELAXATION TIMES

In the following section, the principles of nuclear spin relaxation processes
will be summarised and their use in data acquisition discussed. Following the
application of the r.f. excitation pulse, the nuclear spin system has excess energy.
To return to equilibrium the spin system has to recover its initial energy and
entropy states a process known as ‘‘relaxation’’. A number of different relax-
ation times characterise the mechanisms for the processes involved. The most
important are the spin–lattice relaxation (T1) and spin–spin relaxation (T2) time
constants. These time constants characterise the physicochemical environment
of the molecules being studied. T1, as the name suggests, characterises the en-
ergy exchange between the excited spin and the surrounding physical environ-
ment (i.e. the lattice), while T2 characterises the loss of phase coherence between
nuclear spins within the nuclear spin ensemble. If a system is characterised by a
very small T2 (e.g. many solids) it may not be possible to study it using MR; this
is the major limitation in imaging the solid state. Each chemical species will have
its own T1=T2 characteristics, and these will vary depending on the physical
state in which that species exists.

1. Spin–Lattice Relaxation, T1

As shown in Fig. 5, before application of the r.f. excitation pulse the net
magnetisation vector associated with the nuclear spin system is aligned along
the direction of the static magnetic field. It is the magnitude of this vector that
provides the quantitative measurement of the number of nuclear spins excited
within the sample. After excitation by a p/2 r.f. pulse applied along the x0-axis,
the magnetisation vector is rotated through p/2 to lie along the y0-axis. As soon
as the excitation stops, the system acts to return to equilibrium; this corresponds
to a monotonic increase in the magnitude of the magnetisation vector back
along z0 (�z) as a function of time. If we wait a short time, only a fraction of the
magnetisation will have been re-established along z0. If we wait �5–7 T1, the full
magnitude of the magnetisation will have recovered along z0. The magnitude of
the magnetisation vector along z0, Mz0, as a function of the ‘‘waiting’’ time, t,
can be written down analytically for any specific r.f. pulse sequence. Equation
(3) describes the recovery of the magnetisation back along z for a saturation
recovery pulse sequence:

Mz0 ðtÞ ¼ M0½1� expð�t=T1Þ� (3)

By recording Mz0 for a number of t values and fitting these data to Eq. (3), both
the T1 characterising the system and the value of M0 (which quantifies the
number of initially excited spins) are obtained. In a spatially resolved ‘‘relax-
ometry’’ experiment, images are acquired at different values of t, and a fit of Eq.
(3) to the intensity as a function of t, for the equivalent pixel, i, in each image
allows a complete map of M0i and T1i to be obtained. Thus, spatial variation in
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FIG. 5. (a) As described in Fig. 3, the action of the p=2 pulse (applied along the x0 direction) is to

rotate the magnetisation vector into the x0–y0 plane, along the y0-direction. The individual spin

isochromats then dephase in the x0–y0 plane, as shown by the increasing size of the shaded region

with time. (b) At timescales longer than T2, the magnetisation recovers back along the direction of

the magnetic field B0, with a characteristic time constant T1. (c) Two different species within the

same sample may have different characteristic T1 values. In this example, the species associated with

the black arrows has a shorter T1 than the species associated with the grey arrows; the arrows

indicate the magnitude of the acquired signal intensity following the initial r.f. excitation. If data are

acquired at long times after r.f. excitation, equal signal intensity will be acquired from both species.

However, if data are acquired very soon after the excitation pulse, the acquired signal will be

predominantly associated with the species characterised by the shorter T1. This illustrates the prin-

ciple of relaxation contrast.
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T1 can be mapped throughout the image. Figure 5 also demonstrates that the
magnitude of the signal we will acquire will depend on the time at which we
acquire the signal. Thus, if we have two species with different T1 characteristics,
by careful selection of the delay time between excitation and acquisition of the
resulting signal, a signal can be acquired preferentially from one of the com-
ponents.
2. Spin– Spin Relaxation, T2

On timescales of less than or equal to that of T1, spin–spin relaxation (T2)
processes occur. T2 characterises the loss of phase coherence of the individual
spin isochromats within the spin ensemble comprising the total magnetisation
vector M0. A spin isochromat represents a group of spins that experiences the
same homogeneous magnetic field and which, therefore, behaves in the same
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way following the excitation pulse. During the period following excitation, the
individual isochromats will lose phase coherence with each other as a result of
spin–spin interactions and local variations in B0. The decay of the coherent
magnetisation aligned along y0, due to spin–spin interactions but not magnetic
field heterogeneities, is characterised by the time constant T2 and measured
using a ‘‘spin-echo’’ pulse sequence, as shown in Fig. 6. T2 is defined as follows:

My0 ðtÞ ¼ M0 expð�t=T2Þ (4)

With reference to Fig. 6, t ¼ 2td in Eq. (4). The p pulse acts to reverse the de-
phasing effects due to the local heterogeneities in B0 such that the final acquired
signal (the ‘‘echo’’) suffers attenuation due to spin–spin interactions only. The
spin-echo shown in Fig. 6, or rather ‘‘echoes’’ in general (since they can be
produced by actions other than a p pulse) have widespread use in MR methods,
far beyond simple measurement of T2. In short, by using an echo sequence,
instead of exciting the system and then allowing the magnetisation to decay to
zero as in Fig. 3, the majority of the magnetisation can be recovered for use in
subsequent measurements. The simple ‘‘echo’’ sequence shown in Fig. 6 is a
common feature of MR imaging pulse sequences (e.g. Fig. 12).

An additional and important relaxation time constant is T�
2, which charac-

terises a faster decay of the magnetisation along y0 and accounts for, in par-
ticular, the additional effects of magnetic field heterogeneities on the loss of
phase coherence of the magnetisation. Thus, the simple pulse-acquire sequence
(with no re-focusing) shown in Fig. 3, will give a response in which the envelope
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y0-axis to form an ‘‘echo’’ at time. 2td.(d) The decrease in magnitude of the magnetisation vector

between stages (a) and (d) provides a measure of T2 [Eq. (4)]. All ‘‘reversible’’ contributions to the

spin-spin relaxation process are removed by the application of the p pulse.
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of the decay in the time domain and hence the width of the frequency-domain
signal is characterised by T�

2.
In summary, the reasons that the nuclear spin relaxation times, and in par-

ticular T1 and T2, are so important are:
(i)
 Each molecule in a given physicochemical environment is characterised by
specific values of T1 and T2. Hence, by knowing the T1 and T2 charac-
teristics of the species in each state of matter or for each chemical species in
a mixture we are able to obtain a wealth of information about a multi-
component, multi-phase system.
(ii)
 The timings of the MR experiment (pulse sequence) allow us to control the
extent to which we acquire a signal from the entire spin population. To
acquire spectra or image data that are fully quantitative in terms of the
signal intensity yielding a true measure of the number of species of interest
present, the relaxation times of that system must be measured and the pulse
sequences optimised such that any reduction in signal intensity leading to
loss of quantitation is avoided. If, as in some cases, it is impossible to
implement a pulse sequence without the effects of relaxation ‘‘contrast’’ on
the signal intensity, it is possible (but often non-trivial) to correct the signal
intensities to their true values as long as the accurate values of the appro-
priate relaxation times are known.
(iii)
 In a multi-component or multi-phase system, each component/phase will be
characterised by different relaxation times. Therefore, the timings in the
MR pulse sequence can be set so that the signal is preferentially acquired
from one component/phase. This approach has been exploited in, for ex-
ample, studies of the separation of an oil–water emulsion in which the T1

characteristics of the oil and water phases are significantly different (Kau-
ten et al., 1991). Relaxation contrast can also be used to discriminate be-
tween liquid and solid phase of the same material during a crystallisation
process (e.g. Simoneau et al., 1991).
C. TRANSPORT

Transport processes are measured by means of applying pulsed magnetic field
gradients to the system, in addition to the normal r.f. pulses. PFG techniques
measure molecular displacement as a function of time without the need for
introducing tracers into the experiment. The principle of the experiments is easy
to understand although the detailed implementation of the experiments is
somewhat more challenging. The application of a pulsed field gradient at the
beginning of an experiment (i.e. immediately after r.f. excitation) encodes a
given spin with a ‘‘label’’ describing its position along the direction of that
applied field gradient. At a time D later, referred to as the observation time, a
second pulsed field gradient is applied. The net effect of applying these two
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gradients separated by time D is that we can monitor the distance travelled
during a known time and hence quantify the transport process of interest.

Figure 7 shows the principles of transport measurement. When considering
the application of pulsed magnetic field gradients to measure transport proc-
esses we use the lower-case symbol g, as opposed to G, which is reserved for use
in describing the imaging gradients [see Eq. (2) and Section II.E]. Perhaps the
most important point to appreciate with respect to MR measurements of
transport is that the same measurement methodology is used to quantify in-
coherent (e.g. diffusion, dispersion) and coherent (e.g. flow) processes occurring
within the same system. The basic principle derives directly from Eq. (2). If the
magnetic field gradient is applied for a short time period (ie. a ‘‘pulse’’), as
opposed to ‘‘continuously’’ during which time data are acquired, instead of
imposing a time-independent modified resonance frequency on a nucleus as
determined by its spatial position, the nuclear spin is given phase offset (say f1)
g

∆∆

δ

net reduction in
amplitude 

no motion

coherent  motion

net phase shift

flow

time

no net phase shift

random diffusional  motion

z

(i) (ii) (iii) (iv) (v)

FIG. 7. The principle of transport measurements using the ‘‘phase shift’’ approach. Two pulsed

magnetic field gradients (of magnitude g and duration d) are applied a time D apart. The cases of no

motion, coherent motion (i.e. constant velocity) and random diffusional motion are shown. The

schematics show the relative phase offsets of the spin isochromats initially at different positions in z

along the length of the sample. (i) Initially all the spins are aligned in the rotating frame. (ii) The first

gradient pulse applies a phase offset to the spin isochromats depending on their position along the z-

direction. (iii) The position of the spin isochromats after the systems has evolved for the time D. (iv)
The orientation of the spin isochromats after the action of the second, equal and opposite polarity

gradient pulse. (v) The magnitude and phase shift of the net magnetisation vector after application of

this bipolar gradient pair (i.e. equal and opposite) pulse sequence.
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after application of the pulse characteristic of its spatial position when the pulse
was applied. In the rotating frame of the spin system, this phase offset, f1, is
equal to ggdz1, where d is the duration of the applied gradient, z1 the position of
the spin and g the magnitude of the magnetic field gradient along the z-direc-
tion. Although many variations on the theme exist, the basic concept under-
pinning the vast majority of transport measurements is that after an observation
time, D, an equal but opposite polarity magnetic field gradient pulse is applied,
which gives the spins a further phase offset, f2, such that the total phase offset is
f1 þ f2 ¼ ggdðz1 � z2Þ. Clearly, if the molecule (i.e. spin) has not moved during
the time D, it will experience a net phase shift of f1 þ f2 ¼ 0; i.e. the mag-
netisation vector will again be aligned along the y0-axis, as it was immediately
after application of the initial excitation pulse. However, if the molecule has
moved during the time D, i.e. z1az2, then f1 þ f2a0, and observation of the
magnetisation will show a phase shift that is proportional to the distance moved
(z1�z2). Since g, g and d are known, the displacement or average velocity over
the timescale D is obtained. A typical transport measurement would proceed by
making several measurements at differing values of d or g and recording the
resulting phase shift and amplitude of the signal.

Let us now consider, in detail, the effect on the acquired signal of a coherent

transport process (i.e. the molecules move with a velocity v in the direction of
the applied pulsed gradients). With reference to Fig. 7, we see that the effect of
the second pulsed gradient is to re-align the spin isochromats with each other,
but at an increasing angle (phase offset) with respect to the y0-axis. As d or g
increases, the net magnetisation will rotate through the x0–y0 plane of the ro-
tating frame. This manifests itself as a continuously increasing phase shift, while
the magnitude of the magnetisation vector (i.e. signal amplitude) remains con-
stant (ignoring relaxation effects). If only the real component of the complex
signal is recorded (i.e. we observe the magnitude of the magnetisation vector
projected along y0), an oscillatory signal is recorded as a function of dg, and the
period of the oscillation is directly related to the velocity of the moving spins. In
the case of an incoherent transport process, the random molecular displacements
cause a random distribution of phase shifts of the individual spins and the
acquired signal is a vector sum of these phase shifts. As d or g increases, the
magnitude of the acquired signal decreases monotonically. An interesting ex-
tension to this is when the diffusion occurs within a confined geometry (e.g. an
emulsion droplet). In this case, the distance travelled is constrained to a max-
imum value. Therefore, by taking measurements at increasing values of D, a
value of D is reached, above which no further signal attenuation is measured—
this value of D quantifies the typical dimension of the discrete phase. When
pulsed magnetic field gradients are applied to study diffusive processes, the MR
technique is often referred to as PFG or PGSE-MR. Application of PGSE-MR
techniques to quantify molecular diffusion was pioneered by Stejskal and Tan-
ner (Stejskal, 1965; Stejskal and Tanner, 1965), and the techniques typically
probe molecular displacements of 10�6–10�5m over timescales of order



QUANTIFYING PHYSICS AND CHEMISTRY AT MULTIPLE LENGTH-SCALES 79
10�3–1 s. An overview of applications of PGSE-MR in chemical engineering is
given elsewhere (Gladden, 1994).

Transport measurements performed using pulsed magnetic field gradients are
more clearly understood using a more mathematical framework. It follows from
Eq. (2) that the phase shift (i.e. the instantaneous phase offset in resonance
frequency) fðtÞ acquired in the rotating frame following application of a mag-
netic field gradient, g, along the z-direction, will be

f tð Þ ¼ g
Z t

0

g tð Þz tð Þ dt (5)

We also know that the change of position with time of a ‘‘spin’’ or its associated
magnetic moment can be written as

z tð Þ ¼ z0 þ vtþ 1
2
at2 þ � � � (6)

where z0 is initial position, v the velocity and a the acceleration in the direction
of the gradient. Substituting Eq. (6) into Eq. (2) gives:

o tð Þ ¼ g B0 þ g z0 þ vtþ 1
2 at

2 þ � � �
� �� �

(7)

The total relative phase of the MR signal is then calculated by considering the
time integrals of the individual terms on the right-hand side of Eq. (7). These
integrals are the moments of the magnetic field gradient and the zeroth, first, and
second are proportional to

zeroth moment : z0

Z
g tð Þ dt (8)

first moment : v

Z
g tð Þt dt (9)

second moment :
1

2
a

Z
g tð Þt2 dt (10)

Let us now consider the action of the two equal and opposite pulse gradients
(referred to as a bipolar pair) shown in Fig. 7 of amplitude 7g and length d,
separated by time D. The first pulse, +g, will, in the absence of relaxation, cause
a phase shift according to the integral defined by the zeroth moment:

Z d

0

g tð Þ dt ¼ gt½ �d0 ¼ gd (11)
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The second, equal and opposite, gradient pulse will have a zeroth moment given
by

Z dþD

D
g tð Þ dt ¼ �gt½ �dþD

D ¼ �gd� gDð Þ � �gDð Þ ¼ �gd (12)

Addition of Eqs. (11) and (12) gives the total relative phase shift which, for the
case of no motion, is clearly zero.

