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Abstract

Compressed sensing magnetic resonance methods have been used to image the time-averaged velocity
and turbulent kinetic energy in 3D for turbulent gas flowing through a bed of porous, hollow cylindrical
catalyst support pellets. Velocity and turbulent kinetic energy images were acquired at a spatial
resolution of 0.70 mm (x) X 0.70 mm (y) X 1.0 mm (z) for particle Reynolds numbers, Rep,, of 500,
2500 and 6500 in a bed with a tube-to-particle diameter ratio of 4.7. These data represent the first full-
field measurements of turbulent gas flow in packed beds of non-spherical pellets. The resulting images
reveal several interesting features of the hydrodynamics in this system. A large degree of flow
heterogeneity is observed in the bed, with regions of high-speed fluid observed near the walls and in
large voids, and regions of backflow observed in the wake of pellets, between pellets, and within the
pellet holes. For increasing Re, the normalized axial velocity at the wall is found to increase, and the
normalized turbulent kinetic energy becomes more homogeneous throughout the bed. The correlation
between the turbulent kinetic energy and time-averaged velocity shows that the highest turbulent
kinetic energy occurs in regions of intermediate time-averaged velocity. Further, the turbulent kinetic
energy profile at the pellet-scale is substantially different from the case of simple channel flow for

Re,, = 2500. Overall, these measurements clearly demonstrate the ability of magnetic resonance
methods for acquiring full-field flow data in packed bed systems using commercially-relevant pellets

and flow conditions.
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1 Introduction

1.1 Hydrodynamics in packed beds

Packed bed reactors are used extensively in the chemical process industry to facilitate many
important solid-catalysed reaction processes such as methanol synthesis, water-gas shift, steam
methane reforming and ethylene epoxidation, among others. Catalyst pellets used in these processes
come in a wide range of shapes and sizes [1,2]. Fluid is passed over the catalyst pellets, and reaction
proceeds on both the internal and external surface area of the pellet. Pellet size and shape have been
shown to significantly affect reactor performance [1-4], but due to the complex coupling between heat
transfer, mass transfer, and reaction rate, a unified rational approach to optimal pellet design does not

yet exist.

The overall performance of the reactor (conversion, selectivity) is strongly impacted by the local
(pellet-scale) heat and mass transfer properties in the bed, which are in turn impacted by the pellet-scale
hydrodynamics. Thus, to optimize the performance of packed bed reactors, it is imperative to
understand the hydrodynamics at the pellet scale. This is especially important for the narrow beds (tube
to particle diameter ratio, N, < 10) typically employed in highly endo/exothermic processes, where

pellet ordering effects at the wall strongly influence the bed hydrodynamics [5—7].

Most commonly, overall reactor metrics such as pressure drop, total temperature rise/drop,
average axial/radial dispersion, and feed conversion have been estimated using phenomenological
models with semi-empirical correlations developed from bed-scale experiments. Such experiments, and
thus the models developed from them, provide little information on the pellet-scale transport properties

that dictate the reactor performance [8,9]. To overcome this limitation, in recent years, numerous
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researchers have conducted particle-resolved computational fluid dynamics (PR-CFD) simulations to
incorporate the effects of pellet-scale hydrodynamics and transport in reactor simulations, as recently
reviewed by Dixon & Partopour [10]. The accuracy of PR-CFD simulations is highly dependent on the
mesh quality, appropriate boundary conditions, and choice of turbulence model (where applicable).
Guardo et al. [11] evaluated different turbulent eddy viscosity models in the use of PR-CFD, finding
large differences in the resulting heat transfer coefficient and pressure drop. Recently, Karthik ez al.
[12] and Ambekar et al. [13] compared several RANS based turbulence models to experimental and
direct numerical simulation (DNS) results, finding considerable differences in the turbulence properties
output from each model, and thus considerable differences in the predicted overall reactor performance
(measured as conversion and effectiveness factor). Therefore, it is important that experimental data are
used to validate, and improve the accuracy of, PR-CFD simulations, especially in the turbulent regime
where turbulence closure models are required. While bed-scale measurements such as pressure drop,
temperature rise/drop, dispersion and conversion can be used to evaluate CFD modelling, they are
macroscopic measurements that do not inform on the local, pellet-scale processes which influence and
limit the overall bed performance [8]. For a full, robust evaluation, experimental measurements at the

pellet-scale are required.

Numerous researchers have used particle imaging velocimetry (PIV) [14-20] (whereby statistical
ensembles of particles are tracked) and particle tracking velocimetry (PTV) [21,22] (whereby
individual particles are tracked) to experimentally study the velocity field at the pellet scale in narrow
packed beds. Wood ef al. [14] compared 2D PIV measurements to CFD for laminar flow in a bed of
spheres, finding good agreement between experiment and simulation, with the deviations attributed to

geometrical mismatch. Thaker et al. [18] recently conducted 2D PIV measurements of turbulent flow
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in a quarter-section bed of spheres and compared the results to corresponding PR-CFD simulations.
The authors found that the simulated time-averaged velocity field, strain rate and vorticity showed good
agreement with experiment, with small discrepancies attributed to geometrical mismatch and diftering
upstream conditions. However, turbulent properties such as turbulent kinetic energy and dissipation rate
were significantly under predicted, attributed to limitations of the turbulence model used (SST k — w)
[18]. Further, the PIV setup used could only acquire two components of velocity, requiring the third to
be inferred for the calculation of turbulence quantities. Recently, a number of researchers have used
high resolution PIV to probe turbulent flows in small subsections of beds [19], and at the level of
individual pores [15—17]. Through the high spatiotemporal resolution afforded by state-of-the-art PIV
methods, these studies revealed fundamental insights into the spatiotemporal properties of the turbulent
flows, and the resulting pellet-scale transport properties, in model packed bed systems. Due to the
optical nature of PIV/PTV, all of the aforementioned studies were conducted for transparent spherical

packings with refractive index matching.

In contrast to PIV methods, magnetic resonance (MR) based methods do not require optical
transparency (rather only radio frequency (r.f.) transparency) making it possible to study flows, both
laminar and turbulent, in packed beds of real catalyst pellets. Additionally, MR measurements can be
made chemically-specific, making MR and in particular magnetic resonance imaging (or MRI), an
ideal tool for studying chemical engineering systems in operando [23,24]. Indeed, MR velocity
imaging (or MR velocimetry) has been extensively used to study various aspects of packed bed

hydrodynamics.
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1.2 Magnetic resonance velocity imaging in packed beds
A brief review of relevant MR velocity imaging studies of flow in packed beds is given in this

section. For further details, the interested reader is referred to the reviews by Fukushima [25], Elkins &

Alley [26] and Gladden & Sederman [23].

MR velocity imaging has previously been utilized to study numerous aspects of packed bed
hydrodynamics. Early workers investigated pore scale flow profiles, and how the flow profile develops
with increasing Reynolds number in beds of spherical beads [27-29]. Sederman et al. [30] extended
this work by analysing correlations between the bed structure and hydrodynamics, finding that high
flow through a pore correlated with large pore cross-sectional area while high velocities were more
affected by the topology of the pore network . Sains et al. [31] extended MR velocity imaging to study
unsteady-laminar and weakly turbulent (Re,,~ 300) single phase flows in packed beds using a rapid
acquisition technique to acquire 2D ‘snapshots’ of the unsteady velocity field. Aspects of multiphase
gas-liquid flow through packed beds have been investigated using MR imaging including the trickle to
pulse flow transition [32,33], and the investigation of interfacial momentum transfer by imaging both
the gas and liquid velocities [34]. MR velocity imaging has been used to complement other methods
used for investigating packed bed hydrodynamics including tracer experiments and CFD modelling.
Tang et al. [6] measured the radial velocity profile in narrow packed beds using MR velocity imaging
and subsequently compared these results to the residence time distributions (RTD) measured using
tracer methods in an effort to understand the influence of the bed aspect ratio on the RTD. Robbins et
al. [35] and Lovreglio et al. [5] compared CFD simulations of single-phase laminar and unsteady-
laminar (Re,, < ~ 200) flow through beds of spherical packings to MR velocity imaging
measurements, finding the (bed-scale) velocity distributions to agree well. Yang et al. [36] similarly
compared results obtained using MR velocity imaging and CFD for single phase laminar flow in a bed

6
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of spheres, but found deviations between experiment and modelling at both the local and global scale.
These discrepancies were attributed to experimental limitations of the MR velocity imaging. Recently,
Clarke et al. [37] compared MR velocity imaging and CFD for laminar flow through a structured

packing (Rep, < 30), finding quantitative agreement between experiment and simulation.

As reviewed above, the vast majority of experimental studies of flow in packed beds, both MR
velocity imaging and otherwise, have been conducted in the laminar flow regime and on model (non-
porous, spherical) packings. MR is uniquely capable of acquiring full-field, spatially-resolved flow data
in beds of commercially relevant pellets, at the turbulent flow conditions of interest. However, to date,
this capability of MR has not yet been fully exploited, due in part to a number of technical challenges in
acquiring quantitative velocity images in heterogeneous, turbulent systems: namely, (1) difficulties
with low signal-to-noise ratio (SNR) in turbulent systems; (2) MR imaging artefacts inherent when
imaging unsteady systems; (3) magnetic field inhomogeneity issues when using real catalyst pellets; (4)
unfeasibly long acquisition times. Recent method developments and demonstrations have made
important steps towards tackling these challenges. Notably, the development and application of pure
phase-encode imaging techniques for robust image acquisition with high SNR [38-41], and the
development and application of non-linear compressed sensing strategies to accelerate image
acquisition times [42,43]. These recent developments now enable the experimental acquisition of full-
field turbulent flow data in packed beds using the real pellets and process conditions of true commercial

relevance.

1.3 Structure and objectives of this work
The objective of this work is to develop and demonstrate the novel ability of MR velocity

imaging methods to acquire experimental full-field data of the turbulent hydrodynamics in a



139  commercially-relevant packed bed system at the pellet scale. As identified in the recent review of
140  Dixon & Partopour [10] tomographic studies are required to better understand the hydrodynamics in
141  these systems, and to build up a database for the validation and calibration of numerical flow

142 simulations.