Now consider the evaluation of the first moment when the magnetic moment
undergoes motion at a constant velocity v in the direction of the gradient. The
total first moment is given by

Z d

0

g tð Þt dtþ

Z Dþd

D
g tð Þt dt ¼

1

2
g d2 � 0� D2

� 2dD� d2 þ D2
� �

¼ �gdD (13)

Therefore, the residual phase shift of the MR signal for a magnetic moment
undergoing uniform motion with velocity v for a set of bipolar gradients, 7g, of
duration d separated by time D is �gvgdD, i.e. the measured phase shift is
linearly proportional to the velocity.

In practice, we may wish to measure only one of the moments (Eqs. (8)–(10)),
thereby removing the sensitivity of the measurement to position, velocity or
acceleration. This is done by modifying the basic transport measurement pulse
sequence (Fig. 7) so that the integrals are zero for all moments except the one
that is to be measured. These so-called ‘‘compensated’’ pulse sequences have
been reviewed in detail by Pope and Yao (1993a). Figure 8 shows the effect of
gradient nulling on a system of mustard seeds in a rotating drum (Fukushima,
1999). Figure 8a is taken with a sequence in which only the zeroth moment of
(a) (b) (c)

FIG. 8. Mustard seeds flowing in a drum. (a) Only the zeroth moment is nulled, and the image

shows significant signal attenuation (visible as the lighter shades in the sliding layer) due to the

velocity distribution in each pixel and higher-order contributions. (b) The first moment is nulled.

There is no signal loss due to the velocity distribution; the remaining signal attenuation reflects

velocity fluctuation and diffusion in the presence of background gradients. (c) Diffusion image. The

darkness of the image is proportional to the diffusion coefficient D perpendicular to the plane of the

image, calculated from signal attenuation in the presence of a gradient applied along the cylinder

axis. All images were acquired at a 1H frequency of 80MHz. Reprinted with permission from

Fukushima (1999), copyright 1999, Annual Reviews www.annualreviews.org.
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the magnetic field gradients is zero. The signal loss along the exposed edge,
visible as lighter shades in the image, is due to the velocity distribution as well as
higher order motions. Figure 8b was recorded with an imaging sequence in
which the first moment was made zero. The signal is much stronger because
there is no signal loss due to the velocity distribution. Figure 8c shows an image
that has been encoded for diffusive motion along the cylinder axis; darker
regions correspond to a higher diffusion coefficient.

Another type of experiment commonly used when wishing to characterise
transport phenomena is the propagator measurement. The propagator gives a
statistical description of the evolution of motion characterising the system; it
provides a complete description of the random (e.g. diffusion) as well as co-
herent motions. The propagator, Ps(r|r

0,t), gives the probability of finding a spin
initially at r at time t ¼ 0, and at r0 after a time t. If the propagator only depends
on the displacement R ¼ r0 � r, we can define the average propagator:

P̄s R; tð Þ ¼

Z
Ps rjrþ R; tð Þr rð Þ dr (14)

where r(r) is the spin density (i.e. number density of MR active nuclei) at
position r. Let us consider the same pair of gradients as shown in Fig. 7. In the
case that a molecule moves from z0 to z0 during the time D, the net phase shift,
F, following the second gradient pulse is determined by the zeroth moment,
provided that the displacement of the molecule is small during the time the pulse
is applied (d):

F ¼ gdg z0 � z0ð Þ (15)

Defining a dynamic displacement Z ¼ z0 � z0, and the average displacement
propagator Ps Z;Dð Þ as the average probability that any molecule in the sample
will move by a displacement Z over time D, the acquired signal (relative to that
acquired when no magnetic field gradients are used) for a population of spins
characterised by a range of displacements is given byZ

Ps Z;Dð Þ exp i2pqZð Þ dZ (16)

where q ¼ ð1=2pÞgdg is the reciprocal displacement vector (Callaghan, 1991).
The average displacement propagator distribution, Ps Z;Dð Þ, is obtained by
Fourier inversion of the acquired MR signal. The propagator measurement is
equivalent to a tracer measurement in which the tracer is introduced into the
flow and the average distribution of tracer from its location determined in a
completely non-invasive manner. Figure 9 shows propagators determined for
water flow within a packed bed of spheres. The major features of propagator
measurement are clearly seen. As the observation time increases, the peak in the
propagator occurs at a greater displacement, and the width of the propagator
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FIG. 9. Displacement propagators recorded for flow of water through a packed bed of 1mm

diameter glass beads packed within a 10mm diameter column. The average flow velocity was

0.77mm/s, corresponding to Pe and Re of 350 and 0.77, respectively. Propagators are shown for

observation times, D ¼ 0:3 s (—), 1 s (- - - -) and 2 s ( � � � � � ).

LYNN F. GLADDEN ET AL.82
distribution increases, reflecting the magnitude of molecular diffusion and dis-
persion phenomena occurring within the bed.

For obvious reasons, the methods just described are termed ‘‘phase shift’’
measurements of transport. These methods are considered the most robust and
quantitative, and are therefore the most commonly used. Another approach is
time-of-flight (TOF) imaging. TOF or ‘‘spin tagging’’ methods were first re-
ported by Singer (1959), and their use has been widespread since then, partic-
ularly with respect to velocity measurement, although the same measurement
also probes other transport processes. At its simplest, the TOF approach mon-
itors velocity by the attenuation observed in the acquired image—no absolute,
direct measure of velocity using pulsed gradients is employed. The principle is
that a set of spins are given an initial excitation pulse—signal will only be
acquired from these excited spins at a given time later. Thus, if we excite a set of
spins in a plane and then acquire a signal from that plane a time, D, later, the
signal will be reduced in the positions at which the fluid has moved fastest, i.e.
the excited spins will have moved out of the image plane to be replaced by fast
moving spins that have moved into the image plane during D; these spins will
not have received the initial excitation and therefore will not give any signal
upon data acquisition. There are many variants of this approach (e.g. Pope and
Yao, 1993b) but the principle remains the same. Because these methods rely on
image intensity to determine the fluid velocity, calibration is necessarily relax-
ation dependent and quantification can be difficult. An extension of this ap-
proach is the Delays Alternating with Nutations for Tailored Excitation
(DANTE) method, in which a grid of spins is excited in the imaging plane and



(a) (b)

FIG. 10. Example of a DANTE-type velocity image. 1H 2-D image of a 2.0mm thick longitudinal

slice at (a) zero flowrate of water and (b) a flowrate of 486 cm3/min. Flow is from left to right.
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the motion of the spins observed at a later time (Mosher and Smith, 1990). An
example of a DANTE-TOF image of laminar flow in a pipe is shown in Fig. 10.
D. TEMPERATURE

Temperature can be mapped by its effect on nuclear spin relaxation (Doran et

al., 1994; Jezzard et al., 1992), resonance frequency (usually termed ‘‘chemical
shift’’) (Bertsch et al., 1998; Hall et al., 2001) and diffusion (Le Bihan et al.,
1989). Because temperature influences so many MR characteristics of a system,
great care must be taken to ensure that the effect on the MR signal that we
assign to temperature is influenced only by temperature or that other influences
can be quantified and hence ‘‘deconvolved’’ from the temperature measurement.
For example, if a chemical reaction occurred within the sample of interest, the
chemical shifts of the individual chemical species may be modified slightly by
the change in mixture composition as well as by temperature variation within
the sample. However, careful studies have been performed, and MR offers the
opportunity for non-invasive temperature measurement. A recent review of this
field has been given by Nott and Hall (1999). Figure 11 shows an example of
temperature mapping reported by Bows et al. (2001) that compares 3-D tem-
perature maps with maps of structural heterogeneity within a jar containing
soup and meat balls.
E. THE K-SPACE RASTER

While the simple schematic of Fig. 4 allows us to appreciate the concept of
obtaining spatial resolution in the measurement, it is almost impossible to un-
derstand and design MRI pulse sequences using this approach. Instead, the
approach used is that of the so-called k-space raster, introduced by Mansfield
(1977).



(a)

(b)

FIG. 11. 3-D (a) temperature and (b) spatial heterogeneity images of a 500 cm3 jar containing soup

with meat balls that has been immersed into a water bath between 95 and 98 1C for 11min, displayed

as a set of 2-D sections. Spatial resolution is 0.78mm (along cylindrical axis) � 3.13mm� 3.13mm.

Reproduced with permission from Bows et al. (2001).
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Re-writing Eq. (2) for the general case of the variation of resonance frequency
with spatial position r:

o rð Þ ¼ g B0 þG � rð Þ (17)

and neglecting the influence of relaxation on signal intensity, the transverse
magnetization—and therefore the acquired signal, dS—in an element of volume
dr at position r with spin density r(r) is given by

dS G; tð Þ ¼ r rð Þ exp io rð Þt½ � dr (18)

Inserting Eq. (17) into Eq. (18) gives

dS G; tð Þ ¼ r rð Þ exp i gB0 þ gG � rð Þt½ � dr (19)

A transformation into the rotating frame of reference allows us to re-write Eq.
(19) as

S tð Þ ¼

ZZZ
r rð Þ exp igG � rt½ � dr (20)

Mansfield and Grannell (1973) simplified the interpretation of Eq. (20) and the
development of imaging pulse sequences by introducing the concept of k-space,
where the k-space vector is defined as k ¼ ðgGt=2pÞ. It follows that Eq. (20) can
now be written in terms of the k-space vector as

S kð Þ ¼

ZZZ
r rð Þ exp i2pk � r½ � dr (21)

and the spatial distribution of spins is given by the inverse 3-D Fourier trans-
form:

r rð Þ ¼

ZZZ
S kð Þ exp �i2pgk � r½ � dk (22)

Thus, the imaging experiment is seen as acquisition of data in the time domain
and the sampling of the k-space raster, followed by Fourier transformation to
the frequency domain, which in turn is directly related to real space. An imaging
sequence can now be understood. Figure 12 shows a schematic of a simple 2-D
imaging sequence. In this case let us assume that the sample is cylindrical and
oriented along the z-axis, and an xy image is to be recorded. The first com-
ponent of the pulse sequence is the so-called ‘‘slice selection’’ phase. This com-
prises the application of a narrow band r.f. excitation simultaneously with a
magnetic field gradient imposed along the direction in which the 2-D image is to
be taken (i.e. along the z-direction). The effect of this is that the only spins that
will be excited will be those that resonate within the bandwidth Do of the r.f.
pulse, and therefore only those spins that lie within a certain ‘‘image slice
thickness’’ Dz. The rest of the sequence acquires data along a separate row of
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FIG. 12. (a) Schematic of a simple slice selective 2-D spin-echo pulse sequence. In this pulse

sequence the magnetic field gradient is varied for successive acquisitions of different rows of the k-

space raster. (b) The corresponding k-space raster used to show how we interpret the pulse sequence.

Following a sufficient T1-relaxation period the sequence is repeated to acquire a second row of the k-

space raster. Acquisition of each row of k-space requires a separate r.f. excitation and application of

a Gy-gradient of different magnitude.
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the k-space raster for successive r.f. excitations. With reference to Fig. 12, a
magnetic field gradient is first applied in the x-direction, simultaneously with the
maximum magnitude negative magnetic field gradient in the y-direction. A slice
selective p ‘‘re-focusing’’ pulse is then applied; this is represented on the k-space
raster as a move from kx;max, �ky;max to �kx;max, ky;max. A second gradient is
applied along the x-direction while data, typically 128 or 256 complex data
points, are acquired at a specified digitisation rate. The signal, S(t), that is ac-
quired during application of the second x-gradient is said to be frequency-en-
coded, since the signal is acquired in the presence of a magnetic field gradient.
This gradient along the x-direction is therefore referred to as the frequency-
encoding gradient and is also termed the ‘‘read’’ gradient. The acquisition of
complex data points in the presence of a constant linear ‘‘read’’ gradient yields a
straight line k-space data trajectory whose direction is defined by the Cartesian
orientation of the gradient. A straight, equally spaced k-space trajectory will
always result so long as the read amplitude gradient is kept constant and the
digitisation (acquisition) rate of the complex data is fixed. The spin system is then
allowed to return to equilibrium, via T1 relaxation, and the pulse sequence re-
peated, this time with the second-largest negative y-gradient being applied, hence
‘‘reading’’ the next row of k-space. This process is repeated until the entire raster
has been sampled. In this example, the gradient applied in the y-direction is
referred to as the ‘‘phase encoding’’ gradient. Phase encoding refers to the action
of an applied gradient that is responsible for moving the acquisition through the
k-space raster. In this case, the action of the x-gradient is the same in each
implementation of the pulse sequence, and it is the y-gradient that enables
successive rows of k-space to be sampled. Therefore, if M complex points are
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acquired along each row of k-space and N rows of k-space are sampled (i.e. there
areN phase-encoding steps), the final data matrix will consist ofM�N points on
a rectilinear grid. A 2-D Fourier transform of these data followed by modulus
correction gives a 2-D spin density map. 2-D images are acquired in typically a
few minutes using this approach. While this might be considered slow, in that
only pseudo-steady-state processes can be studied using this pulse sequence, it is
robust in use and straightforward to implement. It is also easy to minimise, or at
least account for, relaxation contrast effects within the acquired image.
F. FAST DATA ACQUISITION

At the heart of recent developments in applying MR in chemical engineering
research has been the implementation and further development of fast MR
spatially unresolved and spatially resolved measurements. Recent implementa-
tions designed for specific applications in chemical engineering are described,
with examples, in Section III. In this section, the principles of the three main
strategies for fast MR imaging are described. We should note at this point that
fast imaging (the term fast is used interchangeably with the terms ultra-fast and
rapid both in this chapter and in the wider literature) is considered here to refer
to the acquisition of, say, a 128� 128 2-D image in less than 1 s. This section is
not intended as a detailed review of fast-imaging strategies, but focuses spe-
cifically on those that are finding application in chemical engineering research
rather than in the homeland of fast imaging, the field of medical imaging. While
the data collection strategies will be similar in the medical and engineering fields,
the physical and chemical nature of the samples to be studied and the nature of
the data required are quite different; therefore, the details of the implementation
will differ in terms of the hardware and the pulse sequences themselves. In using
a fast sequence, we will often have to relax our desire for high spatial resolution
(�15–30 mm) and take great care, if quantitative data are required, to account
for relaxation contrast effects in the final image. Despite these additional con-
siderations, in the hands of skilled users, these techniques are opening up a
wealth of opportunities in chemical engineering research.