143

144 This paper is structured as follows. First, the relevant theory underpinning the quantification of
145  turbulent flows using magnetic resonance is presented. Details of the experimental rig and magnetic
146  resonance sequences used to acquire 3D images of the time-averaged velocity and turbulent kinetic
147  energy (TKE) in a narrow packed bed are presented. Porous a-alumina cylindrical pellets with an
148  interior hole are used as the packing material; a-alumina is a commonly used support material for
149  commercial processes, and this pellet shape has been the focus of recent PR-CFD studies [1,2,44-46].

150 The results acquired at three flow conditions (Re, = 500, 2500, 6500) are presented and discussed.
151 The data are used to investigate the radial velocity profile and TKE distribution as a function of Re,.

152 Finally, the results are discussed in the context of previously reported computational and experimental
153  studies. The results provide experimental insight into fundamental aspects of the hydrodynamics in
154  packed beds with the pellets and flow conditions of true commercial relevance.

155

156 2 Theoretical Background

157 In this section, a brief introduction to the theory of MR measurements of turbulent flows is given.
158  The theory presented here draws upon the works of Gao & Gore [47], Gatenby & Gore [48], Kuethe &
159  Gao [49], Dyverfeldt et al. [50] Elkins et al. [51], and Cooper et al. [41], as well as the theses of

160  Dyverfeldt [52] and Cooper [53].
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In magnetic resonance, nuclei with non-zero spin (commonly 'H, *C, or !°F) are probed by
measuring the precession of the nuclear spin in a strong magnetic field. The precession frequency, w, is
directly proportional to the external field strength, B:

w =YyBy, (1)
where y is the gyromagnetic ratio of the nucleus under investigation. By varying the magnetic field
strength in space, through the use of a magnetic field gradient g, the precession frequency can be made
spatially dependent:

w(T)=y(By+g-1), @)
where r is the position vector. The acquired MR signal is the ensemble average of all spins in the
system, recorded as a complex signal with both magnitude and phase. The signal phase, ¢, can be
expressed by integrating Equation (2) and Taylor expanding the position r (and dropping the B, term

which merely provides a linear offset):

¢ = yfg(t) r(t)dt =y [r : fg(t)dt +%'ftg(t)dt + ] 3)
Hence, it is seen from Equation (3) that the application of a gradient encodes for both the initial
position of the spin, r, and the velocity, u = % , (as well as higher order terms, which can
typically be neglected for short gradient durations). To acquire spatially resolved measurements
of velocity (velocity images), an MR sequence is utilized whereby position and velocity are
encoded for by independently varying the 0 moment of the applied gradient, [ g(t)dt , and the

13 moment of the applied gradient, [ tg(t)dt, respectively.

The well-known Reynolds decomposition can be used to decompose the velocity in a

turbulent system, u(t), into a time-averaged component, U, and a fluctuating component, u’(t), such
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thatu(t) = u + u’(t). The dynamics of u’(t) are typically described as a stochastic process with zero
mean ((u’(t)) = 0) and a characteristic correlation time, 7... There exist two approaches to probing
turbulent flows with MR velocity imaging: (i) the ‘snapshot’ approach, and (ii) the time-averaged
approach [26]. In the ‘snapshot’ approach, the acquisition time, T4, of the MR velocity imaging
experiment is short such that TA « 7., giving an instantaneous measure of the velocity field, u(t), in
the system. In the time-averaged approach TA > 7. and therefore the instantaneous nature of u(t) is
not accessible. However, the time-averaged velocity field U and information on the statistical nature of
u’(t) can still be measured in the time-averaged approach. In the present work, the flows studied are
highly turbulent with 7. on the order of 10 - 100 ms (Supplementary Information). In a packed bed,
where the catalyst pellets give rise to large magnetic susceptibility differences, it is not possible to
obtain a 3D image of suitable spatial resolution on the fast timescale required for the ‘snapshot’

approach. However, the time-averaged MR approach can be implemented. This is the approach used in

this work to measure both the time-averaged velocity, U, and the mean-square turbulent velocity

fluctuations, (u' 2 ) )

2.1 Measuring the time-averaged velocity, u
For the time-averaged approach, the mean of the velocity fluctuations, (u’), averages to zero

over the acquisition duration and the resulting signal phase contains information on the time-averaged
velocity field, . For a bipolar pair of gradient pulses of amplitude g, duration §, and separated by time
A, the moments of the gradient waveform are My, = 0 and M; = gé4, and from Equation (3), the

resulting phase shift is:

¢ =yAdg-u. @)

10



202

203

204

205
206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

Therefore, the phase of the MR signal, ¢, can be used to quantify the time-averaged velocity, u,

and, by combining with an appropriate imaging sequence, an image of U is acquired.

2.2 Measuring the mean square velocity fluctuations, <u’2>
Information characterising u’ is also obtained using the same pair of bipolar gradients. Whilst

the mean of the velocity fluctuations, (u'), averages to zero over the acquisition duration, the mean
square velocity fluctuations, (u’z ), can be measured. The mean square velocity fluctuations, (u’2 ),
cause a spread of displacements and thus a spread of phase shifts, leading to signal attenuation. The
ability to measure the components of the Reynolds stress tensor, (u; uj ), for turbulent flows using MR
methods is well known for both medical [50,52] and engineering applications [54-56]. Here, we
present the basic theory of these measurements, including accounting for the effects of molecular

diffusion and intra-voxel mean velocity variance (shear).

For a Gaussian distribution of velocity (displacement), and equivalently for low gradient

strengths (as employed in the present work), the signal attenuation is written:

|S| = |Solexp —@ = |S,|ex ((Yfg(t)zl‘(t)dt) )

©)

where |S| is the signal magnitude acquired at gradient amplitude g > 0, |S;| is the signal magnitude at
g = 0, and the angular brackets (-) denote taking the ensemble average over all spins. Note that strictly
speaking the phase dispersion term, (¢p2), should be written as the central second moment ({¢p2) —

(¢)?), but since all attenuation processes in this work are analysed as fluctuations about the mean, only
(¢?) is written for notational simplicity. The assumption of a Gaussian turbulent velocity distribution is

supported by the work of Gao and Gore [47], and further work by Dyverfeldt ez al. [50] found Equation

11
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(5) to be an excellent approximation for non-Gaussian distributions for small gradient amplitude, g.
For the bipolar gradient pulse pair previously described, the phase shift of an individual spin, ¢,
caused by application of the gradients along an arbitrary axis, denoted i, is written (using

Equation (3)):

)
b=7 ] g(8) - r(t)dt = yg f (2.t + 4) — z,(®)] dt, ©)

where g is the amplitude of the gradients applied along the i axis, § and 4 are defined in Section
2.1, and z;(t) is the position of a spin at time ¢ along the i axis (i.e. in the direction of the gradients).
Following Gatenby and Gore [48], the ensemble mean square phase, due to turbulent

fluctuations, resulting from the bipolar pair is written [53]:

5 68
(Pturn) = v29° f f ([zi(t1 + 4) = z;(t)] X [2;(t; + 4) = z,(tz) )ty dt, . (7)
0o J0

To compute the above integral, a model must be invoked to describe the statistical nature of the
velocity fluctuations in the system. Taylor introduced the Lagrangian autocorrelation function to
describe turbulent velocity fluctuations [57]. Further, Taylor found that this autocorrelation is
well described by an exponential:

(u (O (¢ +T))

==

= exp(=T /7). ®)

The exponential form of the Lagrangian autocorrelation is well suited to describe a wide variety
of turbulent flows, and the specific conditions where it holds are discussed by Taylor [57] and
Landau & Lifshitz [58]. Expanding the integrand [47], and substituting in the exponential

Lagrangian autocorrelation function (Equation (8)), the integration of Equation (7) yields [53]:

12
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<d)tzurb) = zyzgz(u?)‘fc [52(A - 6/3) — 2‘[?5
4 @8 _@+s) 4
+7¢ <2_Ze Ttte T t+e T —2e Tc>]'

The terms in Equation (9) containing 7., §, and A can be grouped together into a function

f(8,4,1.). Then, using Equation (5), the signal attenuation due to turbulence is written as [51]:

A |Seard| ,
[Suurs] = 5~ = exp[=r?g* ") 5, 4,70)], (10)

where |§turb| denotes that normalized signal attenuation due to turbulent velocity fluctuations,
and the ‘turb’ subscript denotes that only attenuation due to turbulence has been accounted for
(other sources of attenuation are discussed later). In the limit where the turbulent fluctuations are
constant over the encoding period, 7. > A and 7, > 8, the temporal terms in Equation (9) reduce

to (by taking terms up to 4 order) [47,50]:

5242
f(6,4,t.) = > (11)
Combining Equation (10) and (11) gives:
A 12, 0247
Sanl = exp (~r2g*’) 55 ) 12

To this point, only the attenuation due to turbulent velocity fluctuations has been
considered. As is clear in Equation (5), signal attenuation results from any process that causes a
spread in displacements (and thus velocities). MR probes the total displacement variance within
a voxel (which includes intra-voxel turbulence down to the Kolmogorov scale) [50]. In addition
to turbulence, variation of time-averaged velocity across voxels of a finite width and molecular

diffusion both contribute to the variance of molecular displacement within a voxel, and thus the

13
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signal attenuation. These sources of phase dispersion, and thus signal attenuation, are depicted
schematically in Figure 1. To accurately estimate the mean square turbulent velocity fluctuations
in the present work, both of these sources of additional attenuation are accounted for. As
discussed by Dyverfeldt et al. [50,52] , this can be achieved by considering the intra-voxel mean
velocity variance (due to shear across a voxel) as an additional attenuation process in addition to
the stochastic turbulent fluctuations. Molecular diffusion can also be considered as a separate
random process, and while its effect has been neglected in previous (liquid-phase) measurements
of turbulence, we consider it here due to its significant effect in the gas phase. Therefore,
following Dyverfeldt et al., [50,59], the total attenuation considering the aforementioned

processes is:
S| = 1So![Sturn|[Smvv][So 13)
where |§ MVV| is the normalized signal attenuation from time-averaged mean velocity variance

across a voxel, and |§ D| is the normalized signal attenuation due to diffusion. The mean velocity

variance attenuation is written, combining Equations (4) and (5), as:

225212
A Y g-6°A
|5Mvv| = exp <_TJ§L‘>' (14)

where O'l—i, = (ﬁi 2) — (U )Zvox is the time-averaged velocity variance within a voxel [50], which

VOox

can be estimated from an image of the time-averaged velocity ;. The normalized attenuation due to

diffusion is given by the well-known Stejskal-Tanner equation [60]:
|So| = exp(~v?8%9*Dm(4 - §/3)), (15)

where D, is the molecular diffusion coefficient. Combining Equations (12) - (15) gives:

2
1S1 = 1ol exp (—y26292 [A;((uzz) +08) + Dn(4 - 5/3)]) (16)

14
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Finally, rearranging Equation (16) for (u{z):

T2/ 1
() = [ (gt

Equation (17) expresses the mean square velocity fluctuations (when 7, > 4 and 7. > §) in

So

S

—D..(4— 5/3)) _ agi] . (17

terms of the signal attenuation from the application of a bipolar gradient pair, considering the

effects of both intra-voxel mean velocity variance (shear) and molecular diffusion.

In the context of modelling turbulent flows, Equation (17) is immensely useful as it
provides a means to experimentally measure the Reynolds stresses (mean square turbulent
fluctuations) [51]. The TKE, an isotropic measure of the local turbulence intensity, can be

computed from these measurements by:
() + o) + (7). (18)

where (u)’(z), (u§,2>’ (u;Z) are the velocity fluctuations in the x, y and z directions, measured in

separate experiments by applying magnetic field gradients independently in each respective

direction.

2.2.1 Estimating the intra-voxel mean velocity variance, O-l%i

To estimate the intra-voxel mean velocity variance, 2. = (ﬂf) — (@;)?. _, the intra-voxel
i A'40):4¢

vVox

time-averaged velocity profile must be assumed. Naively, this can be assumed to be a linear velocity

profile, thus giving a boxcar-shaped velocity distribution. With this assumption, a%i was estimated

from the time-averaged velocity images. To demonstrate, consider the variation in the velocity in the i

15
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direction, u;, across a voxel. Considering the variance of a uniform distribution, the intravoxel variance

of 4; due to variation in the z-direction is written:

ou; |\
ng_@ (19)
w120

where the factor of 12 in the denominator arises from the variance of a uniform distribution. This can
be done in each direction and, since the directions are independent, the total intra-voxel variance for u;

can be written:

2 _ 2% 2y 272
og, =0y, + o5 +og, . (20)

4

Note that the derivatives in Equation (19) were taken numerically from the time-averaged velocity

images using 2™ order central differencing. The intra-voxel time-averaged velocity variance estimated
from Equation (20) was subsequently used to quantify (ul’ 2 ), the mean square turbulent velocity

fluctuations (Equation (17)).

Typically, accounting for the intra-voxel velocity variance in Equation (17) had only a small effect on
the resulting value of (u{ 2 ) Indeed, simply neglecting the shear effect (a%i = 0) rather than using the
estimate from Equation (20) was found to result in <10% change in (u{z) (calculated using Equation
(17)) for 97% of all voxels. Thus, although approximating the intra-voxel velocity profile as linear

might be considered a crude approximation, it is not considered to influence the conclusions drawn

from this work.

16



309
310

311
312
313
314
315
316

317
318

319

320
321
322
323

324

325

326

327

328

329

330

331

2.2.2  Uncertainty analysis

To estimate the uncertainty in measured vales of (u{ 2 ), and subsequently k, the following sources of

uncertainty were considered:

1. Uncertainty in |S|: following Elkins et al. [51], taken conservatively as the average signal
magnitude outside the bed region in an image acquired at g > 0. This source of error was
propagated as a random error.

2. Uncertainty in |S, |: taken as the average signal magnitude outside the bed region in an
image acquired at g = 0. This source of error was propagated as a random error.

3. Uncertainty in g2 : given the assumptions required to compute the intra-voxel velocity
L
variance, this source of error was conservatively taken as da%i = a%i. This source of error

was propagated as a systematic error.
4. Uncertainty in Dy,: given uncertainty in the local temperature and pressure within the bed,
the uncertainty in molecular diffusivity was taken as dD,,, = 0.1D,,,. This source of error

was propagated as a systematic error.
It is important to note that consideration of both d|S| and d|S,| accounts for both random noise in the
attenuation images, and pseudo-random ‘ghosting’ artefacts due to turbulent fluctuations during image
acquisition [51]. Considering Equation (17) and using standard error analysis propagation [61], the total

uncertainty in per-voxel values of (u{z) was then calculated as:

1

u
Subsequently, d(u{ 2) was used to estimate the uncertainty in TKE, dk, by considering Equation (18) in
a similar manner. When considering the uncertainty in the bed-average value of k (which is the result

of averaging the value of k over many voxels), random and systematic sources of uncertainty were

considered separately and scaled in an appropriate fashion (random errors reduce o« N‘,_le/2 where Ny«

17
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is the number of voxels averaged over, whereas systematic errors are simply averaged and do not scale

down with Ny, x).

3 Experimental

3.1 Materials and equipment
Flow through the packed bed was investigated using an acrylonitrile butadiene styrene (ABS)

plastic pipe (d; = 41 mm LD., tube length of 2 m) packed with porous hollow cylindrical a-alumina
catalyst support pellets (Shell Global Solutions, Amsterdam), details of which are given in Table 1.

The spherical equivalent particle diameter, de = 6;,/A}, (e.g. the sphere with the same surface area
to volume ratio as the pellet), is also given in Table 1. The pellet volume, Vp = %L(d?, - dlzlole), and

external surface area, Ap = TL(d, + dnole) + %(d% — di1e), were calculated based on the average

pellet shape without accounting for surface roughness. The resulting tube to particle diameter ratio, N,
used in this study was N = d;/d, = 4.7. Pellets were loaded into the tube by pouring the pellets
slowly through a 25 mm funnel. To be consistent with loading practices for industrial-scale multi-
tubular reactors, no tapping for bed consolidation was conducted. Note that all flow imaging
experiments reported in this work were conducted using the same packed bed (i.e., the bed was not
repacked over the course of the experimental campaign), and thus all data were collected on the same
packing structure. Confirmation that the packing structure remained the same throughout the

experiments is shown in the Supplementary Information.

Sulphur hexafluoride (SFe) was used as the nuclear magnetic resonance (NMR)-active gas in this
study, due to its high density, high gyromagnetic ratio, and favourable NMR relaxation properties, as
discussed by Sankey et al. [34] and Ramskill et al. [62]. A schematic of the closed-loop flow rig used

for MR velocity imaging is shown in Figure 2. The rig consists of an SFs gas cylinder (BOC, 99.9%
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purity), a high and low pressure vessel, in-line pressure regulators, a DILO Piccolo compressor (model
B022R01), and a Bronkhorst mass flow controller (model F-113AC-M50-AAD-55-E). Gas was
delivered through 1/8" Swagelok tubing. Plastic perforated plate distributors with 2 mm holes were
glued into the pipe at the inlet and outlet to provide evenly distributed flow to the bed. The flow was
imaged approximately 1 m downstream of the tube entrance and approximately 0.95 m upstream of the

tube exit to ensure the flow was fully developed.

3.2 Magnetic resonance
All experiments were conducted using a 4.7 T vertical bore superconducting magnet (Bruker

Spectrospin DMX200), employing a 64 mm birdcage r.f. coil tuned to a '°F resonant frequency of
187.64 MHz used for signal excitation and acquisition. A tri-axial gradient set was used (Bruker Mini

0.36) providing a maximum gradient strength of 13.1 G cm™ in all three orthogonal directions.

Spin-echo single point imaging (SESPI) was used for all imaging experiments conducted in this
work [38,63]. This pulse sequence was selected due to the freedom it allows for designing compressed
sensing sampling patterns, as well as the robustness of this pure-phase encode method for imaging
turbulent flows with high velocities [40,54]. The SESPI pulse sequence shown in Figure 3 was used to

acquire 3D images of the bed structure, the three orthogonal components of time-averaged velocity,

r2

v ), (ugz) To image each of the

Uy, Uy, U, and the three components of the TKE, (u)’(z ), (u
aforementioned parameters at a given flow condition using the SESPI sequence, the only parameters
that were varied were the magnitude and direction of the flow encoding gradient, g. All other imaging
parameters were maintained constant and are described here. Images were acquired on a 64 X 64 X 64
voxel matrix with a field of view (FOV) of 45 mm (x) X 45 mm (y) X 64 mm (z) resulting in images

with a resolution of 0.70 mm (x) X 0.70 mm (y) X 1.0 mm (z). Spatial resolution was achieved by

19



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

incrementing the position encoding gradient (Gphase in Figure 3) independently in each direction. The
duration of Gppase Was 0.2 ms, with a ramp time of 0.02 ms and a gradient stabilization delay of 0.2
ms. A hard 90° r.f. pulse of duration 92 pus was used for signal excitation. To act as an effective
bandwidth filter (and avoid spurious background signals) a Gaussian shaped 180° soft pulse of duration
512 ps was used for spin-echo refocusing. The echo time was 2.47 ms (with the exception of
experiments conducted at Re, = 500, where the echo time was 5.45 ms), and a recycle time of 100 ms
was used (much longer than the measured T; = T, = 15 ms due to gradient cooling limitations). The
resulting signal was acquired with a sweep width of 100 kHz and 8 complex points from each free
induction decay were collected and averaged together to increase the SNR (adding more was found to
result in significant T, weighting). Four scans were collected to complete a full phase cycle of the

SESPI pulse sequence.

For imaging of the bed structure, the flow encoding gradient was turned off, g = 0. For imaging

u, , and the components of the TKE, (u)’(z), (u’ 2), (ugz), motion

of the time-averaged velocity, iy, U v

y)
encoding was achieved using gradient pulses (depicted as Gy, in Figure 3) of duration § = 0.48 ms

on either side of the 180° r.f. refocusing pulse, and a flow encoding duration of 4 = 1.69 ms for

experiments at Re, = 2500, 6500 and 4 = 4.67 ms for experiments at Re, = 500.