As we have seen, conventional spin echo imaging (Section II.E) typically
takes approximately a few minutes because an independent r.f. excitation is
required for acquisition of each row of k-space data. Hence, sampling of the
complete raster is limited by the repetition/recycle time of the pulse sequence
used, which in turn is governed by the inherent T1 relaxation time(s) of the
system under study. In general, the acquisition speed of an MR image may be
improved by two basic methods:
(i)
 The sampling of more than one line of k-space for each r.f. excitation of the
spin system
(ii)
 The use of rapid multiple r.f. excitations (and subsequent acquisitions).
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Three sampling strategies will now be introduced: echo planar imaging (EPI),
rapid acquisition with relaxation enhancement (RARE) and low excitation an-
gle imaging (e.g. flash low angle shot (FLASH). The first two are based on the
sampling of more than one line of k-space for each r.f. excitation, while the third
uses rapid multiple r.f. excitations.
1. Echo Planar Imaging

The first example of rapid k-space imaging was demonstrated by Mansfield
(1977), who realised that a complete image could be formed by the acquisition
of multiple lines in k-space following a single r.f. excitation, in a technique today
known as EPI. There are now many EPI-based sequences in use, mostly in the
medical field. In chemical engineering research, while these methods acquire
data faster than any other sampling strategy, their successful implementation is
particularly sensitive to variations in magnetic susceptibility (i.e. gas/liquid/solid
interfaces) within the sample. A common EPI sequence, known as Modulus
Blipped Echo planar Single-pulse Technique (MBEST-EPI) or Blipped EPI
(Howseman et al., 1988), is shown in Fig. 13. Using this sequence, a 128� 128
image would typically take 100–130ms to acquire. In this sequence, a single r.f.
excitation is used to sample the entire k-space raster. Following r.f. excitation,
gradients simultaneously applied in the x- and y-direction take you to the bot-
tom row of k-space, this row of data is acquired, and then a small (or ‘‘blipped’’)
y-gradient takes you to the next row of k-space which is then read in the
opposite direction and so on until the whole raster has been ‘‘read’’. Post-
acquisition data processing techniques address the fact that alternate lines of
k-space are read in opposite directions. The significant step forward made
by Mansfield was that he saw it was possible to ‘‘refocus’’ the decaying
r.f.

Gz

�/2/2
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kx (read)

ky(phase)

(a) (b)time

FIG. 13. MBEST-EPI: (a) slice selective pulse sequence and (b) corresponding k-space raster.



FIG. 14. 2-D slice sections through 3-D MR images of water distribution within an initially water-

saturated packing of 500mm glass spheres. Voxel resolution is 94 mm� 94 mm� 94mm. Data are

shown before drying commences and at 8 time intervals during the drying process. Only the water

within the inter-particle space of the bead pack is imaged (white pixels). No signal is obtained from

the solid and gas phases present.
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magnetisation following r.f. excitation, using the concept of an ‘‘echo’’, so that
it could be used to sample further lines of k-space (see Section II.B). Many
variants of EPI exist; most of these have been developed with the aim of re-
ducing potential artefacts in the image. Particular pulse sequences include radial
EPI or REPI (Silva et al., 1998), p-EPI or PEPI (Guilfoyle et al., 1992) and
Gradient and Spin Echo (GRASE) (Oshio and Feinberg, 1991). Manz et al.
(1999b) have implemented an EPI-based sequence, which was sufficiently robust
to spatially resolve drying within a packed bed of 100 mm glass spheres. Typical
data are shown in Fig. 14; despite the drying process being characterised by a
uniform water mass loss with time, the MR images clearly show the spatial
heterogeneity in the drying process. This has been used to develop an inva-
sion–percolation modelling strategy that predicts both the drying rate and the
heterogeneity of the drying process (Gladden et al., 2004).
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2. Rapid Acquisition with Relaxation Enhancement

This type of image acquisition was first realised by Hennig et al. (1986), and
variants such as turbo spin echo (TSE) and fast spin echo (FSE) exist. The
k-space sampling strategy appropriate to RARE is shown in Fig. 15, and at first
it might not seem different from the EPI approach; i.e. after acquisition of a
single line in k-space the coherent signal is refocused and used to acquire further
lines in k-space (or averages of the same line). However, there are important
differences that make RARE much more robust (i.e. artefact-free) in applica-
tion to systems characterised by heterogeneous magnetic susceptibility typical of
those found in chemical engineering. Further, the decay of the MR signal in a
RARE experiment is dependent on T2 (and, of course, to some extent T1) and
not T�

2, as is the case for EPI. In the magnetically heterogeneous systems of
interest to us, T�

2 is considerably shorter than T2; therefore, RARE allows us to
acquire data of higher signal-to-noise over longer timescales, which is important
if we wish to investigate the time–evolution of a system. An example of the
application of RARE for rapid image acquisition is shown in Fig. 16, in which a
single frame is shown from a series of 2-D images of an oscillatory chemical
reaction occurring within a fixed bed. Relaxation contrast is used to discrim-
inate between the reaction products Mn2+ and Mn3+ (Britton et al., 2005). In
this example, MR offers the opportunity to map the detailed structure of the
fixed bed and the product distribution within it. This pulse sequence has also
been recently applied to obtain quantitative images of the evolution of a lys-
ozyme–urea separation within a chromatography column (Holland et al., 2004).



FIG. 16. 2-D MR image of an oscillating chemical reaction occurring within a bed of diameter

15mm, packed with glass spheres of diameter 1mm. In-plane resolution is 195mm� 195mm, and the

image slice thickness is 1mm. A single image was acquired in 1 s. Chemical waves are imaged as a

result of the oscillatory production of Mn2+ and Mn3+ species; the location of Mn2+ and Mn3+

bands are identified as dark and light bands, respectively.
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T2- and T1-relaxation contrast in the RARE acquisition is exploited such that
the images are made selective to lysozyme and urea, respectively.

3. Low Excitation Angle Imaging

The important feature of this technique is that the r.f. excitations are char-
acterised by a low flip angle, y, typically 5–101, in contrast to the p/2 pulse
discussed in Section II.A. For this reason, this technique has been termed
FLASH imaging or SNAPSHOT imaging (Haase et al., 1986). The signal
resulting from the small flip angle y is proportional to sin y, while the
longitudinal (z-axis) magnetisation that remains after the excitation is
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proportional to cos y. Fractions of this remaining magnetisation are then used
to sample successive lines of k-space. A 128� 128 image based on a repetition
time of 3ms takes approximately 380ms to acquire. The disadvantage of this
approach is that by using only a proportion of the available magnetisation,
signal-to-noise ratio in the image is significantly reduced. However, the impor-
tant advantage is that the acquired signal is not strongly influenced by relax-
ation contrast effects or artefacts associated with molecular motion and
magnetic susceptibility. In short, one is sacrificing temporal and, potentially,
spatial resolution (i.e. signal-to-noise) for increased robustness in implementa-
tion.

There is no ‘‘rule’’ as to which fast-imaging technique should be used in a
given application, and the following guidelines should be treated with caution.
In short, the best approach is to implement each method and see which works
best in a given application. EPI-based techniques are the fastest and can in-
corporate measurements of velocity vectors, but are also the most sensitive to
variations in magnetic susceptibility within the sample. They are the most dif-
ficult to implement and in many circumstances cannot be used, as the resulting
image contains obvious artefacts. FLASH/SNAPSHOT and RARE are, in
general, slightly slower than EPI, but they are more robust, thereby making
them more useful in day-to-day chemical engineering applications. The major
differences between them are that they are influenced predominantly by differ-
ent contrast mechanisms: RARE by T2 and FLASH/SNAPSHOT by T�

2. Thus,
using the same argument as that used in comparing EPI and RARE previously,
RARE will usually be the technique of choice. Further, RARE offers substan-
tial signal-to-noise gains over FLASH/SNAPSHOT.
III. Recent Developments in MR as a Tool in Chemical
Engineering Research
What constitutes an advance in any field will always be subjective. However,
the combination of the inherent ability of MR methods to probe the internal
structure and transport processes from the Å- to cm-scale phenomena non-
invasively, quantitatively and with chemical resolution, and with the ability to
acquire these data sufficiently fast so that unsteady state processes can be stud-
ied is undoubtedly going to open up new avenues of research and allow us to
investigate many phenomena for the first time. This section summarises five
recent developments in the field of MR in chemical engineering. The first four
sub-sections (Sections III.A–III.D) report developments of fast MR measure-
ment pulse sequences, which have recently been implemented for application in
chemical engineering research. The final sub-section (Section III.E) addresses a
new and different field of research, that of gas-phase imaging.
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A. ‘‘ULTRA-FAST’’ IMAGING OF VELOCITY FIELDS

Imaging unsteady state or turbulent flow fields is a subject of long-standing
interest in chemical engineering. Many experimental approaches have been
used, including particle imaging velocimetry (PIV) and laser Doppler an-
emometry (LDA) techniques. The motivation for implementing MR flow meas-
urement in this application is not only to allow us to study flow fields within
optically opaque fluids, but also to extend the measurement to multi-phase,
multi-component flows. In principle, as long as the MR pulse sequence can be
made robust with respect to variations in magnetic susceptibility across phase
boundaries, the measurement should be quantitative, regardless of the void
fraction of any phase. In contrast to other methods, an image reconstruction
algorithm is not required to take us from the acquired raw data to the final
image: the only processing operation is a Fourier transform of the time-domain
data. This should make MR much more quantitative in the sense that no cor-
rections need to be considered for the scattering of probe radiation from in-
terfaces within the sample. Fast MR techniques are now being applied to
various topics in the field of fluid mechanics, including mapping spatio-temporal
structures formed in Taylor Couette flow (Kose, 1994), and the velocity patterns
within a falling liquid film (Heine et al., 2002) and a free-falling drop (Han et al.,
2001a); this final example is particularly elegant (see Fig. 17). Sufficient signal-
to-noise cannot be acquired from a measurement of a single falling drop; hence,
data from multiple falling drops are acquired. This is achieved by releasing
successive ‘‘identical’’ drops and gating the data acquisition such that data are
acquired as each drop falls through the field of view of the imaging experiment.

Measurements of turbulent flows have been addressed previously by two MR
methods: by measurement of signal attenuation and time-averaged velocity
profiles. Kuethe (1989) reported the first imaging study of turbulent flow in
which the flow was generated by a jet of water passing through a nozzle. In this
study, a measure of turbulent diffusivity was obtained from a measurement of
the signal attenuation observed in time-averaged images, employing the ap-
proach described in Section II.C. Similar approaches were later used by Gate-
nby and Gore (1994), employing a spatially unresolved diffusion measurement
sequence to study pipe flow up to Reynolds numbers as high as 6270, and
Kuethe and Gao (1995) to study pipe flows up to higher Reynolds numbers of
12000–58000. The alternative approach is that of Li et al. (1994), who reported
time-averaged velocity measurements of flow in a cylindrical pipe; 1-D velocity
profiles were measured for Reynolds numbers up to 9000. The results showed a
correlation between the pixel intensity of the time-averaged flow image and the
local turbulence intensity, with the latter showing good agreement with earlier
data recorded using a hot-wire anemometer technique (Laufer, 1954). More
recently, Han et al. (2001b) used an approach similar to that of Li et al. (1994)
to investigate the non-Newtonian flow of blood in a pipe at Reynolds numbers
up to 3500.



FIG. 17. Velocity components vz, vx are shown within a drop of pure water falling at 2.0m/s as a

function of position along the zx plane, averaged over the y dimension of the drop. The vz com-

ponent is scaled relative to the average falling velocity of 2.0m/s. Reprinted with permission from

Han et al., (2001a). Copyright (2001), American Physical Society.
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Neither of the two aforementioned methods directly measures the actual ve-
locity vectors describing the flow field. In both cases even if an ‘‘excitation-
acquire’’ sequence is fast, the data then have to be signal-averaged to provide
adequate signal-to-noise in the final data set. In contrast, EPI (Section II.F) can
be integrated with a transport measurement sequence (e.g. Fig. 7) to provide
images of the flow field at timescales of �30ms or less. Kose (1991a,b, 1992)
reported the first EPI-MR images of turbulent flow in which individual velocity
vectors characterising the flow were resolved. In particular, the velocity distri-
bution in a cross-sectional plane perpendicular to the direction of superficial
flow at a Reynolds number of 2250 was imaged; clear visualisation of a tur-
bulent ‘‘puff’’ was reported. More recently, the work of Kose has been extended
to acquire images of three orthogonal velocity components from a single ex-
citation over a timescale of 60ms, with each velocity component itself being
acquired in o20ms. Alternatively, up to 16 velocity images can be acquired, at
time intervals of 20ms, from a single excitation. The maximum number of
images acquired is limited by the residence time of the moving fluid within the
imaging coil. These images were acquired in a 2-D data matrix of size 64� 32
(Sederman et al., 2004a). This is fast enough for the evolution of turbulent
eddies in the flow to be followed. Acquisition of successive velocity images
allows the acceleration field to be calculated. These data were acquired over a
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wide range of Reynolds numbers encompassing the transition from pure
laminar flow into the turbulent flow regime (1250oReo5000). This pulse
sequence has been named the gradient echo rapid velocity and imaging sequence
(GERVAIS) and is based on the MBEST-EPI, or Blipped EPI, sequence
(Section II.F), with the modification that after the initial excitation pulse, each
image is preceded by a velocity-encoding gradient pair, separated by a
p-refocusing pulse. The GERVAIS pulse sequence is shown in Fig. 18, and
the basic combination of transport measurement gradient pair and EPI
sequence is clearly seen with reference to Figs. 7 and 13. With reference to
Fig. 18, velocities in the x-, y- and z-directions are acquired by changing the
direction of the velocity measurement gradients (g). Figure 19 shows samples of
these three Cartesian component velocity images for six different liquid veloc-
ities. The velocity component in the superficial direction (vz) is given by the
colour scale bar and the magnitude and direction of the transverse (vx, vy)
velocity components are indicated by the vector arrows present on each of the
images. More recently, the GERVAIS pulse sequence has been applied
successfully to image unsteady-state flows in narrow fixed-bed reactors (Sains
et al., 2005).