Details specific to the acquisition of the time-averaged velocity images and imaging of the TKE
components are now given. For time-averaged velocity imaging, the gradient strength, g, was set
empirically to avoid flow aliasing (phase wraparound), typical gradient strengths used ranged from g =

0.2 -2 G cm’. Two images were acquired at equal, but opposite gradient strengths (+g, —g), the

phase difference was taken, and the resulting phase difference map was used to compute an image of
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the time-averaged velocity, i, using Equation (4). Each velocity image acquired was corrected for
phase shifts caused by gradient eddy currents by acquiring images at zero-flow conditions and

subtracting the zero-flow phase map from the phase map acquired at flowing conditions. For imaging

of the TKE components, (u)’(2 ), (ug,2 ), (u;Z ), identical flow encoding parameters were used except for
the gradient strength. As discussed by Dyverfeldt et al. [50,59] the optimal gradient strength to
maximize the trade-off between attenuation contrast and SNR occurs at an average (spatially
unresolved) signal attenuation of |S|/|Sy| = 0.6. The gradient strength was selected empirically to give

approximately this attenuation for each TKE experiment, with values ranging from g =1.5-5Gcm™.

Two images were acquired, one at g = 0 to give the unattenuated signal, S, and one at finite g to give

the attenuated signal, S. An image of the mean square velocity fluctuation (u{z) was then computed
using Equation (17) and by repeating this in three orthogonal directions, a map of the TKE was
obtained as follows from Equation (18). Prior to acquiring images of the TKE, the long 7. assumption
used to derive Equation (17) was verified by using variable A pulsed field gradient NMR to measure
the average 7. in the bed at each flow condition. Full details are given in the Supplementary
Information. The resulting values of the correlation time ranged between 7. = 7 ms and 7, = 142 ms

(Table S1). It was found that in all cases, use of the long 7. approximation is expected to give <10%

. 2
error in the measurement of (u;").

The uncertainty in the time-averaged velocity images, calculated based on the SNR of the
acquired images [64], was < 0.2/ U;,¢. The uncertainty for the TKE measurements is presented in
Section 4.3.1. To further confirm the quantitative nature of the time-averaged flow images, the flow
rate at each axial position was calculated from the 3D images of time-averaged velocity in the axial

direction (u,), and compared to the known flow rate as set on the calibrated mass flow controller. As
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shown in the Supplementary Information, in all cases the MR calculated flow rate agreed within

< 6.2% discrepancy over a 45 mm central section of the imaging FOV (in the z-direction), thereby
confirming the quantitative nature of the flow images. This central 45 mm section was used for all
analysis and visualization shown in this work (providing a region approximately 5 pellet layers high).
Further, for all image visualization and spatial analysis conducted, the k-space data were zero-filled
from 64 X 64 X 64 to 128 X 128 X 128 to increase the available spatial resolution. Image
reconstruction and analysis were conducted using Matlab 2021 (Mathworks), and 3D image rendering
and individual pellet segmentation were conducted using Amira-Avizo 2021.1 (ThermoFisher

Scientific).

3.3 Image reconstruction
Compressed sensing [65] was implemented in this work to accelerate data acquisition. 3D

sampling patterns were generated as follows: a fully sampled image of the bed was collected at zero-
flow and with no flow encoding gradient (g = 0) to obtain a 3D image of the bed structure. The
parameter-free method outlined by Karlsons ef al. [66] was then used to generate an appropriate 3D
sampling pattern for the bed under study. Total variation (TV) regularization was used to reconstruct
the undersampled images, due to its good edge preservation and to be consistent with previous work

[41,62]. The reconstruction problem for TV regularization is expressed as:
!
x € argming {- lly = WFx|3 + al|Vxl,}, @2)

where y is the acquired (undersampled) MR signal in Kk-space, W is the sampling scheme, F is the
Fourier transform operator, « is the regularization parameter, and X is the reconstructed image.
Equation (22) was solved numerically using the Object Oriented Mathematics for Inverse Problems

(OOOMFIP) code developed by Benning [67].
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The fully sampled 3D image of the bed structure was used to optimize the compressed sensing
approach, namely the fraction of K-space sampled, the regularization parameter «, and the number of
Bregman iterations used. Details of this optimization can be found in the Supplementary Information.
For optimal trade-off between image quality and acquisition acceleration, & = 0.1, 8 Bregman iterations
were used, and 16% of k-space was sampled. The acquisition time for the fully sampled image of the

bed structure was 29 h. For images of the time-averaged velocity, i, Uy, U, , and the components of

v
the TKE, (u)’(2 ), (ug,z ), (ugz) (where 2 images are required at different values of g) the implementation
of compressed sensing reduced the acquisition time for a 3D image of one component of the time-
averaged velocity or TKE from 58 h to 9 h, a 6.3X acceleration in data acquisition time. Thus, the 6

flow images comprising the full time-averaged velocity vector, iy, Uy, U,, and all three components of

y?

the TKE, (u)’(2 ), (u;,z ), (u;Z) took 54 h in total to acquire at a given flow rate using compressed
sensing. Note these long acquisition time arise as a result of sampling a large 3D raster of K-space and

not from the need to sufficiently sample the temporal dynamics of the turbulent flows (whose

correlation times were on the order of 10-100 ms, see Supplementary Information).

3.4 Experimental conditions
Experiments were conducted at three flow conditions, Re, = 500, 2500, 6500, where the

particle Reynolds number is defined as Re,, = % [68] and U;, = U, /€ is the interstitial velocity

computed by dividing the superficial (open-tube) velocity, Uy, by the bed voidage, €. These flow
conditions were chosen as they provide a wide range of turbulent flow conditions to study; Re,~ 500

is often considered the lower boundary of the turbulent regime in packed beds [69].
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At each condition studied, 3D images of both the time-averaged velocity (components measured
separately in all three orthogonal directions) and TKE (constituent mean square fluctuating components
in all three orthogonal directions measured separately) were acquired. The experimental process
conditions used at each of the three flow conditions are reported in Table 2. All experiments were
conducted at 25 + 5 °C. The viscosity of SFe at the process conditions used was taken as 1.5 X 107
Pa s [70] whilst density data at the respective temperatures and pressure were taken from Guder &
Wagner [71]. The voidage of the bed was determined gravimetrically by measuring the mass of catalyst
loaded into the bed (of known volume). To determine the voidage gravimetrically, the effective density
of the pellets was required, which was derived from water absorption measurements provided by Shell

Global Solutions (not shown).

4 Results & Discussion

4.1 Bed structure
To obtain a 3D image of the bed structure, a 3D image of the signal magnitude obtained under

zero-flow conditions was segmented using Otsu’s method [72]. The resulting bed structural image is
shown in Figure 4a. The external bed voidage, € (ratio of the volume of inter-pellet space to total tube
volume), computed from the structural MR imaging results was 0.53 £ 0.05 as reported in Table 2,
where the uncertainty of £ 0.05 represents the uncertainty in the voidage caused by uncertainty in the
image segmentation (which was determined by successively segmenting the MR image with a range of
threshold parameters, and taking the resulting range of voidage values as the uncertainty in the
voidage). Although the MR imaging derived values carry an uncertainty due to the partial voxel effect
and the image segmentation process, this value is in good agreement (absolute voidage discrepancy of
0.04, relative percent discrepancy of 8%) with the gravimetrically measured bed voidage, € = 0.49,

reported in Table 2. Therefore, the MR image of bed structure can be used with some confidence to
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analyse the bed structure and pellet ordering effects. The 3D structural image of the bed was averaged
in the axial and azimuthal directions to generate a radial profile of average voidage through the bed,
shown in Figure 4b. Further, to analyse the pellet orientation, individual pellets identified within the
structural image of the bed were segmented manually by identifying the hole in each of the shaped
pellets. The angle, 8, of each pellet with respect to the bed axis (8 = 0 for vertically aligned pellets)
was computed from the segmented pellets, and the distribution of pellet orientation is shown in Figure
4c, alongside the distribution measured by Caulkin et al. [73] using 4 — CT for smooth hollow
cylindrical pellets in a narrow packed bed of similar aspect ratio (N = 6.1), and the theoretical random
orientation distribution, p(8)  sin 6 [74]. Note that the position and orientation of each pellet within

the imaging section is tabulated in the Supplementary Information.

The radial profile of voidage in Figure 4b shows distinctive oscillations, a characteristic feature
of narrow packed beds. Note that the radial voidage profile carries an absolute uncertainty of &+ 0.05
(approximately independent of radial position) based on the uncertainty from the segmentation of the
MR image data. The voidage shows a maximum close to the wall, at a distance of ~0.1d, from the
wall, before displaying a first minimum (~0.9d,,), a second maximum (~1.2d,,), and a second
minimum (~1.8d,,). Further, the voidage profile exhibits a shoulder before the first minimum at
~0.5d,, indicative of the pellet hole. Due to the ordering effect of the wall in narrow packed beds, the
radial profile of voidage is well-known to show characteristic oscillations [75—77]. However, most of
these studies have focused on spheres or cylinders, and few have been conducted using the non-
spherical packings commonly employed in real processes. The voidage profile acquired here agrees
qualitatively with the study of Moghaddam et al. [44] who used DEM to simulate bed loading of

similarly shaped Raschig rings. Specifically, the first minimum in voidage was found at slightly less
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than 1d,," and a shoulder in the voidage profile due to the contribution of the pellet holes was observed
at approximately 0.5d,,, consistent with the present observations. This is in contrast to spherical

packings, where the first minimum in voidage occurs around 0.6d,, and no such shoulder is observed

[75].

Qualitatively, the orientation distribution measured in this work using MR imaging appears
similar both to that measured by Caulkin et al. [73] and to the theoretical random distribution (Figure
4c). The limited number of pellets in the MR imaging analysis region (n = 58 pellets) makes it
challenging to draw quantitative conclusions from the orientation histogram, in which some bins only
contain 1-2 pellets. A Kolmogorov-Smirnov statistical test comparing the measured orientation
distribution with the theoretical random distribution did not yield a statistically significant difference
(p > 0.05). Note that a statistical test with the distribution measured by Caulkin ef al. [73] was not
possible as the total number of pellets measured was not reported. The orientation of non-spherical
pellets within packed beds has been shown to significantly impact the pressure drop [74]. In previous
works, the pellet orientation distribution has been found to be affected by the tube to particle diameter
ratio, loading method, and inter-pellet friction [73,74,78], thus making a quantitative comparison with
previous works difficult. Niegodajew et al. [ 74] found the orientation distribution to deviate
significantly from random for narrow packed beds (N < 15), due to wall ordering effects, with
multimodal distributions observed for N < 12. However, Niegodajew used smooth polycarbonate
pellets, which have significantly different frictional properties than the porous a-alumina pellets used

here. Indeed, Jurtz et al. [78] have shown that the static friction between pellets can have a significant

i Note that Moghaddam e al. [44] use the sphere diameter corresponding to the same pellet volume, dp,v, as opposed to the
pellet outer diameter, d ,, to normalize the distance. However, for the pellets used by Moghaddam ez al. d,,, = d,,, so the
results are simply compared here on a d,, basis without any need for conversion.
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effect on bed voidage and pellet orientation distribution. The orientation distribution measured by
Caulkin ef al. 73] for plastic hollow cylinders (N = 6.1) using u — CT is qualitatively similar to the

distributions measured in this work (Figure 4c). It is important to note that the pellet aspect ratio is

approximately 1 ( di ~1) in both the present study and that of Caulkin et a/ [73]. For different pellet

aspect ratios, the resulting pellet orientation distribution may differ. The results reported here provide a
useful experimental dataset for validating future numerical bed packing simulations. Further, these
results demonstrate the ability of MR imaging to serve as a tool to measure the radial voidage profile
and pellet orientation distribution for complex pellet shapes. The ability to use the pellets of
commercial interest is especially important given that the frictional properties of pellets has previously

been shown to impact both the bed voidage and orientation distribution [78].

4.2 Time-averaged velocity
Images of the normalized time-averaged axial velocity at each flow condition are shown in

Figure 5. Immediately apparent from the images is the heterogeneity of the flow field. Regions of fast
flowing fluid are observed near the wall and can also be found in the interior of the bed where large
voids exist. Also apparent from Figure 5 is the flow heterogeneity introduced by the pellet shape,
specifically the holes. High axial velocity is observed in some pellets parallel to the bed axis (top left
and bottom left in images shown in Figure 5a), while regions of near-zero axial velocity are seen in

pellets oriented perpendicular to the flow direction (Figure 5b).

The images of normalized velocity in Figure 5 exhibit a high degree of self-similarity across the

range of Rey, studied. Regions of high and low velocities can be found in approximately the same

position and many flow features appear visually similar. The self-similarity is especially strong when
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comparing the results at Re;, = 2500 and 6500, where the flow structures appear especially similar for

the different flow rates. This agrees well with previously reported experimental results for spheres

[16,19], where turbulent flows have been shown to be self-similar at Re, > 1300. The results here

suggest that the self-similarity of turbulent flows applies not only to model porous media (spherical

pellets), but also hollow cylindrical porous pellets.

The distribution of time-averaged axial velocity, i, transverse velocity, Uy, and speed (velocity
magnitude), |U|, are shown as histograms in Figure 6. All quantities have been normalized by the mean
interstitial velocity, Uj,, to facilitate comparison between different flow conditions. The normalized
axial and transverse velocity distribution at all flow conditions appears remarkably similar. The

distribution of normalized fluid speed, |T|/Uj,¢, changes slightly as Rej, increases, with the peak

shifting to lower speeds (Figure 6¢). This shift may be attributed to the pellet holes in this system. As

Re,, increases, inertia becomes more important and the holes become less accessible due to the

acceleration/deceleration needed for flow to enter a hole, due to the random orientation of the pellets
(Figure 4). The decreased relative flow through the holes makes the average flow in the bed less

tortuous, and thus the average normalized speed shifts downwards as Rey, increases. However, taken
together, the overall distributions in Figure 6 show a high degree of similarity at different Rey,. This
further supports the finding of self-similarity for turbulent flows (at sufficiently high Re}) in packed

beds as also demonstrated in Figure 5.

Regions of the bed with zero, or negative, axial velocity, ©t, /Uy < 0, as well as regions of fast-
moving fluid, || /Uiy, > 2.5, are identified in Figure 7. The corresponding fractions of (inter-pellet)

fluid in the bed are reported in Table 3. From Figure 7 it is clear that regions of backflow (i1, /Uy < 0)
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are dispersed throughout the bed, whilst regions of fast fluid (|u|/U;, > 2.5) are primarily located near
the walls. The regions of backflow appear to be located in the wake of pellets, in throats between
pellets, and in the interior of some pellet holes. Both the proportion of backflow and high-speed fluid

are approximately constant with respect to Re, (Table 3).

A number of previous experimental studies have reported backflow zones in both laminar
[27,28,79,80] and turbulent [18,19] flows in beds of spherical packings. Using PIV, Khayamyan ef al.

[19] experimentally found the backflow fraction for spherical pellets to peak at Rey, = 400, beyond

which a very modest decrease in backflow was observed, which was attributed to the destruction of

recirculating zones by the increased inertia in the bed. At Re, > 1000, Khayamyan et al. [19] found

the backflow fraction plateaued at approximately 10%, in good agreement with the results presented
here for hollow cylinders. Moghaddam ez al. [44,81] simulated the flow through a bed of Raschig rings
(hollow cylinders with holes larger than those used here), and observed a backflow fraction of ~20% at

Re, = 790, significantly larger than both that found here and those reported by Khayamyan et al. [19]

for spheres. Given that Moghaddam et al. also reported a large backflow fraction for spheres and solid
cylinders of ~17%, the discrepancy between the backflow fraction measured here and the simulations
of Moghaddam et al. [44,81] is unlikely due simply to differences in pellet shape. The data presented
here suggest that further development of CFD models might be required if accurate prediction of the
backflow fraction is required in beds of non-spherical pellets. The regions of high-speed fluid occur

primarily at the wall, but pockets can also be found toward the centre of the bed, in general agreement

ii Note that Moghaddam et al. [44] defined the pellet Reynolds number as Re, = %, where Us is the superficial

velocity. To facilitate comparison with this work, the Reynolds number used by Moghaddam ez al. Rej, = 1000 has been

converted to the equivalent particle Reynolds number based on the definition used here, Re, = % = 790.
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with the CFD results from Moghaddam et al. [81]. The distribution of these regions of high-speed fluid

will inevitably be important for transport properties in the bed.

To further investigate the near-wall hydrodynamics and the radial trends in flow, the radial
profile of time-averaged axial velocity u,(r) at Re, = 2500, obtained by azimuthally and axially
averaging the 3D MR velocity imaging data, is shown in Figure 8a, superimposed on the radial voidage
profile e(r). Here, r is defined as the distance from the central axis of the bed, ranging from r = 0 at
the centre of the bed, to r = R, at the tube wall, where R, is the tube radius. The trend displayed in the
radial profile of axial velocity is seen to follow the voidage profile. Further, as shown in Figure 8a, the
range of velocity values found at a given radial position reveals that there are substantial local
deviations in flow of up to ~2U;,; compared to the bed-average axial velocity at a given position.
Interestingly, Figure 8a also shows that the highest values of axial velocity are observed to occur near
the wall and at the local maxima in voidage (which is also visually supported by Figure 7b). However,
the backflow (negative axial velocities) is distributed approximately evenly across the bed, independent
of radial position (also supported visually by Figure 7a). Both the backflow, and the regions of high
velocity, are not captured by the average radial profiles. The radial profiles of time-averaged axial
velocity 1, (7) at all flow conditions studied are shown in Figure 8b. For clarity, only the average
profile is shown, the 95% ranges at all flow conditions were found to display similar behaviour (not

shown) to those shown in Figure 8a at Re, = 2500. From Figure 8b, it can be seen that, with the
exception of the near-wall region, the radial profiles of axial velocity are remarkably similar at all Rep,.
The velocity of the voxels adjacent to the wall increases from 1.2Uj,¢ at Re, = 500 to 1.5Ujp at

Re, = 6500.
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Overall, the observations from Figure 8a indicate that azimuthally and axially averaging the 3D
flow data is insufficient to capture the backflow and high-speed flow, and more generally the local flow
heterogeneity inherent in narrow packed beds of hollow cylindrical pellets. This conclusion was
similarly drawn from the CFD simulations of Moghaddam et al. [44,81] for spheres, cylinders, and
Raschig rings. This finding may help to explain why continuum and pseudo-continuum models are
insufficient for modelling narrow packed beds, and supports the need for particle resolved CFD to
accurately capture the hydrodynamics in these complex systems. Although the turbulent flows in the
packed bed are largely self-similar across different Re, (Figure 5 and Figure 6) the changes near the
wall (Figure 8b) highlight the importance of matching the flow conditions used in studies of packed
beds with the process conditions of interest commercially in order to obtain representative

hydrodynamics at all scales in the bed.

4.3 Turbulent kinetic energy
4.3.1  Turbulence at Re, = 2500: measurement and uncertainty analysis
An image of the turbulent kinetic energy in the bed at Re, = 2500, is shown in Figure 9a. Note

that an example of the underlying attenuation images, and the images of Reynolds stresses used to
calculate the TKE are reported in the Supplementary Information. The associated uncertainty in the
TKE, dk, calculated from the uncertainty in each component of mean square fluctuating velocity
obtained using Equation (21), is shown in Figure 9b. Finally, the % uncertainty in the measurement of
k in each voxel, dk /k %100, is shown in Figure 9¢c. The image of TKE is highly heterogeneous. Small
clusters of high intensity turbulence are scattered throughout the bed, and larger clusters of low
intensity turbulence are found in the bed, both inside and outside pellet holes. The uncertainty in the

TKE image, dk , is seen to be approximately dk/UZ, = 0.1 — 0.4 throughout the image. The
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uncertainty is slightly larger near solid surfaces, due to the high shear, but otherwise is relatively
homogenous. As a result, the relative % uncertainty for regions of low turbulence is large (Figure 9c¢).
The average relative uncertainty in a voxel decreases to ~ 40% at k /U2, = 0.5 and decreases further to
<20% for k/UZ, > 1. The absolute uncertainty in k is sufficiently small to have some confidence
when interpreting the images of k. Uncertainties of these magnitudes are broadly consistent with the
uncertainty reported by Elkins et al.[51] for MR measurements of the mean square fluctuating velocity
(Reynolds stress) for flow in a channel. In the future, the more detailed multi-point non-Cartesian
scheme for turbulence encoding recently reported by Schmidt ez al. [54] may be utilized to both reduce
the measurement error, and measure all components of the Reynolds stress tensor. The simple two-

point gradient encoding used in this work was selected for its simplicity and speed.