FIG. 19. Imaging unsteady state and turbulent flow of water within a 29mm diameter pipe. Three

orthogonal component velocity images acquired at increasing Re of (a) 1250, (b) 1700, (c) 2500, (d)

3300, (e) 4200 and (f) 5000 are shown. The colour scale identifies the magnitude of the z-velocity, and

the flow velocity in the plane of the image (i.e. x–y) is shown by the vectors on each image. The

vector scale bar on each image corresponds to 1 cm/s. Reprinted from Sederman et al. (2004a) with

permission from Elsevier. Copyright (2004).
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B. MULTIPLE IMAGES FROM A SINGLE EXCITATION

As discussed in Section II.F, the RARE method is a particularly robust
method for fast data acquisition in chemical engineering systems, which are
often characterised by a range of magnetic susceptibilities. The resulting short
nuclear spin relaxation times combined with rapid timescales over which a
system may change impose far greater requirements on the imaging pulse se-
quence than are encountered when studying medical systems. Recently, a var-
iant of RARE has been implemented (Sederman et al., 2003) that yields multiple

images from full k-space data at multiple echo times following a single r.f.
excitation, not just a single complete image from a single excitation. This pulse
sequence has been named single excitation multiple image RARE (SEMI-
RARE) and is an extension of a standard RARE experiment. Implementation
of SEMI-RARE allows the acquisition of up to �120 images, in immediate
succession, from a single excitation pulse. The actual number of images ac-
quired from a single excitation is determined by the characteristic nuclear spin
relaxation times of the system under study. A fine demonstration of the power
of this technique is the visualisation of gas–liquid flow within the parallel
channels of a ceramic monolith. To our knowledge MR is the only technique
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that has been able to image non-invasively within such a ceramic monolith. This
is also a good example of the robustness of the RARE methodology. Not only
do we have varying magnetic susceptibility across the gas–liquid interface, we
also have the interface of both with the walls of the ceramic channels. In this
system, it is not practical to reduce the magnetic susceptibility variations be-
tween the gas and liquid by introducing chemical species that modify the mag-
netic susceptibility of the liquid phase, because such species will be adsorbed
from the liquid onto the porous walls of the monolith. Thus, RARE is probably
the only MR method that can be used in this application.

Figure 20 shows images, recorded in real-time using the SEMI–RARE pulse
sequence, of gas flow through stagnant liquid within parallel-channel ceramic
monoliths (Gladden, 2003; Gladden et al., 2003b). The monoliths were of di-
ameter 48mm and length 0.15m, contained within a Perspex column of inner
diameter 50mm. Gas (compressed air) was introduced at the base of the liquid
(water) flooded column at flow rates of between 50 cm3/min and 300 cm3/min. In
this experiment, four images were acquired in immediate succession from a
single excitation. A single frame took 146ms to acquire. The images are taken
over a field-of-view of 50.6mm� 50.6mm, with an in-plane pixel resolution of
391 mm(x)� 781 mm(z). The centre of the imaging section was positioned at the
centre of the monolith, i.e. 7.5 cm from the monolith outlet. The thickness of the
image slice is 600 mm. Figure 20 shows the first (a) and second (b) images of a
sequence of four taken after a single excitation. The orientation of the slice was
selected to image just a single row of parallel channels within the monolith. The
imaging resolution allows easy identification of the individual channels and
several bubbles (zero signal intensity) can clearly be identified. From these im-
ages, gas-phase volume fractions and distributions of gas-bubble length and
x

z
(a) (b)

FIG. 20. Two successive 2-D xz images of two-phase flow through the parallel channels of a

ceramic monolith rated at 400 cpsi, for a gas flow rate of 200 cm3/min: (a) 74ms after excitation (b)

220ms after r.f. excitation. In-plane image resolution is 393mm (x) � 783mm (z). Reprinted from

Gladden, (2003), with kind permission of Springer Science and Business Media.
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velocity as a function of gas flow rate and channel size are obtained directly. In
this particular example, monoliths rated at 300 and 400 channels per square
inch (cpsi) were studied. Increasing the gas flow rate was seen to increase the
number of large bubbles and the average bubble velocity. A bimodal distribu-
tion in the bubble velocities was observed for flow within the larger channel size
(300 cpsi) in contrast to a broad unimodal distribution characterising two-phase
flow within the smaller channel size (400 cpsi).
C. IMAGING ROTATING SYSTEMS

Albeit a technique with a niche application, this variant on the RARE meth-
odology demonstrates the flexibility of MR to achieve specific measurements.
The particular application for which this pulse sequence was developed was to
avoid blurring of images recorded for systems rotating at a known, constant
angular frequency. This RARE sequence with rotational compensation is
shown in Fig. 21. It works by reorienting the direction of the imaging gradients
between each cycle or echo acquisition, as shown schematically in Fig. 21b, to
ensure that the k-space raster remains aligned with a chosen rotational velocity,
o. This means that the directions of the read and phase gradients rotate after
each cycle or echo acquisition, but remain perpendicular to one another, their
angle with the x-axis being a and aþ p=2, respectively. a increases with t, the
time between successive echo acquisitions, by an amount ot. With reference to
Fig. 21b, note that unlike conventional RARE (see Fig. 15), the sequence begins
and ends at the origin of k-space between each cycle or echo acquisition. This
increases the robustness of the pulse sequence since the origin of k-space is the
only point unaffected by the gradient rotation. In the laboratory frame this
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FIG. 21. (a) The ‘‘rotating RARE’’ pulse sequence, and (b) the associated k-space raster. The

pulse sequence is a variant of the RARE pulse sequence with the read and phase directions rotated

with respect to the laboratory-frame after each echo acquisition such that the orientation of k-space

relative to the rotating object remains constant. After each echo acquisition, the system is returned to

the centre of k-space, which is not affected by sample rotation.
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corresponds to an irregularly sampled k-space raster; for a sample rotating at
the pre-defined rotation rate this will correspond to the sampling of a rectilinear
k-space raster.

Figure 22 shows a 2-D image of a paddle wheel rotating within a cylindrical
vessel (Sederman et al., 2004b). The paddle is rotating at an angular frequency
of 1.6 rev/s and therefore appears blurred when acquiring the 2-D image with an
acquisition time of 300ms. By applying the rotational compensation, blurring is
prevented. The particular application for which this pulse sequence was devel-
oped was to image accurate droplet shapes in situ during exposure of an emul-
sion to a shear field within a Couette cell. By allowing a given droplet to attain
its equilibrium radial position within the Couette cell during shear, the rota-
tional compensation is optimised for that particular angular frequency. Figure
23 shows the deformation of a water droplet in a 1000 cSt silicone oil solution
under conditions of increasing shear within a wide-gap Couette cell. The droplet
has zero intensity in this image since the image has been acquired under con-
ditions of T2 contrast such that signal is acquired only from the silicone oil. By
measuring the short and long axis of the droplet as a function of rotation rate,
standard analysis (Taylor, 1934) is used to obtain an in situ estimate of the
interfacial tension characterising the system.
D. ‘‘ULTRA-FAST’’ DIFFUSION MEASUREMENT

The diffusion train (DIFFTRAIN) pulse sequence (Stamps et al., 2001) is an
elegant technique for fast measurement of PFG-MR (PGSE-MR) data, and
finds application in the rapid measurement of, for example, emulsion droplet-
size distributions or propagators. DIFFTRAIN speeds up the conventional
(‘‘slow’’) diffusion measurement experiment by using successive stimulated ech-
oes from a single excitation pulse, such that a portion of the available mag-
netisation is recovered for each echo (cf. FLASH in Section II.F). Recently,
DIFFTRAIN has been demonstrated in application to the determination of
emulsion droplet-size distributions and propagators of water transport through
a desalting column packed with Sephadex matrix (Buckley et al., 2003). In both
cases, the data were in quantitative agreement with data acquired using con-
ventional ‘‘slow’’ techniques. In the case of the droplet-size distributions, data
acquisition times were reduced from 10–20min to 4 s, while in the propagator
determinations, fast acquisition took less than 10min, an order of magnitude
faster than is the case with conventional PFG techniques. The reduction in
measurement time for the emulsion droplet-size distributions means that it is
now possible to follow the evolution of droplet size in situ during a mixing
process. As long as signal-to-noise requirements are satisfied, there is no reason
why these measurements cannot be integrated into an imaging strategy to ob-
tain spatially resolved measurements of droplet size.



(a) (b)

FIG. 22. (a) Conventional RARE and (b) ‘‘rotating RARE’’ images of a paddle rotating in water

at 1.6 rev/s. Reprinted from Sederman et al. (2004b), with permission from Elsevier. Copyright

(2004).

(a) (b) (c)

FIG. 23. Images acquired of 2 ml water droplets of 1% Tween 60 (w/w) with 0.005M MnSO4 in

1000 cSt silicone oil under shear rates of (a) 0.63 s�1 (b) 1.67 s�1 and (c) 3.25 s�1. Water inside the

rotating inner cylinder also appears in the images; it is off centre due to its chemical shift relative to

that of the silicone oil. The figures have been rotated to show the droplets in the same position in the

Couette. Reprinted from Sederman et al. (2004b), with permission from Elsevier. Copyright (2004).
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E. GAS-PHASE MR

Both thermal and hyperpolarized gas-phase MR studies have until now pre-
dominantly addressed medical applications and, in particular, lung imaging.
However, non-medical applications are now being reported. Conventional MR
measurements rely on the ‘‘thermal’’ polarisation of the atomic nuclei within the
magnetic field. Since the interaction energy of the nuclear ‘‘magnets’’ with
the applied magnetic field is about 104 times smaller than the thermal energies of
the system, the resulting polarisation of the nuclear magnets is very weak
and the inherent sensitivity of MR measurements is therefore low compared to
other spectroscopic techniques. This characteristic of MR measurements is
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particularly limiting in studying systems of low nuclear spin density, such as
gases. More recently, methods that enhance the signal available from gas-phase
experiments by exposing the gas (usually 3He and 129Xe) to laser optical pump-
ing have been developed. The population distribution between adjacent energy
levels is thus modified, resulting in an increase in the polarisation of the nuclear
spin system by 3–4 orders of magnitude, and a state of ‘‘hyperpolarisation’’ is
reached. First, we will briefly review the current state of the art in using ther-
mally polarised gases and then discuss the latest developments in using hyper-
polarisation methods, focussing on non-medical applications.

Thermally polarised gas MR measurements have been successfully performed
using 129Xe and 19F observation (for the case of the 19F nucleus, the molecules
CF4, C2F6 and SF6 are typically studied), and have been shown to be a powerful
probe of inorganic porous media (e.g. rock cores), giving insights both to the
structure of the porous medium and the transport of the gas within this struc-
ture (Bencsik and Ramanathan, 2001; Mair et al., 2002). As discussed by Mair
et al. (2002), 3He and 129Xe are particularly well suited for such studies given
their rapid diffusion, inert nature, low surface interactions (which reduces re-
laxation time effects) and the ability to tailor the diffusion coefficient by altering
the gas pressure in the sample. In particular, the faster diffusivities of gas-phase
species compared with liquid-phase probes of the pore space have made it
possible to extend the length-scales that can be probed in porous media by more
than one order of magnitude. However, in addition to the low signal-to-noise
ratio associated with the low polarisation of the spin system, a further challenge
in using gas-phase MR is that the T2 of the gases is often very short. Kuethe
et al. (2000) have made advances in using thermally polarised gases by devel-
oping hardware that recovers from the transmitter pulse rapidly enough to
detect gases characterised by rapid T2 relaxation times as short as �1ms. This is
a significant advance, since the combined effect of decreased signal loss due to
the rapid switching times and the ability to perform rapid signal averaging now
allows images of good quality to be obtained. Although originally developed for
medical applications, the method has been successfully applied to the imaging of
porous glasses and ceramics. Particularly noteworthy has been the extension
of the method to map the specific surface area and trends in the local adsorption
energy within these porous materials. This is done by exposing the porous
sample to a gas at a range of gas pressures, and acquiring a spin density image
at each pressure condition. In this way a spatially resolved Brunauer-
Emmett-Teller (BET) isotherm has been generated (Beyea et al., 2002).

More recent studies of gas-phase imaging with more direct relevance to
chemical processing and reaction engineering have involved the examination of
thermally polarized gas (and liquid) flow in monolithic catalysts. Koptyug et al.
(2000a) have obtained quantitative, spatially resolved velocity maps for the flow
of thermally polarized acetylene, propane, butane and water flowing through
the channels of alumina monoliths with an in-plane spatial resolution of 400 mm.
The monoliths had a channel cross-section of 4.0mm2 and a wall channel
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thickness of 1.0mm. Axial gas-phase velocities of up to 0.93m/s (Re ¼ 570)
were studied. The flow maps showed a highly non-uniform distribution of shear
rates within the individual monolith channels. In a follow-up study, Koptyug
et al. (2001) reported images of both liquid and gas flow and mass transport
phenomena in two different cylindrical monolith catalysts (one with triangular
channels, the other with square channels) at different axial locations within the
monolith.

The advent of hyperpolarized 3He and 129Xe for use in MR studies has given
further impetus to gas-phase studies. Brunner et al. (1999) have described a
continuous flow system that circulates laser-polarised 129Xe through the sample,
yielding an enhancement of signal intensity of 3–4 orders of magnitude com-
pared to the equilibrium 129Xe signal. Gas flow displacement profiles of 129Xe
flowing through polyurethane foams of different densities and pore sizes were
reported. Another exciting area of potential development is the use of laser-
polarised gases to provide enhanced sensitivity to study species at surfaces
(Pietrab et al., 1998). Exploitation of laser-polarised gases is also finding ap-
plication in so-called ‘‘remotely detected MRI’’. A good description of this has
been given by Seeley et al. (2004). The principle behind the measurement is easy
to understand although the concepts are hard to grasp for those not well ac-
quainted with MR. The key feature of remote detection is the spatial separation
of the MR encoding and detection steps, which allows for their separate opt-
imisation by providing the most suitable conditions for encoding without com-
promising detection quality. This is achieved by employing a ‘‘signal carrier’’ to
encode MR information indicative of its environment. Time-domain (or
k-space) information is stored point-by-point as spin polarization in the en-
coding location, each point being subsequently transported to the detection
location. Remote detection is an indirect detection technique that exploits the
principles of phase encoding. The resulting phase acquired after each signal
acquisition provides one point in the indirect signal. In such a ‘‘remote’’ ex-
periment, the indirect dimension provides information about the encoding en-
vironment, while the direct dimension gives the signal of the sensor in the
detection region. In principle, this methodology can be extended to the ‘‘signal
carrier’’ being water and oil—of particular relevance to, say, understanding oil
recovery processes; the T1 of these fluids currently limits their use in this ap-
plication. In contrast, laser-polarised 129Xe has a range of particular attributes,
the most obvious being that it is a highly polarisable and chemically inert noble
gas with a long T1, and therefore acts as a very efficient carrier of the spin
polarisation. Further, its wide chemical shift range makes it a powerful sensor of
its local environment and therefore provides a wealth of physicochemical and
biomedical information. To date, clear demonstration of enhanced signal-to-
noise for indirect over direct detection has been demonstrated for a model
porous medium comprising a 14-mm-diameter ‘‘honeycomb’’ phantom with
1.4-mm-diameter pores. There remains much work to do in optimising this
experiment and in quantifying the effect of contrast mechanisms on the acquired
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image, but the approach may offer opportunities to study systems inaccessible
to more conventional MR measurement.
IV. Reaction Engineering: From Catalyst to Reactor
The following section does not dwell on the details of any of the MR tech-
niques used, but brings together the various ways that MR can characterise and
give insight into a particular field of chemical engineering–in this case, heter-
ogeneous catalysis. As will be demonstrated, MR makes contributions to our
understanding of a system from the size scale of the active site of the catalyst to
the macroscopic phase distributions within a fixed-bed reactor. Inevitably, the
examples are not exhaustive, and for the sake of continuity between examples,
the majority are drawn from research in our own group. It is hoped that the
reader, armed with knowledge of the examples cited in earlier sections that draw
on applications in various fields of chemical engineering, will be able to identify
applications of MR over various length-scales in their own field of interest.
A. MR SPECTROSCOPY OF CATALYSTS

In most cases reported in the literature, studies of the catalyst are performed
on the as-prepared catalyst in powder form. It is important to remember that
such characteristics may be modified when the catalyst is formed into the pellet
for process operation. The motivation for current studies in the field of MR
spectroscopy of catalysts is to characterise the active catalytic site and, in some
cases, to study how reactant/product molecules interact with it. For these rea-
sons this research remains predominantly in the area of mainstream chemistry
research. However, it is quite likely that as chemical engineers engage with MR
methods, there will be increasing interest in probing the catalyst structure and
chemical processes occurring within the catalyst as part of understanding and
optimising the overall catalyst/reactor system. An area that has already been
taken up by chemical engineers is the study of molecular diffusion within cat-
alysts. This will be described briefly in this section and then considered further
in Section IV.B, where we discuss studies of molecular diffusion within catalysts
at the length-scale of the formed catalyst typical of those manufactured for
supported-metal catalysis.

With respect to in situ spectroscopy, there is no attempt here to give a detailed
overview of the ongoing activities in this field. The interested reader is directed
to excellent articles describing applications of MR spectroscopy in catalysis that
have been published elsewhere (Baba and Ono, 1999; Dybowski et al., 1991;
Fraissard, 1999; Haw, 1999; Hunger and Weitkamp, 2001; Packer, 1996; Parker
2000; Roe et al., 1998; van der Klink, 2000). Instead, we focus on the nature of
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the information obtained and cite some illustrative examples in the respective
fields.

1. Characterisation of Surface Chemistry

MR spectroscopy is widely used to study the surface chemistry of catalysts
and the interaction of the surface with reactant and product species, as well as
investigating the role of surface modifiers to be exploited in catalytic reactions.
For example, 27Al and 31P solid-state MR spectroscopy have been used to study
the acidity and surface structure of aluminas subjected to a fluorination treat-
ment (Chupas and Grey, 2004). In this study, 27Al was used to show the pref-
erential removal of 5-coordinate aluminium sites during fluorination, suggesting
that they are predominantly localised near the surface. The sorption of basic
phosphines as probe molecules for acid sites coupled with 31P-MR was used to
follow the changes in acidity after fluorination of the surface. Zhang et al. (2000)
have used MR to probe the adsorption of SO3 onto oxide surfaces.

2. Characterisation of Coke

13C-MR spectroscopy and related techniques has been established as a tech-
nique for characterising the carbon-to-hydrogen ratio of carbonaceous residues
on the catalyst surface (Duncan et al. 1985, Egiebor et al., 1989; Groten et al.
1992). MR spectroscopy continues to be used in this way, but is more often used
in combination with other characterisation techniques such as X-ray diffraction,
electron spin resonance, infra-red spectroscopy and temperature-programmed
oxidation studies, to gain information on the structure, carbon-to-hydrogen
ratio and combustion behaviour of the coke (Martin et al., 2004; Wang et al.,
2001).

3. MR Spectroscopy Studies of In Situ Reactions

A review of this field has been given by Haw (1999). Reactions can be fol-
lowed either in sealed glass ampoules or flow-through cells constructed within
the spectrometer. The formation of intermediates can be studied in real time. An
elegant example of this was shown in an early study of methanol to gasoline
conversion over HZSM-5 zeolites. As a result of the shape selectivity of the
catalyst, spectroscopic evidence of reaction intermediates, which were not seen
as reaction products, was observed (Anderson and Klinowski, 1990).

4. Molecular Diffusion within Catalysts

Most studies of molecular diffusion within catalysts have been performed on
the as-prepared (i.e. powder form) of the catalyst and focus predominantly on
zeolites and related catalytic materials. A recent review of this field has been
given by Karger and Freude (2002). In situ studies of molecular diffusion during
reaction include 13C-PFG-MR studies of diffusion and reaction of isopropanol
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in zeolite CsNaX (Schwarz et al., 1995), intracrystalline diffusion during is-
opropanol conversion in X-type zeolites (LiNaX, CsNaX and NaX) (Schwarz
et al., 1997) and molecular diffusion during catalytic reaction of cylopropane to
propene in zeolite X (Hong et al., 1992).
B. MICRO-IMAGING AND MOLECULAR DIFFUSION STUDIES OF FORMED CATALYST

PELLETS

The majority of the early MR imaging studies specific to catalysis addressed
the heterogeneity in structure and transport within catalyst pellets. In-plane
spatial resolution was �30 mm, and the pellets themselves were typically 1–5mm
in size. In the majority of cases, studies have addressed the pure, usually oxide,
support so that the quantitative nature of the data obtained is not sacrificed by
the presence of metal, which can introduce an unknown extent of nuclear spin-
relaxation time contrast into the images.
1. Structure-Transport Relationships

By working with typical spatial resolutions of �30–50 mm, individual pores
within the material are not resolved. Further, the transport characteristics
within small pores (e.g. nanopores) may not contribute to the measurement
owing to the very short relaxation times of fluid contained within such pores.
However, a wealth of information can be obtained at this lower resolution.
Typical data are shown in Fig. 24, which shows images or maps of spin density,
nuclear spin-lattice relaxation time (T1) and self-diffusivity of water within the
porous pellet (Hollewand and Gladden, 1993). In-plane spatial resolution is
45 mm� 45 mm, and the image slice thickness is 0.3mm. The spin density map is
a quantitative measure of the amount of water present within the porous pellet,
i.e. it is a spatially resolved map of voidage. Estimates of voidage obtained agree
to within 5% of those obtained by gravimetric analysis. The spin-lattice relax-
ation time map (as discussed in Section II.B) yields information on the spatial
distribution of mean pore size within a given image pixel. Lighter shades in the
image correspond to larger mean pore size. Even at this course resolution, these
data give us additional insight to that which may be obtained from a 1-D pore-
size distribution obtained by, for example, mercury porosimetry or nitrogen
adsorption measurement. Thus, by using MR, we can now probe the spatial
heterogeneity in porosity within a catalyst pellet that will have been introduced
during the manufacturing process. Figures 24a and b allow us to discriminate
between a region of given voidage comprising many small pores or a single large
pore. The structure–transport relationship characteristic of the catalyst pellet is
seen in comparing Fig. 24b and c; i.e. the spatial heterogeneity in variation of D
values is much more consistent with the heterogeneity in the intensity seen in the
T1 maps as opposed to the spin density maps. Thus, we conclude that it is the
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FIG. 24. Spin density, T1 and water diffusion images for a 2.2mm diameter, spherical silica

catalyst support. In-plane pixel resolution is 45 mm� 45mm; image slice thickness is 0.3mm. (a) Spin

density map; lighter shades indicate higher liquid content. (b) T1 map (150–400ms); lighter shades

indicate longer values of T1. (c) Diffusivity map (0–1.5� 10�9m2/s); lighter shades indicate higher

values of water diffusivity within the pellet.
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spatial variation of local pore size that has the dominant influence on molecular
transport within the pellet. There have been a number of studies exploiting this
type of MR measurement. For example, water spin density imaging has been
used to explore the 3-D structure of activated alumina spheres. The spheres were
observed to exhibit a uniform ball structure comprising spherically layered
structures and voids (Timonen et al., 1995).

Simple spin-density imaging has also been used to characterise the tortuosity
of catalyst pellets manufactured in different ways (Rigby et al., 1996). This is
achieved by initially impregnating the catalyst with deuterated water (invisible
to a 1H-MR experiment) and then immersing it in normal, protonated water.
The diffusive exchange of 1H2O with 2H2O within the pellet is followed by 1H
imaging. The resulting time-resolved 1H2O concentration profiles are then fitted
to a standard diffusion equation and the effective water diffusivity and, hence,
catalyst tortuosity, are obtained. Measurements of this type are straightforward
to perform and give immediate insight into transport anisotropies within the
catalyst resulting from manufacturing process parameters.

When originally recorded, the types of images shown in Fig. 24 suggested a
potential dilemma in using this type of information to aid the development of
modelling the structure of catalyst pellets and the transport processes occurring
within these porous structures. Each pellet that is imaged, even if taken from the
same batch, will yield a different image. However, we know that a given batch
of pellets is expected to have consistent (i.e. ‘‘typical’’) properties ‘‘in-use’’. In
studying the spin density (voidage) and spin-lattice relaxation time maps of
many pellets it was found that the heterogeneity in pore size, as characterised by
the fractal dimension of the T1 map, was consistent between images of pellets
drawn from the same batch (Gladden et al., 1995). The fractal dimension of
these images actually identifies a constant perimeter–area relationship for clus-
ters of pixels of similar intensity (i.e. pore size) in the image. The most obvious
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physical interpretation of this is that a given manufacturing process imposes a
particular meso-scale (0.1–1mm) structure characterising the spatial distribu-
tion of pore sizes within the pellet.

Numerical modelling strategies employing simulation lattices constructed to
have the same fractal dimension as that obtained from the MR images have had
some success in predicting mass transfer characteristics in porous catalyst sup-
ports (Rigby and Gladden, 1998). Current strategies include combining the
characterisation of meso-scale structure obtained from MR with characterisa-
tion of the micro-pore structure obtained by, say, nitrogen adsorption or mer-
cury porosimetry to construct hierarchical models of the micro- and meso-
length scales that control transport processes (Rigby and Daut, 2002; Rigby and
Gladden, 1999).
2. Catalyst Preparation

The ability to image liquid distribution in catalyst support pellets suggests
immediate applications in investigating transport processes occurring during
catalyst manufacture and, in particular, wet impregnation methods. Aspects of
catalyst preparation that MR has been used to address include both liquid and
ion migration process. Early work demonstrated the ability of 2-D MR images
to discriminate between so-called uniform and capillary-controlled drying mod-
els (Hollewand and Gladden, 1994). The dominant drying mechanism was
shown to be dependent on the timescale over which drying was performed.
Further, for those systems for which a capillary-controlled drying mechanism
was identified as appropriate, a simple numerical simulation of the drying
process provided an estimate of the mean co-ordination number associated with
a random pore network describing the micro-pore structure of the material.
Network connectivities estimated in this fashion were consistent with those
estimated from mercury porosimetry analysis.

Detailed studies of 1-D 1H imaging of alumina and titania cylinders (of length
1.2 cm and diameter 3.6mm) have been reported by Koptyug and co-workers
(Koptyug et al. 1998, 2000b) in which consideration of relaxation time effects on
the water concentration profiles are discussed. These porous catalyst supports
were impregnated with acetone, benzene, cyclohexane and water, and the drying
of these liquids was monitored under different drying conditions, i.e. different
nitrogen flow rates. The 1-D profiles were able to discriminate fast- and slow-
drying regimes. The detail of the water concentration profiles as a function of
time were found to be sensitive to the pore-size distribution of the catalyst
support. A numerical analysis of the quantitative liquid concentration profiles
was performed by fitting the profiles to the diffusion equation, allowing for a
concentration-dependent diffusivity. It was shown that for liquids characterised
by low surface tension, such as acetone, benzene and cyclohexane, transforma-
tions of the concentration profiles could be adequately modelled assuming a
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liquid-independent diffusivity. In contrast, the diffusivity of water in both ti-
tania and alumina pellets substantially decreased as a function of water content.

MR imaging has also been demonstrated to be a potentially useful tool for
characterising metal-ion distribution within catalyst pellets, both in a static state
and as an in situ measurement during catalyst synthesis. Khitrina et al. (2000)
have exploited the effect of relaxation time contrast within images to map out
the metal-ion distribution. It is non-trivial, and it has not yet been attempted to
make such measurements quantitative, but the method does provide a non-
destructive way of identifying the position of metal bands within the catalyst
that is consistent with the position identified by an electron probe micro-an-
alyser. The approach uses 1H micro-imaging to follow the distribution and spin-
lattice relaxation time of cyclohexane within the catalyst. Cyclohexane species
interacting with the hexachloroplatinate dianion during the timescale of the
measurement are associated with an increased spin-lattice relaxation time;
therefore, T1-maps of the sample identify the location of the hexachloroplat-
inate dianion within the porous catalyst support. This methodology has been
used to follow the dynamics of hexachloroplatinate dianion re-distribution
during a competitive impregnation of the support with an aqueous solution of
H2PtCl6+H2C2O4. It is seen that after 5 h of impregnation, the egg-white-type
profile transforms into a classic egg-yolk profile.

At a slightly larger length-scale we can also follow in real time the water loss
during drying from liquid-saturated arrays of particles, as was shown in Fig. 14.
Although this work was originally undertaken to investigate product hetero-
geneity arising from a different particle-drying process, this experimental con-
figuration has immediate relevance to catalyst synthesis in the context of the
drying of a batch of catalyst pellets following a wet impregnation synthesis
(Gladden et al., 2004).
3. Reaction

This is an area in which there is likely to be considerable future interest. Of
course, apart from the challenge of being able to measure species-dependent
profiles within the pellet, we need to think carefully about how these data will
be used. To date, images of liquid distribution during chemical reaction within
a cylindrical Pt/g-Al2O3 catalyst pellet (diameter and height 4.7mm) have been
reported (Koptyug et al., 2002). In-plane spatial resolution was 230 mm� -
140 mm, with an image slice thickness of 2mm. A stream of hydrogen gas heated
to 67–69 1C and saturated with a-methylstyrene vapour was supplied to the
pellet at a flow rate of 18.5 cm3/s. 1H images of the evolution of the liquid
distribution within the pellet were recorded during a-methylstyrene evaporation
accompanied by its vapour-phase hydrogenation. To date there have not been
any reports of chemically resolved images within individual supported-metal
catalyst pellete—the 1H signal in the previous example did not differentiate
between reactants and product species. This is because of the severe line
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broadening that occurs in the 1H-MR resonances associated with individual
molecular species when these molecules interact with the surface of the catalyst,
causing a reduction in the relaxation times of those species which, in turn, is
manifested by an increased line width in the frequency spectrum. However, this
is not necessarily an insurmountable problem. Judicious selection of reaction
systems may identify specific systems in which the relevant 1H resonances can be
discriminated. Alternatively, imaging of nuclei other than 1H may provide the
solution—13C is an obvious choice. While the sensitivity of a 13C measurement
is substantially less than that of a 1H measurement, the existence of fewer, well-
separated 13C lines in a typical 13C spectrum of a reaction mixture might make
such measurements possible (see Section IV.D).
4. Coke Deposition