4.3.2  Turbulent kinetic energy as a function of Re,,
Images of the normalized TKE, /UZ , at each flow condition studied in this work are shown in

Figure 10. The distributions of normalized TKE, k/UZ,, at each flow condition are shown in Figure
11. In contrast to the time-averaged velocity, the TKE does not appear self-similar as Re}, increases.
The structure, and position, of regions of high turbulence appear to change as Re}, increases, consistent
with pore-scale PIV findings reported by Patil & Liburdy [16] for spherical pellets. The distribution
changes shape as Rej, increases, from a bimodal distribution with peaks near k / Uz,=0and k/U3, =
0.4 with a long tail at Re, = 500, to a unimodal distribution with a peak near k / Uz,=0.7and a
shorter tail at Re, = 6500. The average value of normalized TKE decreases slightly with increasing
Rey, (k/Uf: =0.76 £ 0.11; k /U% = 0.71 + 0.04; k /U, = 0.60 + 0.04 for Re, = 500, 2500, 6500,

respectively).
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PIV measurements from Patil & Liburdy have also been reported to show a similar decrease in
the average normalized turbulent velocity fluctuations with increasing Rey, in beds of spheres [16]. The
change of shape in the normalized TKE distributions shown in Figure 11 indicates that the TKE
becomes more homogeneous throughout the bed at high Rey,. Further, whilst some care is required in
interpreting low values of TKE due to the large uncertainty, the peak near k/UZ, =0 at Re, =500
potentially indicates some regions of the bed that locally are not yet fully turbulent, which is possible
given that Re, = 500 is often considered the lower limit of the fully turbulent regime in packed beds
[69]. The shapes of the normalized TKE distributions in Figure 11 appear qualitatively similar to PIV
measurements of spherical packings reported by Thaker ef al. [18] who observed a similar change in

shape in the TKE distribution from Re,, ~ 1100 to Re, = 6600. Notably, in the work of Thaker ez al.,

the TKE predicted by the SST k — w model was found to underestimate the experimental results by
approximately two orders of magnitude, demonstrating the importance of validating turbulence

modelling with experimental measurements of k.

Taken together, the measurements of TKE reported in this work reveal that the local turbulence
properties in the bed do not simply scale linearly with flow and are a complex function of the local flow
dynamics. However, qualitatively, the turbulence in the bed measured here shows similar
characteristics to that previously reported in beds of spherical pellets. Further investigation is required

to determine if this finding generalizes to other non-spherical, commercially-relevant pellet shapes.

4.3.3  Comparing turbulent kinetic energy with time-averaged velocity
To further investigate the turbulence in the bed, the TKE measurements were compared with

the time-averaged velocity measurements. Figure 12 shows a 3D visualization of the TKE and time-
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averaged velocity at Re,, = 2500. Visually, the regions of high TKE appear close to locations where

the flow is impinging on pellets, and at some local necks between pellets (constrictions) in the bed.

To investigate any correlation between TKE and time-averaged velocity, Figure 13 shows a 2D
histogram of the normalized TKE, k /UZ ., and the normalized time-averaged velocity magnitude,
|| /Uine. At all Rep, it is seen that the low values of normalized TKE (k/ U2, < 0.25) occur with
highest probability in regions with low velocity magnitude. However, the highest values of TKE,
k/UZ, > 2 are most likely at intermediate velocity magnitudes (1 < |u|/Ujy < 2.5). The 2D

distributions change shape slightly from Re,, = 500 to Re,, = 2500 and 6500, with the highest values

of TKE occurring at slightly higher values of [u|/Ujy; as Re,, increases.

It is interesting that the highest values of TKE occur at locations with intermediate, as opposed
to the highest or lowest, time-averaged velocity magnitude. Visually, this finding agrees with direct
numerical simulation (DNS) results of He et al. [82] for flow through a unit cell of face-centred cubic
packing, whose results visually appear to show the highest values of TKE occurring in regions with
intermediate time-averaged velocity magnitude. The 2D distributions in Figure 13 give a statistical
fingerprint of the pellet-scale turbulent hydrodynamics in a packed bed. This characterization could
prove useful in the future for validating the turbulence closure models used in porous media flow

simulations.

4.4 Velocity and TKE trends at the pellet-scale

To investigate the average flow field at the pellet-scale in this system, the time-averaged velocity and
TKE were analysed as a function of perpendicular distance from solid boundary (either wall or pellet).

Figure 14 shows the normalized time-averaged velocity magnitude and TKE plotted as a function of
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the perpendicular distance from each voxel to the nearest solid boundary. These plots thus represent
average velocity and TKE behaviour at the pellet-scale within the bed. It is important to note that these
average profiles do not give the true velocity or TKE profile within a single void in the bed. Instead, the
average is taken over the entire bed, where a wide range of void geometries and sizes are present in the
3D void space. As expected, from Figure 14a, it is seen that the time-averaged velocity magnitude
increases as the distance from solid increases. The normalized velocity profiles collapse onto the same
curve for all Re,, studied, with the exception of the point closest to the solid. The normalized TKE
profiles shown in Figure 14b, show substantially different behaviour that changes with Re,. At Re, =
500, the normalized TKE decreases with increasing distance from the solid. At Rej, = 2500, the
normalized TKE profile shows a more gradual decrease with increasing distance from the solid.
Finally, at Re, = 6500, the normalized TKE appears approximately constant with respect to distance

from the solid.

The time-averaged velocity profiles (Figure 14a) vaguely resemble the flow profile within a
channel/duct for turbulent flow, with an increase in velocity as distance from the solid increases. The
higher velocity for voxels closest to solid at Re,, = 500 is perhaps surprising. Again, these must not be
interpreted as the true velocity profile within a single pore/void in the bed. The decrease in velocity

closest to solid from Re, = 500 to Rej, = 2500, 6500 is most likely due to the effect of narrow
constrictions (e.g. necks between pellets). As Rep, increases, the normalized velocity in narrow

constrictions in the bed (and thus many voxels adjacent to solid boundary) may decrease due to the
increasingly large resistivity to flow these regions present as compared to larger voids in the bed. With
the exception of the region closest to solid boundary, the velocity profiles in Figure 14a are self-

similar, further confirming the self-similarity of the velocity field at the pellet-scale.
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In contrast to the time-averaged velocity, the TKE profiles (Figure 14b) are not self-similar with Re,
providing further evidence that the TKE is not self-similar at the pellet scale (also shown in Figure 10).
Qualitatively, the TKE profile appears similar to that expected for channel/duct flow at Rej, = 500,
with a peak near the wall and a decrease with increasing distance from solid boundary. However this
decrease towards the centre of voids is much less than what one would expect in the case of channel
flow. As Rey, increases, the peak in TKE moves away from the solid boundary and the decrease is
more gradual, and at Re,, = 6500 the TKE is independent of the distance from solid. This is markedly
different from the case of channel flow, where the TKE reaches a maximum near the wall, and
decreases rapidly towards the centre of the channel. The simulations conducted by He et al. [82]
visually appear to show the normalized TKE in a pore becoming more uniform as Re), increases (see
Fig. 2 in He et al. [82]), and qualitatively appear to reflect the trends shown in Figure 14b. Overall, the
TKE profiles indicate that the TKE at the pellet-scale in this packed bed is substantially different from
the case of simple channel flow. A final point to note is that in principle, the MR methods utilized here
may be applied to study any gas from which an MR signal during flow can be acquired (including
hydrogen, methane, ethane, propane, butane, hyperpolarized '*Xe) [83-85]. However, the precise
pulse sequence and parameters employed will require modification subject to relaxation and diffusion

considerations.
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5 Conclusions
A compressed sensing MR velocity imaging methodology has been implemented to acquire 3D

images of turbulent flows in a packed bed of porous, hollow cylindrical @ —AlLOs pellets over a range
of flow conditions Re,, = 500 — 6500. By imaging the flow in 3D, it is possible to assess the extent to
which the hydrodynamics in a commercially-relevant system differ from those in beds of smooth non-
porous spherical pellets, a system commonly taken to serve as a model packed bed. The 3D images of

the bed structure and turbulent flow reveal a number of interesting features.

The measured pellet orientation distribution was found to be qualitatively consistent with
previous x-ray tomography measurements of similarly shaped packings [73]. The radial profile of
voidage is different from that previously reported for spheres, showing a shoulder at a distance of
~0.5d, from the tube wall which is indicative of the pellet hole and consistent with computational
findings for a similar pellet shape. The time-averaged velocity in the bed shows significant flow
heterogeneity, with regions of backflow distributed through the bed, and regions of high-speed fluid
primarily close to the wall and at regions of high voidage. The amount of backflow in the bed was
found to be approximately 10% of the total inter-pellet fluid in the bed, independent of Re,,, and
significantly lower than that predicted by previous CFD simulations for spherical, cylindrical, and
hollow cylindrical pellets [44]. The velocity images and distributions at different Re|, appear
remarkably similar when normalized, demonstrating that the turbulent flows in packed beds of
commercially-relevant pellets are self-similar, as has been previously reported for model packed bed
systems. The radial profile of axial velocity reveals significant flow heterogeneity, and demonstrates
the inadequacy of axial and azimuthal averaging in capturing the flow heterogeneity present within
narrow packed beds, in agreement with recent simulations [44,81]. Further, the radial profiles show the

near-wall flow behaviour changes with Re,, with the velocity near the wall increasing as Rey,
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increases. 3D images of the turbulent kinetic energy reveal that the local turbulence does not scale
linearly with the flow. The TKE distribution becomes more homogenous as Re), increases from 500 to
6500, indicating the turbulence in the bed is more uniform at higher Re,. The distributions of TKE
agree qualitatively with previous experimental measurements [18] made in a bed of spheres, suggesting
that the TKE in beds of hollow cylinders is similar to model packed bed systems. Interestingly, the
highest values of TKE in the bed are associated with fluid having an intermediate value of time-
averaged velocity, as opposed to the fastest or slowest fluid in the bed. The TKE at the pellet-scale
shows markedly different behaviour from simple channel flow, with the TKE becoming approximately

independent of distance from solid interface at Re, = 6500.