A natural extension of the studies of single pellet micro-imaging is to explore
the effect of pore structure on the spatial distribution of coke deposition within
the pellet. MR images have clearly shown that even while visual observations of
pellets as a function of coking might be consistent with the shrinking-core model
commonly employed in chemical engineering (i.e. coke deposition proceeds to-
wards the centre of the pellet at a uniform rate such that the catalytically active
region of the catalyst takes the form of a shrinking core of un-coked catalyst),
coke deposition actually proceeds in a much more heterogeneous fashion with
regions of coke deposition (of a length-scale corresponding to that of the length-
scale of heterogeneities in the pore structure) occurring towards the interior of
the pellet ahead of a higher concentration of coke deposition which is well
described by the shrinking core concept (Cheah et al., 1994). A more recent
study by Bonardet et al. (1999) employs a different strategy. These workers
imaged the 1H spin density associated with 2,3-dimethylpentane adsorbed on
pellets of HY zeolites coked to levels of 7.5 and 10% (w/w). The 1-D image
profiles of the 7.5% (w/w) coked sample showed a heterogeneous coke distri-
bution in the pellet at the macroscopic level. The most heavily coked region is
that which was first exposed to reaction, and the heterogeneity in coking was
again found to be associated with structural heterogeneities arising from the
pellet manufacturing process. Bonardet et al. also concluded that the coke is
heterogeneous in quality throughout the pellet. By varying the echo time in the
r.f. pulse sequence it was found that the T2 of the probe molecule, which is a
function of the aromaticity of the coke, varies within the pellet. In particular,
the more heavily coked zones were associated with coke characterised by the
shortest T2 values, indicative of coke of the most graphitic content. The more
highly coked sample had a more homogeneous coke distribution, with the coke
being of a homogeneous graphitic content throughout. A third approach to
addressing coke deposition has recently been demonstrated by Bar et al. (2002),
in a study of the location of coke deposits in industrial HZSM-5 pellets, of
diameter 5mm, contained in a small fixed-bed reactor. The coke distribution
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was detected directly using the Single Point Ramped Imaging with T1 En-
hancement (SPRITE) technique, a special MR imaging sequence for detecting
materials with short T2 relaxation times. In the example given, SPRITE was
used to produce a 1-D coke profile along the axis of the model fixed bed of inner
diameter 3 cm, containing two layers of coked pellets (20.5wt% coke) separated
by a 3.3-cm layer of fresh pellets. A spatial resolution of 0.5 cm was obtained,
this being limited by the rapid nuclear spin relaxation times of the sample. These
workers also used an approach similar to that of Bonardet et al. (1999), in which
the presence of carbonaceous deposits is observed indirectly by imaging the 1H
spin density of propane loaded within the sample. The different adsorption
strengths of propane on the fresh and coked HZSM-5 cause T4 to vary between
the fresh and coked regions, hence allowing the regions of coked and fresh
catalyst to be identified. The effect of coke deposition upon pore structure and
molecular diffusion within supported-metal catalysts has also been studied
(Wood and Gladden, 2003).
C. SINGLE-PHASE FLOW IN FIXED-BED REACTORS

There exist a wealth of studies of spatially unresolved measurements of single-
phase flow in model porous structures such as bead packs (e.g. Manz et al.,
1999a; Seymour and Callaghan, 1997; Stapf et al., 1998). The motivation for
many such studies has been to understand flow within the porous structure of
rock cores. In particular, PGSE-MR techniques have been used to measure
diffusion and dispersion within such systems. However, it was not until rela-
tively recently that the relevance of these measurements to the study of flow in
fixed-bed reactors was identified. Indeed, fixed beds of column-to-particle di-
ameter ratio 10–20 are an ideal system in which to apply MR flow imaging
experiments since the flow field within the inter-particle space can be well re-
solved. While many industrial reactors are characterised by column-to-particle
diameter ratios 420, the results obtained for these narrower beds are still rel-
evant. Importantly we have shown that the major feature of the flow field
observed in narrow beds (i.e. channelling throughout the entire bed, not just at
the walls) is still observed for beds of column-to-particle diameter ratio of �40
(which is the largest bed we have studied). It should also be remembered that
studies of beds of column-to-particle diameter ratio p20 will be directly rel-
evant to reactor designs used for reactions characterised by high exothermicity
and relatively poor heat transfer, such as the synthesis of methyl-isobutyl ketone
(Mariani et al., 2001) and the conversion of natural gas into transportation fuels
(Sie et al., 1991). Even when the ultimate objective is in understanding the
operation of larger column-to-particle diameter ratio beds, the MR imaging
data are still valuable since they provide a wealth of data that can be used for
the development and validation of numerical codes, which can then be used in
subsequent scale-up studies. Further, MR imaging may also be used to identify
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a specific phenomenon that influences process operation; once identified it may
then be possible to develop a cheap, robust probe, such as pressure drop meas-
urement, to monitor that phenomenon at plant-scale.

Early MR flow imaging studies of single-phase flow in fixed beds were re-
ported for packings of non-porous particles. Figure 25 shows 2-D sections
through 3-D volume images of the x, y and z components of flow within a fixed
bed of non-porous spherical particles. The map of the z-component of the flow
velocity is the most interesting; the +z-direction is the direction of superficial
flow in the reactor. In this particular example, the superficial flow velocity was
0.56mm/s, corresponding to a Reynolds number of 2.8. Hence, flow in much of
the bed is dominated by viscous forces, associated with flow velocities less than,
or of the order of, the superficial velocity. The most striking characteristic of
these images is the extent of heterogeneity in the flow field; a relatively small
fraction of the inter-particle space carries a high percentage of the liquid flow
(Sederman et al., 1997, 1998). Such regions of the bed are associated with high
fluid velocities, and inertial effects increasingly influence the flow profile (Johns
et al., 2000). On the basis of these images, it is clear that any theoretical analysis
of the flow within such a reactor must account for distinct populations of fast-
and slow-moving liquid, as channelling does not just occur at the walls of the
bed. The contact time between feed and catalyst will differ very significantly
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across the bed, i.e. by up to at least one order of magnitude in regions of the bed
characterised by the highest and lowest flow velocities, and this will introduce
spatially varying mass transfer characteristics within the bed. The spatial res-
olution of the flow field is such that the flow profile between individual particles
can be extracted from the data. This is clearly illustrated in Fig. 26 in which it is
seen that at low velocities (or more precisely, at low local Reynolds numbers)
parabolic, laminar flow is observed, whereas at higher local velocities the flow
profile flattens such that it is much more characteristic of plug flow. MR data of
this type are useful for identifying how catalyst size, shape and method of
loading into the reactor influence heterogeneities in hydrodynamics while, at a
more academic level, the combination of 3-D MR images of the bed structure
with flow visualisation allows us to explore how the geometry and inter-
connectivity of the inter-particle space determine the local flow characteristics
within the bed. These insights increase our generic understanding of fluid
transport in porous materials and are equally relevant to understanding fluid
transport processes in rocks and soils, with immediate application to oil recov-
ery and groundwater remediation processes, respectively.

Figures 27 and 28 show how the combined application of MR imaging and
flow visualisation allows us to study the deposition of fines within fixed beds.
This is a common problem in reaction engineering. For example, during process
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FIG. 26. The velocity profile for flow of water through two different regions (highlighted in Fig.
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FIG. 27. 2-D-MR image of the deposition of 80 mm particles (‘‘fines’’) within a bed packed with

5mm spherical glass beads. The water flowrate was 300ml/min. All images were acquired in 3-D

with isotropic spatial resolution of 188mm� 188mm� 188mm. Two local regions associated with a

build-up of fines are highlighted, and are identified by the low apparent 1H spin density from these

regions resulting from low voidage and relaxation time effects. Flow is in the +z-direction. Re-

printed from Gladden (2003), with kind permission of Springer Science and Business Media.
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operation, attrition of the catalyst will occur, and the resulting ‘‘fines’’ will
deposit throughout the bed. These deposits will then influence the flow paths
through the bed and this, in turn, can influence the operating conditions within
the bed (e.g. pressure drop) and chemical conversion. Exactly the same exper-
imental strategy would allow us to understand and optimise filtration processes.
Figure 27 shows an image of water concentration (or, more precisely, 1H spin
density) within a 2-D slice section through a fixed bed of glass beads. The beads
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are seen as black on the colour scale and the free water as white. Regions in
which fines are deposited are readily identified as the grey contrast level; when
fines are deposited, they pack to produce regions of low voidage, and are hence
observed as regions of reduced water (1H) content. The images shown in Fig. 28
explain how the MR flow images shown in Fig. 25 may be used to understand
the phenomena leading to deposition. Figure 28 shows maps of the shear stress
in the liquid as it moves through the bed. These maps of shear stress within the
fluid have been calculated directly from the flow visualisations shown in Fig. 25
(Sederman and Gladden, 2001a). From these maps, we see precisely where
regions of high liquid shear stress (lighter shades) exist within the bed; such
regions will be associated with particle erosion but are not likely to be regions in
which significant fines deposition will occur. In contrast, in regions of low shear
stress little particle erosion will occur, but we will expect these regions to be
particularly susceptible to fines deposition. As regions of particle deposition
extend within the bed, the hydrodynamics and pressure drop characteristics of
the bed will also change. Such images can be used directly in optimising the
hydrodynamic characteristics of the bed to promote or minimise the existence of
particular flow phenomena.

High-resolution images of the type shown in Fig. 25 combined with 3-D high-
resolution images of the structure of the bed can also be used to study the more
fundamental aspects of structure–transport relationships characterising the
fixed bed itself. In a series of papers (Baldwin et al., 1996; Johns et al., 2000;
Sederman et al., 1997; Sederman et al., 2001) it has been shown that in addition
to extracting data such as radial distribution functions of either the void space
or packing elements, image-analysis techniques can be used to partition the void
space characterising the bed into individual elements—referred to as ‘‘pores’’—
which are characterised by their volume, surface area and connectivity to each
other. By combining this information with the images of flow occurring within
the same bed, the influence of pore size, shape and connectivity on the flow
within the void space of the bed can be investigated. This field is now receiving
increasing interest both at an academic level and also from catalyst manufac-
turers interested in investigating how subtle changes in pellet size and shape can
influence the spatial distribution of porosity and, hence, the hydrodynamics
within the reactor (e.g. Gotz et al., 2002). As in the case of the micro-imaging
studies mentioned earlier (Section IV.B), a real advantage of employing MR
techniques is the ability to quantify the extent and nature of heterogeneity in
both structure and transport characteristics characterising the system under
study.

The combination of techniques and research methodology described above is
being applied to other fields. Examples include assessing the performance of
filtration processes (e.g. Dirckx et al., 2000) and biofilm reactors (e.g. Beuling
et al., 1998; Nott et al., 2001). Both these applications exploit the capability of
measuring the flow field within the process unit in combination with imaging the
internal structure of the system so as to understand the inter-relationship of the
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rate of formation and structure of deposited material with the local and macro-
scale hydrodynamics. Other applications include visualisation of flow within
hollow-fibre bioreactors (Heath et al., 1990), and heat exchangers (Pangrle
et al., 1992; Sun and Hall, 2001; Wang et al., 1999). Extensive studies of chro-
matographic column design and operation have been published by Tallarek,
Van As and co-workers addressing issues such as the quantification of the mass
transfer between the intra-particle pore network of the porous particles and the
inter-particle void space comprising the column, as well as dispersion and
electroosmotic perfusion phenomena (Tallerek et al., 1996, 1999, 2001).
D. MEASURING CHEMICAL COMPOSITION AND MASS TRANSFER IN FIXED-BED

REACTORS: IN SITU STUDIES OF REACTIONS

Recently, there has been a surge of interest in this area, but it is important to
remember that early studies were reported as far back as 1978, albeit in rel-
atively simple systems. In 1978, Heink et al. (1978) used 1-D profiling to study
the time-resolved concentration profile of butane and water in packings of
NaCaA and NaX crystallites, respectively. Other early studies include the use of
19F imaging to follow the intercalation of AsF5 into highly oriented pyrolytic
graphite at room temperature (Chingas et al., 1986). Since then, interest has
focussed mainly on oscillations and travelling waves during chemical reaction
(Balcom et al., 1992; Menzinger et al., 1992; Ra’bai et al., 1990; Scott, 1987;
Tzalmona et al., 1990, 1992). Butler et al. (1992) employed 1H-MR imaging
techniques to investigate the extent of reaction in a single crystal of 4-
bromobenzoic acid during exposure to ammonia gas. A second case study used
MR imaging to follow the reaction of a deep bed of powdered toluic powder
with ammonia gas flowing over it. The apparent reaction rate constant and the
effective ammonia diffusion coefficient (into the toluic bed, perpendicular to
the direction of flow) were obtained from a fit of a diffusion–reaction model
to the experimental data. In principle, all the methods of MR spectroscopy can
be integrated into an MR imaging sequence; hence, spatially resolved meas-
urements of chemical conversion should be possible. However, the practical
challenges in achieving this are substantial. In particular, as with any measure-
ment, achieving adequate signal-to-noise is the key to a successful measurement.
This is why in the vast majority of MR imaging experiments, signal from the 1H
nucleus is acquired. The 1H nucleus has high MR sensitivity and exists in 100%
natural abundance. The problem is that in any reaction mixture there is likely to
be a wealth of 1H resonances many of which will overlap, making it impossible
to follow the change in concentration of a particular species. This problem is
increased because of the interaction of the fluid phase with the solid-phase
catalyst pellets, which causes the relaxation times of the fluid species to decrease.
This further reduces the available signal-to-noise in the experiment and also
broadens the spectral resonances, further increasing the overlap of individual
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resonances. For this reason 1H studies are likely to be limited to the study of
simple reactions in which the 1H spectral peaks are readily resolved. Alterna-
tively, we must also consider 13C, 31P and 19F imaging, if possible. 31P and 19F
are commonly used in the medical field and have high abundance and sensi-
tivity. 13C is the most likely candidate species to be studied in heterogeneous
catalytic processes, but successful implementation of the technique is not
straightforward. Despite these difficulties, initial 1H experiments and, most re-
cently, the first report of 13C observation in this application suggest that sub-
stantial new insights into the coupling of hydrodynamics and chemical
conversion can be obtained by developing the appropriate MR techniques.