Application of 3D MR imaging techniques to measure the structure and flow in a commercially
relevant packed bed reveals a number of insights not accessible by studying model spherical pellet
systems, specifically the pellet orientation distribution, the radial voidage profile, the decreased
backflow compared to previous computational studies and the near-wall flow behaviour. Further, the
MR imaging measurements provide a full-field dataset that can be used to validate and calibrate future
numerical flow simulations. The direct study of hydrodynamics in commercially-relevant packed beds,
as realized in this work, is an important step forward for understanding fundamentally how pellet shape
impacts reactor performance, and ultimately in advancing towards the rational design of the catalyst

pellets and process conditions used commercially.

6 Acknowledgements

The authors thank Shell Global Solutions International B.V. for funding this work, provision of the
catalyst pellets used in this study, and providing water absorption measurements for determining pellet
material density. SVE further thanks the Sir Winston Churchill Society of Edmonton and the Natural
Sciences and Engineering Research Council of Canada (NSERC) for additional funding. For the

38



807
808

809

810
811

812
813
814

815
816
817

818
819

820
821
822

823
824
825

826
827

828
829
830
831

832
833
834
835

836
837
838

839
840
841

842
843
844

purpose of open access, the authors have applied a Creative Commons Attribution (CC BY) licence to
any Author Accepted Manuscript version arising from this submission.

7 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[%]

[10]

[11]

[12]

B. Partopour, A.G. Dixon, Effect of particle shape on methanol partial oxidation in a fixed bed
using CFD reactor modeling, AIChE J. 66 (2020) 1-13. https://doi.org/10.1002/aic.16904.

G.M. Karthik, V. V. Buwa, Effect of particle shape on fluid flow and heat transfer for methane
steam reforming reactions in a packed bed, AIChE J. 63 (2017) 366-377.
https://doi.org/10.1002/aic.15542.

G.M. Karthik, V. V. Buwa, A computational approach for the selection of optimal catalyst
shape for solid-catalysed gas-phase reactions, React. Chem. Eng. 5 (2020) 163—182.
https://doi.org/10.1039/CORE00240E.

D. Nemec, J. Levec, Flow through packed bed reactors: 1. Single-phase flow, Chem. Eng. Sci.
60 (2005) 6947—6957. https://doi.org/10.1016/j.ces.2005.05.068.

P. Lovreglio, S. Das, K.A. Buist, E.A.J.F. Peters, L. Pel, J.A.M. Kuipers, Experimental and
numerical investigation of structure and hydrodynamics in packed beds of spherical particles,
AIChE J. 64 (2018) 1896—1907. https://doi.org/10.1002/aic.16127.

D. Tang, A. Jess, X. Ren, B. Bluemich, S. Stapf, Axial dispersion and wall effects in narrow
fixed bed reactors: A comparative study based on RTD and NMR measurements, Chem. Eng.
Technol. 27 (2004) 866—873. https://doi.org/10.1002/ceat.200402076.

O. Bey, G. Eigenberger, Fluid flow through catalyst filled tubes, Chem. Eng. Sci. 52 (1997)
1365-1376. https://doi.org/10.1016/S0009-2509(96)00509-X.

E.H.L. Yuen, A.J. Sederman, F. Sani, P. Alexander, L.F. Gladden, Correlations between local
conversion and hydrodynamics in a 3-D fixed-bed esterification process: An MRI and lattice-
Boltzmann study, Chem. Eng. Sci. 58 (2003) 613—619. https://doi.org/10.1016/S0009-
2509(02)00586-9.

Y. Dong, M. Geske, O. Korup, N. Ellenfeld, F. Rosowski, C. Dobner, R. Horn, What happens in
a catalytic fixed-bed reactor for n-butane oxidation to maleic anhydride? Insights from spatial

profile measurements and particle resolved CFD simulations, Chem. Eng. J. 350 (2018) 799—
811. https://doi.org/10.1016/j.cej.2018.05.192.

A.G. Dixon, B. Partopour, Computational fluid dynamics for fixed bed reactor design, Annu.
Rev. Chem. Biomol. Eng. 11 (2020) 109—-130. https://doi.org/10.1146/annurev-chembioeng-
092319-075328.

A. Guardo, M. Coussirat, M.A. Larrayoz, F. Recasens, E. Egusquiza, Influence of the
turbulence model in CFD modeling of wall-to-fluid heat transfer in packed beds, Chem. Eng.
Sci. 60 (2005) 1733—-1742. https://doi.org/10.1016/J.CES.2004.10.034.

G.M. Karthik, A.H. Thaker, V. V. Buwa, Particle-resolved simulations of catalytic fixed bed
reactors: Comparison of turbulence models, LES and PIV measurements, Powder Technol. 361
(2020) 474-489. https://doi.org/10.1016/j.powtec.2019.05.012.

39



845
846
847

848
849
850

851
852
853

854
855
856

857
858
859

860
861
862

863
864
865
866

867
868
869

870
871
872

873
874
875

876
877
878

879
880

881
882

883

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

A.S. Ambekar, C. Schwarzmeier, U. Riide, V. V. Buwa, Particle-resolved turbulent flow in a
packed bed: RANS, LES, and DNS simulations, AIChE J. (2022).
https://doi.org/10.1002/AIC.17615.

B.D. Wood, S. V. Apte, J.A. Liburdy, R.M. Ziazi, X. He, J.R. Finn, V.A. Patil, A comparison of
measured and modeled velocity fields for a laminar flow in a porous medium, Adv. Water
Resour. 85 (2015) 45-63. https://doi.org/10.1016/j.advwatres.2015.08.013.

V.A. Patil, J.A. Liburdy, Flow characterization using PIV measurements in a low aspect ratio
randomly packed porous bed, Exp. Fluids. 54 (2013) 1497. https://doi.org/10.1007/s00348-013-
1497-3.

V.A. Patil, J.A. Liburdy, Turbulent flow characteristics in a randomly packed porous bed based
on particle image velocimetry measurements, Phys. Fluids. 25 (2013) 043304.
https://doi.org/10.1063/1.4802043.

T. Nguyen, S. King, Y. Hassan, Experimental investigation of turbulent characteristics in pore-
scale regions of porous media, Exp. Fluids. 62 (2021) 72. https://doi.org/10.1007/s00348-021-
03171-1.

A.H. Thaker, G.M.M. Karthik, V. V. Buwa, PIV measurements and CFD simulations of the
particle-scale flow distribution in a packed bed, Chem. Eng. J. 374 (2019) 189-200.
https://doi.org/10.1016/j.cej.2019.05.053.

S. Khayamyan, T.S. Lundstrém, J.G.1. Hellstrom, P. Gren, H. Lycksam, Measurements of
transitional and turbulent flow in a randomly packed bed of spheres with particle image
velocimetry, Transp. Porous Media. 116 (2017) 413—431. https://doi.org/10.1007/s11242-016-
0781-0.

Y.A. Hassan, E.E. Dominguez-Ontiveros, Flow visualization in a pebble bed reactor experiment
using PIV and refractive index matching techniques, Nucl. Eng. Des. 238 (2008) 3080—3085.
https://doi.org/10.1016/J.NUCENGDES.2008.01.027.

M. Moroni, J.H. Cushman, Statistical mechanics with three-dimensional particle tracking
velocimetry experiments in the study of anomalous dispersion. II. Experiments, Phys. Fluids. 13
(2000) 81. https://doi.org/10.1063/1.1328076.

A. Lachhab, Y K. Zhang, M.V_I. Muste, Particle tracking experiments in match-index-refraction
porous media, Ground Water. 46 (2008) 865—872. https://doi.org/10.1111/J.1745-
6584.2008.00479.X.

L.F. Gladden, A.J. Sederman, Magnetic resonance imaging and velocity mapping in chemical
engineering applications, Annu. Rev. Chem. Biomol. Eng. 8 (2017) 227-247.
https://doi.org/10.1146/annurev-chembioeng-061114-123222.

L.F. Gladden, Magnetic resonance in reaction engineering: beyond spectroscopy, Curr. Opin.
Chem. Eng. 2 (2013) 331-337. https://doi.org/10.1016/j.coche.2013.05.005.

E. Fukushima, Nuclear magnetic resonance as a tool to study flow, Annu. Rev. Fluid Mech. 31
(1999) 95—123. https://doi.org/10.1146/annurev.fluid.31.1.95.

CJ. Elkins, M.T. Alley, Magnetic resonance velocimetry: Applications of magnetic resonance

40



884
885

886
887
888

889
890
891

892
893
894

895
896

897
898
899

900
901

902
903

904
905
906

907
908
909

910
911
912
913

914
915
916

917
918

919
920
921
922

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

imaging in the measurement of fluid motion, Exp. Fluids. 43 (2007) 823—858.
https://doi.org/10.1007/s00348-007-0383-2.

M.L. Johns, A.J. Sederman, A.S. Bramley, L.F. Gladden, P. Alexander, Local transitions in
flow phenomena through packed beds identified by MRI, AIChE J. 46 (2000) 2151-2161.
https://doi.org/10.1002/aic.690461108.

A.J. Sederman, M.L. Johns, A.S. Bramley, P. Alexander, L.F. Gladden, Magnetic resonance
imaging of liquid flow and pore structure within packed beds, Chem. Eng. Sci. 52 (1997) 2239—
2250. https://doi.org/10.1016/S0009-2509(97)00057-2.

Y .E. Kutsovsky, L.E. Scriven, H.T. Davis, B.E. Hammer, NMR imaging of velocity profiles
and velocity distributions in bead packs, Phys. Fluids. 8 (1996) 863.
https://doi.org/10.1063/1.868867.

A.J. Sederman, M.L. Johns, P. Alexander, L.F. Gladden, Structure-flow correlations in packed
beds, Chem. Eng. Sci. 53 (1998) 2117-2128. https://doi.org/10.1016/S0009-2509(98)00059-1.

M.C. Sains, M.S. El-Bachir, A.J. Sederman, L.F. Gladden, Rapid imaging of fluid flow patterns
in a narrow packed bed using MRI, Magn. Reson. Imaging. 23 (2005) 391-393.
https://doi.org/10.1016/;.mri.2004.11.038.