Albeit in a simple reaction, the nature of the information that can be obtained
regarding chemical mapping and quantification of mass transfer processes has
been demonstrated using the liquid-phase esterification of methanol and acetic
acid catalysed within a fixed bed of H+-ion exchange resin (particle size
600–850 mm). The purpose of this initial experiment was to confirm the link
between the heterogeneity in hydrodynamics identified in Section IV.C and
possible heterogeneity in conversion within the bed. This study is a good ex-
ample of how the attributes of MR spectroscopy and imaging can be combined.
In principle, there is no reason why the chemical mapping of the experiment
cannot be performed at the spatial resolution achieved in the imaging of the
structure of the bed. However, in the present example, spectra were acquired
from relatively large volumes within the bed (1.5mm� 1.5mm� 0.5mm) to
ensure high signal-to-noise data for subsequent analysis. Using this approach,
we were able to study quantitatively the extent of conversion at various loca-
tions within transverse sections through the bed and at several positions along
the length of the bed. The experiment is reported in detail elsewhere (Yuen et al.,
2002). The technique of volume-selective spectroscopy (Kimmich and Hoepfel,
1987) is used to obtain, non-invasively, MR spectra from the well-defined vol-
ume elements with the bed; this is achieved by the application of magnetic field
gradients to selectively excite spins only within the volume of interest. The
chemical conversion within each volume is obtained directly from the positions
of the spectral peaks within the 1H spectrum. The measurement of chemical
composition, and hence conversion, within the bed is entirely non-invasive,
thereby overcoming the problem of introducing sampling points within the bed,
which will disturb the local hydrodynamics and potentially influence the local
conversion. It is worth summarizing the principle of the measurement since it is
a way of overcoming the problem of not being able to resolve molecule-specific
resonances (or ‘peaks’) in the 1H spectrum. Quantification of chemical com-
position is achieved by exploiting the phenomenon of fast exchange of the 1H
species associated with hydroxyl groups within the acetic acid, methanol and
water species comprising the reaction mixture:

CH3OHþ CH3COOH Ð CH3COOCH3 þH2O (23)
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As a result of 1H fast exchange, the observed chemical shift (i.e. resonance
frequency) for the 1H species associated with OH groups present in the reaction
mixture (dobserved) is determined by an average of the component chemical shifts,
weighted by the amount of each molecular species present, as follows from Eq.
(23). Thus, the concentration of acetic acid present at any time and, hence, the
extent of conversion at that time is determined directly from the value of
dobserved identified in the volume selective spectrum. Figure 29 shows a 2-D slice
section through a 3-D RARE image of the bed; the image voxels are of size
97.7 mm� 97.7 mm� 97.7 mm. 1H-MR spectra have been recorded from regions
of in-plane dimension 1.5mm� 1.5mm, with a slice thickness of 500 mm in the
direction of superficial flow. From each spectrum it is possible to determine,
directly and quantitatively, the extent of conversion within a given local volume,
as shown in Figure 30. All images in Fig. 30 show that there is significant
heterogeneity in conversion within a single transverse section through the bed,
perpendicular to the direction of superficial flow; fractional variations in con-
version of up to �20% are typical under steady-state operating conditions.
Although such studies are in their early stages, we clearly have the measurement
tools to study the complex interaction of hydrodynamics and chemical kinetics
in the complex porous medium represented by a fixed bed.

While the esterification experiment described in the previous paragraph has
provided the most detailed in situ visualisation of a heterogeneous catalytic
reaction to date, the approach to measuring conversion cannot be used rou-
tinely for other reactions. This is because we are monitoring quite small var-
iations in chemical shift to calculate conversion, which requires a relatively
simple 1H spectrum that can be interpreted unambiguously. Two other studies
have been reported recently. In the first of these, Koptyug et al. (2004) used 1H-
NMR to produce spatially resolved spectra within a 2-D slice section along the
axial direction of a fixed bed of Pd/Al2O3 (1%, (w/w)) catalyst pellets. The
reaction considered was that of the hydrogenation of a-methylstyrene to
cumene. The spectra show clear evidence of changes in chemical composition
along the length of the bed, but conversion is not quantified, most likely owing
to problems in deconvolving the 1H resonances from the reactant and product
species. The most recent study reports the successful implementation of 13C
imaging to study reaction in situ (Akpa et al., 2005), illustrated by the com-
petitive etherification and hydration reactions of 2-methyl-2-butene occurring
within a fixed bed of H+-ion exchange resin. By exploiting polarisation transfer
techniques, sufficient signal-to-noise is achieved for spatial resolution of chem-
ical composition, and hence conversion, within the bed to be obtained without
the need for 13C isotopic enrichment. Although much work remains to be done,
the ability to spatially map 13C signals at natural isotopic abundance opens
up significant new opportunities for widespread studies exploring the interaction
of hydrodynamics, mass transfer and chemical kinetics within catalytic
reactors. Our ultimate goal must be to gain enough understanding to design
an integrated, optimised (scaled-up) catalyst reactor system that can deliver the



FIG. 29. 2-D slice through a 3-D RARE image of a fixed bed of ion exchange resin. The image has

an isotropic resolution of 97.7mm� 97.7mm� 97.7mm. The image slice in which the local volumes

are located for the volume-selective spectroscopy study is identified. The image was acquired by

saturating the bed with pure methanol. The image is acquired employing T2 contrast such that signal

is acquired only from the methanol in the inter-particle space. The arrow indicates the direction of

superficial flow. Reprinted from Gladden (2003) with kind permission of Springer Science and

Business Media.
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high activities and selectivities that the catalyst can achieve at small scale in
powder form.

Further extensions of chemical mapping within a fixed bed lie in quantifying
mass transfer between the intra-pellet and inter-pellet pore space. One approach
to measuring mass transfer processes is to use displacement propagator meas-
urements (see Section II.C). The data acquired for the esterification reaction
described previously are shown in Fig. 31. In this propagator measurement, the
total propagator measured for the system has been separated into two
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FIG. 30. Visualisation of mean conversion, X, within selected volumes located within the slice

section identified in Fig. 29. The local volumes have in-plane dimensions of 1.5mm� 1.5mm, and

have a depth (image slice thickness) of 500mm. Data are shown for three feed flow rates: (a) 0.025,

(b) 0.05 and (c) 0.1ml/min. As flow rate increases, so the residence time characterising the bed

decreases and it therefore follows that conversion will decrease. Reprinted from Gladden (2003),

with kind permission of Springer Science and Business Media.
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component propagators by combining the transport measurement pulse sequence
with a spin-lattice relaxation time experiment. Since the relaxation time of liquid
molecules that have existed only within the inter-particle space during the ob-
servation time (100ms) of the experiment is significantly longer than that of
molecules that have moved between the inter- and intra-particle space, independ-
ent propagators characterising these two populations of liquid molecules can be
obtained (Gladden et al., 2003a). In Fig. 31 the broader propagator, which shows
two peaks, is that associated with the liquid in the inter-particle space. The two
peaks are consistent with there being populations of very slow-moving and much
faster moving fluid within the bed—note that these observations confirm that the
flow heterogeneity observed in beds of low column-to-particle diameter (�10—
Fig. 25) is also observed for beds of significantly higher column-to-particle ratios
(�20). The full-width at half maximum of the (narrower) ‘‘exchange’’ propagator
provides an estimate of the effective diffusion coefficient for water molecules
moving between the pore space of the catalyst and the inter-particle space of the
bed of �2� 10�9m2/s, which gives a lower limit to the value for the mass transfer
coefficient of �4� 10�6m/s. This value is obtained by defining a mass transfer
coefficient as D=d, where d is a typical distance travelled to the surface of the
catalyst that we estimate as half a typical bead dimension (�500mm). Such a mass
transfer coefficient would give rise to a rate of reaction of �2� 10�3s�1, con-
sistent with the reaction occurring under conditions of kinetic control.
E. TWO-PHASE FLOW IN FIXED-BED REACTORS

The next level of complexity in implementing MR to study fixed-bed proc-
esses is to study two-phase flow phenomena. Initial studies focussed less on fully
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FIG. 31. T1-resolved propagators for water flowing within the inter-particle space of a bed packed

with ion exchange resin (�) and for water exchanging between inter- and intra- particle environments

(’) during the timescale of the transport measurement. Data are shown for a volumetric feed flow

rate of 2ml/min, to a column of internal diameter 20mm.
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resolving the liquid flow field and more on the macroscopic gas–liquid distri-
bution within the bed, with the specific aim of measuring liquid holdup (w) and
surface wetting. The latter is particularly important since MR provides the first,
direct, non-invasive measure of this quantity. The first reported MR imaging
study of liquid holdup and wetting in two-phase flow within a fixed bed was
performed on a column of internal diameter 40mm, packed with 5-mm-diam-
eter non-porous glass spheres (Sederman and Gladden, 2001b). This system was
considered a model system for a trickle bed, and it was demonstrated that
measurements of both liquid holdup in quantitative agreement with gravimetric
data, and surface wetting could be obtained directly. The typical spatial res-
olution obtained in these measurements was �300 mm; therefore, the absolute
thickness of wetted films on the surface of the packing elements is not imaged.
Instead, by selecting a suitable gating level on the image intensity that discrim-
inates between image pixels that are part-filled with liquid (i.e. containing a
solid/gas/liquid interface) and those that have zero liquid content, it is possible
to identify the presence of liquid films on the surfaces of the glass spheres
unambiguously. Liquid holdup and wetting efficiency (ws), as defined below,
were determined:

w.—The fraction of (inter-particle) void space pixels containing some liquid
provides an upper estimate of liquid saturation, from which values of liquid
holdup are obtained. By extrapolation of the data to zero liquid superficial
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velocity, the static liquid holdup is identified, and the dynamic liquid holdup,
wdynamic, is obtained.

ws.—The wetting efficiency is obtained by calculating the fraction of the pixels
identifying the surface of the packing that are in contact with liquid during
gas–liquid flow. Liquid-containing voxels adjacent to the wall of the column,
and the internal surface of the porous packing elements are not considered in
the analysis.

Figure 32 shows the nature of the data obtained. In Fig. 32b the total liquid
holdup in the image slice has been segmented in to what we call rivulets using
the pore space segmentation algorithm referred to in Section IV.C. Application
of this algorithm is merely an objective, reproducible procedure to characterise
the liquid distribution within the bed. By recording these data in 3-D, a range of
statistics can be produced, such as the number of ‘‘pores’’ within the bed as-
sociated with different levels of fractional filling and the number distribution of
the fractional surface wetting of the packing elements.

Extension of this methodology to packings of porous packing elements (e.g.
catalyst support pellets) is not straightforward. The challenge arises because the
signal we wish to measure is associated with the water in the bed. However, the
signal intensity we acquire from a specific region of water will depend on its
local environment, because the nuclear spin relaxation times of water in dif-
ferent physical environments will be different. In this system, the different en-
vironments will be (i) free water in the bulk of the inter-pellet space, (ii) water
(a) (b) (c)

FIG. 32. Identification of rivulets and surface wetting in a packing of 5mm diameter glass spheres

contained within a column of internal diameter 40mm. The data were acquired in a 3-D array with

an isotropic voxel resolution of 328mm� 328mm� 328mm. (a) The original image of trickle flow was

first binary-gated, so that only the liquid distribution within the image is seen (white); gas-filled

pixels and pixels containing glass spheres show up as zero intensity (black). (b) The liquid distri-

bution is broken up into individual liquid rivulets, each identified by a different shade on a grey

scale. (c) Pixels containing any liquid–solid interface are then identified using image analysis tech-

niques and ‘‘images’’ of surface wetting are produced. Data are shown for liquid and gas superficial

flow velocities of 3 and 66mm/s, respectively. Reprinted from Sederman and Gladden (2001b), with

permission from Elsevier. Copyright (2001).
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within the intra-pellet pore space and (iii) water existing in films on the surface
of the pellets but not part of a rivulet within the inter-pellet space. Initial studies
of holdup and wetting during trickle flow in a fixed bed packed with cylindrical,
porous alumina extrudate have been reported. Data were presented for two
packings: (i) packing of diameter 1.5mm and a distribution of lengths in the
range 572mm; (ii) packing of diameter and length equal to 3mm. A constant
gas superficial velocity of 31.3mm/s was used, with liquid superficial velocities
in the range 0.1–6mm/s. 2-D visualisations of liquid distribution within trans-
verse sections, of thickness 1mm, were acquired. The total data acquisition time
for each image was 25min. Data were recorded with a field-of-view of
40mm� 40mm and a data array size of 256� 256, thereby yielding an in-plane
spatial resolution of 156 mm� 156 mm (Gladden et al., 2003b).

Figure 33 shows plots of dynamic liquid holdup and wetting efficiency against
liquid superficial velocity for a constant gas velocity of 31.3mm/s (Gladden
et al., 2003b). It is clearly seen that dynamic liquid holdup increases more
rapidly as a function of liquid superficial velocity within the 1.5mm packing,
and values of holdup and wetting efficiency are always greater, for a given liquid
velocity, for the 1.5-mm-diameter packing relative to the 3-mm-diameter pack-
ing. The line through the dynamic liquid holdup data is the best fit of the
percolation-based model described by Crine et al. (1992). The form of the ex-
pression for the dynamic liquid holdup is

wdynamic ¼ KQð Þ
1=3 Q

QþQmin

� �2=3
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FIG. 33. (a) Dynamic liquid hold-up, and (b) wetting efficiency as a function of liquid superficial

velocity for 1.5 and 3mm cylinders. Gas flow rate is constant at 66mm/s. The line shows the best fit

of the percolation model of Crine et al. (1992). Reprinted from Gladden et al. (2003b), with per-

mission from Elsevier. Copyright (2003).
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where Q is the liquid superficial velocity and Qmin the minimum liquid
superficial velocity. K ¼ kmLa

2=rLg, where k is a proportionality factor de-
pending on the fluid and packing properties, mL the liquid dynamic viscosity, rL
the liquid mass density, a the specific surface of the packing and g the accel-
eration due to gravity. Equation (24) is fitted to the experimental data, with
Qmin and K (i.e. k) as variables in the fit. As seen from Fig. 33, the fit of Eq. (24)
to the data is good. The values of Qmin obtained are 3.56� 10�4m/s and
12.5� 10�4m/s for the 1.5- and 3-mm-diameter cylinders, respectively. Follow-
ing the argument of Toye et al. (1996), Qmin characterises solid-phase (i.e.
packing) wettability such that smaller values of Qmin are associated with better
packing wettability. This, as discussed earlier, is clearly supported by inspection
of Fig. 33. These early studies of trickle flow within beds of porous packing
elements identified three general results: (i) values of liquid holdup compare
well, typically to within 5% of gravimetric data; (ii) the general trends in both
holdup and wetting data are consistent with the predictions of existing models in
the literature; (iii) the absolute value of surface wetting tended to be lower than
that previously reported in the literature. Considering (iii), there are, of course,
likely to be significant errors in the values of wetting obtained from the range of
indirect methods used in the earlier works. However, an underestimation of
surface wetting using data obtained from MR imaging can be explained as a
consequence of not ‘‘seeing’’ liquid layers on the surface when they are not
associated with a larger scale liquid rivulet. As a result of this observation,
improved data-acquisition and image-analysis strategies have been developed.
The key modification to the overall methodology is that we apply an image-
analysis algorithm that applies a local gating level: this is an objective procedure
that accounts for the fact that the gating level we choose must discriminate
between intra-pellet water and water bound to the surface as a wetted film. The
particular gating level needed to achieve this will be very sensitive to the signal
from the intra-pellet water, and since this varies with the characteristics of
individual pellets, a global gating level will always introduce inaccuracies into
the measurement. Using this improved algorithm, MR measurements of both
holdup and wetting are in good agreement with the predictions of the neural
network analysis of Larachi et al. (1999).

F. HYDRODYNAMIC TRANSITIONS IN FIXED-BED REACTORS

Trickle- and pulse-flow regimes are the contacting patterns most commonly
encountered in commercial-scale trickle beds; therefore, understanding the na-
ture and characteristics of the hydrodynamics in these flow regimes and the
transitions between them are subjects of long-standing interest (e.g. Blok et al.,
1983; Boelhouwer et al., 2002; Dankworth et al., 1990; Grosser et al., 1988;
Holub et al., 1992; Larachi et al. 1999; Ng, 1986; Reinecke and Mewes, 1997;
Sicardi and Hofmann, 1980). The flow pattern will significantly influence the
performance of a given reactor through characteristics such as phase holdups,
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power consumption and mass-transfer fluxes, so successful modelling of trickle-
bed reactors requires precise tools for the identification of the flow pattern
expected for a specified set of operation conditions. An accurate prediction of
the trickle-to-pulse transition is also of key importance in this regard (Larachi
et al., 1999). Extending MR to study unsteady-state flows requires rapid data
acquisition times. In this case, FLASH techniques (see Section II.F) were em-
ployed, and spatial resolution was reduced such that sufficient signal-to-noise
was achieved. This is the subject of ongoing work, but some interesting new
observations have already been made. This research also highlights that every
time we implement a new type of data acquisition we have to think carefully
about how to process the data so that the important information is captured.
Images were acquired as a data array of size 32� 16 (in-plane spatial resolution
1.4mm� 2.8mm), with an acquisition time of 20ms for a 2-mm slice thickness.
Images were acquired in immediate succession, and frame rates of 50 frames per
second (f.p.s.) were achieved. The maximum number of images acquired in a
single series was 540, this number being limited by hardware considerations.
High-resolution images of 2-D slice sections through the bed were also acquired
to provide accurate identification of the position of packing elements within the
bed. These were acquired using a standard spin-echo imaging sequence with an
in-plane resolution of 175 mm� 175 mm for a slice thickness of 1mm. The
methods we have chosen are outlined below:

Signal intensity in the images is acquired only from the liquid phase. The MR
imaging data obtained have been analysed using the following two procedures:
(i)
 Standard deviation maps: The simplest way to assess the stability of the
gas–liquid distribution is to calculate a map of the standard deviation of the
pixel intensities for each pixel in a time series of images. Thus, for a series of
n images, the standard deviation of the intensity associated with pixel i, si, is
calculated as follows:

si ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðxi � x̄iÞ

2

n

s
(25)

where xi is the signal intensity of pixel i, and x̄i the average intensity of
pixel i in the series of n images, the summation being taken over n images.
(ii)
 Temporal autocorrelation function ðRI ðtÞÞ plots of effective liquid holdup:
These are calculated from the signal intensity (i.e. effective liquid holdup)
data as follows:

RI ðtÞ ¼
IðtÞIðtþ tÞ

 �

I2

 � (26)
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where IðtÞ is the total signal intensity within the region of interest acquired
at time t. This analysis extracts correlations in the signal intensity for all
time separations t and highlights any periodicity in the holdup data and the
timescales over which they exist.
Figure 34 shows three time series of 2-D magnetic resonance images of liquid
distribution (Lim et al., 2004). The three sets of operating conditions character-
ising these series correspond to operation in the trickle-, transition- and pulse-
flow regimes. The gas velocity is constant at 112mm/s, data in rows (a), (b) and
(c) correspond to liquid velocities of 0.8, 6.8 and 10.6mm/s, respectively. The
final image in each series is the standard deviation map calculated from a series
of 512 images acquired in immediate succession over a period of 10 s. It is
clearly seen that the liquid distribution in each of the trickle-flow images
(Fig. 34a) appears constant; therefore, the standard deviation map has pixel
intensities approaching the noise level consistent with a given pixel containing the
same phase or combination of phases (liquid, solid, gas) in each successive image.
IG. 34. Evolution of gas–liquid distribution in the (a) trickle-, (b) transition, and (c) pulsing-flow

es. The gas velocity is 112mm/s; liquid velocities are (a) 0.8, (b) 6.8 and (c) 10.6mm/s. Four

es are shown acquired within the series of 540; each image took 20ms to acquire. High intensity

te) corresponds to high liquid content. Signal intensity is associated only with the liquid phase.

lane spatial resolution is 1.4mm� 2.8mm, and the image slice thickness is 2mm. All images are

he same intensity scale. The final image in each row is the SD map calculated from 512 con-

tive images taken from the complete time-series acquired. The three standard deviation maps are

ted on the same scale with white (highest) and black (lowest) values. Reprinted from Lim et al.

4), with permission from Elsevier. Copyright (2004).
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Fig. 34c corresponds to conditions of pulsing flow during which the content (i.e.
gas or liquid) of a given pixel changes with time. Thus, the resulting standard
deviation map has high intensity values (lighter shades). There also exist regions
within this standard deviation map that appear to suggest stable gas–liquid dis-
tribution. In many cases, such features in the standard deviation maps actually
correspond to regions where the given image pixel contains (mostly) solid catalyst
pellets. Since the pellets do not move, and remain liquid filled at all times, the
signal intensity associated with that pixel, even if such a pellet is at times sur-
rounded by either gas or liquid, will change very little. The series of images shown
in Fig. 34b are taken for a set of conditions that exist at an operating condition
within the transition from trickle to pulsing flow. Inspection of this row of
images shows a constant gas–liquid distribution in most regions of the field
of view. However, some regions clearly show a time-varying liquid distribution.
The regions of stable and unstable liquid content are clearly identified in the
associated standard deviation map and provide strong evidence in support of the
‘‘microscopic’’ models of the trickle-to-pulse transition. Movies of the 2-D images
recorded in the trickle-, transition- and pulse-flow regimes can be found at the
website http://www.cheng.cam.ac.uk/groups/mri/aichej.htm. Figure 35 explores
the nature of these local pulsing events in more detail by overlaying the standard
deviation maps with the high-resolution image of the structure of the bed; the
pixels associated with pellets have been gated out and are depicted in black for
clarity (Lim et al., 2004). It is clearly seen that the initial local pulses occur at the
size scale of the packing elements within the bed.

Further analysis of the standard deviation maps is extended by applying a
binary gate to these data sets to identify pixels that are associated with values of
standard deviation significantly above the noise level, thereby clearly identifying
the position of local pulses within the bed. Figure 36a shows a binary-gated
version of the standard deviation map shown in Fig. 34b. The value at which the
binary gate is applied is chosen to be 5s, where s is the average standard
deviation value of the noise calculated from the images of a completely liquid-
filled bed. Figure 36b shows the temporal autocorrelation function data cal-
culated from the two regions identified by the binary gate. The regions identified
by black pixels, which identify pixels associated with a constant gas–liquid
distribution, are characterised by a constant value of the temporal autocorre-
lation function of �1. The pixels associated with time-varying gas–liquid con-
tent are seen to have a temporal autocorrelation function containing several
distinct periodicities. In Fig. 36c, local temporal autocorrelation functions are
calculated for the local regions highlighted in Fig. 36a. Local periodicities of
�0.4, �2 and �10 s are identified. The fluctuations in the liquid signal occurring
with a period of �0.4 s are of much smaller magnitude. A possible explanation
for this is that these fluctuations in liquid distribution are associated with fluc-
tuating liquid films on the surface of the packing. This hypothesis is further
investigated in Fig. 37, which shows the standard deviation map and temporal
autocorrelation data for images recorded at a liquid and gas velocity of 2.0 and



(a)

(b)

FIG. 35. Identification of location and size of local pulses within the trickle bed. A high spatial

resolution image (in-plane spatial resolution 175mm� 175mm; slice thickness 1mm) is overlayed

with a standard deviation map calculated from images acquired at a spatial resolution of in-plane

spatial resolution 1.4mm� 2.8mm, and slice thickness 2mm. The standard deviation maps have

been linearly interpolated to the same in-plane spatial resolution as the high resolution data. Images

are shown for a constant gas velocity of 112mm/s; (a) increasing liquid velocity, and (b) decreasing

liquid velocity. The liquid velocities increase left to right: 2.8, 3.7, 6.1 and 7.6mm/s. Reprinted from

Lim et al. (2004), with permission from Elsevier. Copyright (2004).
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FIG. 36. (a) The binary-gated map derived from the SD map shown in Fig. 34b. The pixels

identified as being associated with local pulsing are identified as white; pixels associated with ‘‘con-

stant’’ gas–liquid distribution are identified as black. (b) The temporal autocorrelation function

calculated for white pixels (_____) and black pixels (- - - - -). (c) Local autocorrelation functions

calculated from the identified regions (i, ii, iii) identified in (a) correspond to periods of oscillation of

�10, �2 and �0.4 s, respectively. The solid and dashed lines take the values on the left-hand y-axis;

the much smaller scale intensity fluctuations are associated with the much smaller values of standard

deviation on the right-hand y-axis. Reprinted from Lim et al. (2004), with permission from Elsevier.

Copyright (2004).
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275mm/s, respectively. This condition lies in the trickle regime before the onset
of the transition to pulsing flow. The standard deviation map is not shown on
the same scale of intensity as those shown in Fig. 34. Instead, the scale varies
between the highest (white) and lowest (black) values of standard deviation



(a)

FIG. 37. (a) standard deviation map, and (b) temporal autocorrelation functions for data recorded

at liquid and gas velocities of 2.0 and 275mm/s, respectively. The grey scale varies between lowest

(black) and highest (white) standard deviation values calculated. The temporal autocorrelation

functions are shown for regions (i) and (ii) by solid and dashed lines, respectively. Reprinted from

Lim et al. (2004), with permission from Elsevier. Copyright (2004).
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calculated from this specific time series of liquid-distribution images. All the
standard deviation values in Fig. 37a fall below the gating level selected for the
data shown in Fig. 36a. Therefore, all the fluctuations in liquid distribution are
much smaller than those observed when macroscopic (�size of the packing
elements) liquid pulses occur. Short time-scale fluctuations in the local liquid
distribution that occur with well-defined periods of �0.15 and 0.3 s (see Fig.
37b) can be observed. This work has recently been extended to acquire 3-D
images of the formation and evolution of local pulsing events through the
trickle-to-pulse transition (Anadon et al., in press; Gladden et al., in press).
V. Future Prospects

The role of MR in chemical engineering research is changing. It is now es-
tablished as a quantitative measurement tool in chemical engineering, and as its
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use becomes more widespread the ‘‘language’’ of MR will appear less daunting.
There remains significant scope to develop new MR methods that address spe-
cific measurement needs in chemical engineering. To this end we are likely to see
continued interest in the development and implementation of fast measurement
methods and increasing use of MR beyond 1H to observation of nuclei such as
13C, 31P, 23Na and 19F. We are also likely to see MR systems dedicated to
specific MR measurements set up for use by the non-expert. Precedents already
exist in clinical medicine, downhole tools in oil exploration and food quality
control. In each of these applications, MR hardware and software are designed
to perform a restricted set of measurements such that the resulting data are
readily interpreted in terms of specific characteristics of the system of interest.
In addition to this simplified user interface, the design of hardware for a single
specific function can also reduce hardware costs considerably. There is also
potential for using dedicated, single-function MR hardware for process control
applications. For example, droplet-size distributions in emulsions can be char-
acterised in situ under flowing conditions, thereby enabling MR to be used as
part of a process control strategy. This measurement technique also avoids the
introduction of errors into the droplet-size determination caused by extracting
samples from a process line for ex situ analysis (Johns and Gladden, 2002).
Further opportunities lie in combining MR with other tomographic and sensor
technologies. For example, X-ray micro-tomography (XMT) can probe struc-
tures at a higher spatial resolution than MR, but does not readily give infor-
mation on transport processes. By combining MR and XMT, a greater range of
spatio-temporal correlations may be accessed. Opportunities also exist in
using MR to identify and understand, at the laboratory scale, the occurrence of
particular phenomena that may have a detrimental effect on product quality or
process performance, but then using a cheap, robust measurement on plant
to identify when such phenomena occur in the real process. For example,
in the context of trickle-bed operation, the detailed nature of transitions in
hydrodynamics between different flow regimes may be determined and
their signature in terms of variation in pressure drop measurements iden-
tified. The pressure drop measurements may then be used on the full-size op-
erating unit to provide a much more accurate assessment of trickle-bed
operation.

Having introduced and begun to validate the use of MR measurements, the
integration of these measurements into numerical modelling and theoretical
research will also be an area of significant opportunity and development. MR
data can be used (i) to guide the description of the problem to be solved. This
can be done by using the MR image directly, in pixelated form, as the sim-
ulation lattice, or by using the image in a more qualitative way to identify the
structural features that need to be represented within the simulation, and (ii) to
explore the accuracy of the numerical prediction. This is an area of research in
which work in the medical and engineering fields is at a similar stage of de-
velopment, which is not surprising since both research communities require each
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other’s skills. A good example of this research methodology is found in the work
of Wang and Li (1998), which used MR images to develop a 3-D simulation
lattice upon which a numerical simulation of the mass transport processes rel-
evant to drug delivery to a brain tumour could be based. From this simulation it
was possible to predict the optimal location of a controlled-release drug delivery
implantation. One might ask, why is MR imaging so much more useful in this
type of application compared with other tomographic techniques? Of course,
the ability to image an optically opaque subject is key, but just as important is
the fact that MR can also give a 3-D mapping of the transport processes oc-
curring within the sample as well as mapping chemical composition—i.e. if one
needs the real diffusion coefficients of species within the sample to input to the
model, one can measure them directly. This is enormously powerful because we
can develop models in which the simulation lattice, boundary conditions and
many of the transport parameters required by such models are not free variables
but parameters measured on the real system.

More generally, the ability of MR to provide 3-D data sets for the validation
and development of numerical codes (e.g. Manz et al., 1999c) will be enor-
mously useful. As we look to the future, many of us expect that we will be able
to exploit developments made in computational physics so as to provide an
alternative strategy to using scale-up rules and correlations in process design. If
this goal is to be achieved, these ‘‘predictive’’ codes must be validated rigor-
ously, and MR has an important role to play in this. The key attribute of MR is
its ability to provide spatially resolved information on structure, transport and,
as appropriate, chemistry, within the system of interest. If the numerical code is
able to predict, at high spatial resolution, the experimentally determined chem-
ical composition, diffusion, dispersion and flow behaviour then there is com-
pelling evidence that the code is capturing the correct chemistry and physics,
and hence should be able to predict the performance of the scaled-up system.
Of course, strategies will still be required for modelling heterogeneities in mac-
ro-scale systems on length-scales greater than those probed in the MR exper-
iments.

In conclusion, this chapter has attempted to bring together the measurement
capabilities that can be united under the heading of ‘‘MR techniques’’.
Each of these can be a research field in their own right, but from the perspective
of the chemical engineer it is the combination of these methods—particularly in
the hierarchy of length-scales they probe—that makes MR methods so
powerful.
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