L.D. Anadon, A.J. Sederman, L.F. Gladden, Mechanism of the trickle-to-pulse flow transition in
fixed-bed reactors, AIChE J. 52 (2006) 1522—1532. https://doi.org/10.1002/aic.10737.

A.J. Sederman, L.F. Gladden, Transition of pulsing flow in trickle-bed reactors studied using
MRI, AIChE J. 51 (2005) 615-621. https://doi.org/10.1002/aic.10317.

M.H. Sankey, D.J. Holland, A.J. Sederman, L.F. Gladden, Magnetic resonance velocity imaging
of liquid and gas two-phase flow in packed beds, J. Magn. Reson. 196 (2009) 142—148.
https://doi.org/10.1016/.jmr.2008.10.021.

D.J. Robbins, M.S. El-Bachir, L.F. Gladden, R.S. Cant, E. von Harbou, CFD modeling of
single-phase flow in a packed bed with MRI validation, AIChE J. 58 (2012) 3904-3915.
https://doi.org/10.1002/aic.13767.

X. Yang, T.D. Scheibe, M.C. Richmond, W.A. Perkins, S.J. Vogt, S.L. Codd, J.D. Seymour,
M.I. McKinley, Direct numerical simulation of pore-scale flow in a bead pack: Comparison
with magnetic resonance imaging observations, Adv. Water Resour. 54 (2013) 228-241.
https://doi.org/10.1016/j.advwatres.2013.01.009.

D.A. Clarke, F. Dolamore, C.J. Fee, P. Galvosas, D.J. Holland, Investigation of flow through
triply periodic minimal surface-structured porous media using MRI and CFD, Chem. Eng. Sci.
231 (2021) 116264. https://doi.org/10.1016/J.CES.2020.116264.

D. Xiao, B.J. Balcom, Restricted k-space sampling in pure phase encode MRI of rock core
plugs, J. Magn. Reson. 231 (2013) 126—132. https://doi.org/10.1016/1.jmr.2013.04.001.

K. John, S. Jahangir, U. Gawandalkar, W. Hogendoorn, P. Christian, S. Grundmann, M.
Bruschewski, Magnetic resonance velocimetry in high-speed turbulent flows: sources of
measurement errors and a new approach for higher accuracy, 61 (2020) 27.
https://doi.org/10.1007/s00348-019-2849-4.

41



923
924
925

926
927
928

929
930
931

932
933
934

935
936
937

938
939
940

941
942

943
944

945
946
947

948
949
950

951
952
953

954
955
956

957
958

959
960

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

M. Bruschewski, H. Kolkmannn, K. John, S. Grundmann, Phase-contrast single-point imaging
with synchronized encoding: a more reliable technique for in vitro flow quantification, Magn.
Reson. Med. 81 (2019) 2937-2946. https://doi.org/10.1002/mrm.27604.

J.D. Cooper, A.P.E. York, A.J. Sederman, L.F. Gladden, Measuring velocity and turbulent
diffusivity in wall-flow filters using compressed sensing magnetic resonance, Chem. Eng. J. 377
(2019) 119690. https://doi.org/10.1016/j.cej.2018.08.076.

M. Benning, L. Gladden, D. Holland, C.B. Schonlieb, T. Valkonen, Phase reconstruction from
velocity-encoded MRI measurements - A survey of sparsity-promoting variational approaches,
J. Magn. Reson. 238 (2014) 26-43. https://doi.org/10.1016/j.jmr.2013.10.003.

D.J. Holland, D.M. Malioutov, A. Blake, A.J. Sederman, L.F. Gladden, Reducing data
acquisition times in phase-encoded velocity imaging using compressed sensing, J. Magn. Reson.
203 (2010) 236-246. https://doi.org/10.1016/.jmr.2010.01.001.

E.M. Moghaddam, E.A. Foumeny, A.I. Stankiewicz, J.T. Padding, Hydrodynamics of narrow-
tube fixed bed reactors filled with Raschig rings, Chem. Eng. Sci. X. 5 (2020) 100057.
https://doi.org/10.1016/j.cesx.2020.100057.

X. Liu, B. Qin, Q. Zhang, G. Ye, X. Zhou, W. Yuan, Optimizing catalyst supports at single
catalyst pellet and packed bed reactor levels: A comparison study, AIChE J. 67 (2021) 1-13.
https://doi.org/10.1002/aic.17163.

G.M. Karthik, V. V. Buwa, Particle-resolved simulations of methane steam reforming in
multilayered packed beds, AIChE J. 64 (2018) 4162—4176. https://doi.org/10.1002/aic.16386.

J.-H. Gao, J.C. Gore, Turbulent flow effects on NMR imaging: Measurement of turbulent
intensity, Med. Phys. 18 (1991) 1045-1051. https://doi.org/10.1118/1.596645.

J.C. Gatenby, J.C. Gore, Characterization of turbulent flows by NMR measurements with
pulsed gradients, J. Magn. Reson. Ser. A. 110 (1994) 26-32.
https://doi.org/10.1006/jmra.1994.1176.

D.O. Kuethe, J.-H. Gao, NMR signal loss from turbulence: Models of time dependence
compared with data, Phys. Rev. E. 51 (1995) 3252-3262.
https://doi.org/10.1103/PhysRevE.51.3252.

P. Dyverfeldt, R. Gardhagen, A. Sigfridsson, M. Karlsson, T. Ebbers, On MRI turbulence
quantification, Magn. Reson. Imaging. 27 (2009) 913-922.
https://doi.org/10.1016/3.mri.2009.05.004.

CJ. Elkins, M.T. Alley, L. Saetran, J.K. Eaton, Three-dimensional magnetic resonance
velocimetry measurements of turbulence quantities in complex flow, Exp. Fluids. 46 (2009)
285-296. https://doi.org/10.1007/s00348-008-0559-4.

P. Dyverfeldt, Extending MRI to the Quantification of Turbulence Intensity, Linkoping
University, 2010.

J.D. Cooper, MRI Studies of Gas Hydrodynamics in Automotive Particulate Filters, University
of Cambridge, 2019.

42



961
962
963
964

965
966
967
968

969
970
971

972
973

974
975

976
977
978

979
980

981
982

983
984
985

986
987

988
989

990
991
992

993
994
995
996

997
998

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

S. Schmidt, K. John, S.J. Kim, S. Flassbeck, S. Schmitter, M. Bruschewski, Reynolds stress
tensor measurements using magnetic resonance velocimetry: expansion of the dynamic
measurement range and analysis of systematic measurement errors, Exp. Fluids. 62 (2021) 1-
17. https://doi.org/10.1007/s00348-021-03218-3.

M. Bruschewski, K. John, C. Wiistenhagen, M. Rehm, H. Hadzi¢, P. Pohl, S. Grundmann,
Commissioning of an MRI test facility for CFD-grade flow experiments in replicas of nuclear
fuel assemblies and other reactor components, Nucl. Eng. Des. 375 (2021) 111080.
https://doi.org/10.1016/j.nucengdes.2021.111080.

D. Kim, J. Kang, E. Adeeb, G.-H. Lee, D.H. Yang, H. Ha, Comparison of four-dimensional
flow magnetic resonance imaging and particle image velocimetry to quantify velocity and
turbulence parameters, Fluids. 6 (2021) 277. https://doi.org/10.3390/fluids6080277.

G.L Taylor, Diffusion by Continuous Movements, Proc. London Math. Soc. s2-20 (1922) 196
212. https://doi.org/10.1112/plms/s2-20.1.196.

L.D. Landau, E.M. Lifshitz, Course Of Theoretical Physics Volume 5, Statistical Physics Part 1,
Pergamon, Oxford, UK, 1980.

P. Dyverfeldt, A. Sigfridsson, J.P.E. Kvitting, T. Ebbers, Quantification of intravoxel velocity
standard deviation and turbulence intensity by generalizing phase-contrast MRI, Magn. Reson.
Med. 56 (2006) 850-858. https://doi.org/10.1002/MRM.21022.

E.O. Stejskal, J.E. Tanner, Spin diffusion measurements: Spin echoes in the presence of a time-
dependent field gradient, J. Chem. Phys. 42 (1965) 288-292. https://doi.org/10.1063/1.1695690.

D.A. Skoog, F.J. Holler, S.R. Crouch, Principles of Instrumental Analysis, Cengage Learning,
2017.

N.P. Ramskill, A.P.E. York, A.J. Sederman, L.F. Gladden, Magnetic resonance velocity
imaging of gas flow in a diesel particulate filter, Chem. Eng. Sci. 158 (2017) 490-499.
https://doi.org/10.1016/j.ces.2016.10.017.

O. V. Petrov, G. Ersland, B.J. Balcom, T> distribution mapping profiles with phase-encode
MRI, J. Magn. Reson. 209 (2011) 39—46. https://doi.org/10.1016/J.JMR.2010.12.006.

H. Gudbjartsson, S. Patz, The rician distribution of noisy mri data, Magn. Reson. Med. 34
(1995) 910-914. https://doi.org/10.1002/mrm.1910340618.

M. Lustig, D. Donoho, J.M. Pauly, Sparse MRI: The application of compressed sensing for
rapid MR imaging, Magn. Reson. Med. 58 (2007) 1182—1195.
https://doi.org/10.1002/mrm.21391.

K. Karlsons, D.W. De Kort, A.J. Sederman, M.D. Mantle, H. De Jong, M. Appel, L.F. Gladden,
Identification of sampling patterns for high-resolution compressed sensing MRI of porous

materials: ‘learning’ from X-ray microcomputed tomography data, J. Microsc. 276 (2019) 63—
81. https://doi.org/10.1111/jmi.12837.

M. Benning, An Object-Oriented Matlab-Framework for Inverse Problems (OOMFIP), (2016).
https://doi.org/10.17863/CAM.28]1.

43



999
1000
1001

1002
1003
1004

1005
1006
1007

1008
1009
1010

1011
1012

1013
1014
1015
1016

1017
1018
1019

1020
1021

1022
1023

1024
1025
1026

1027
1028
1029
1030

1031
1032
1033

1034
1035
1036

1037

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

P.C. Borman, K.R. Westerterp, An experimental study of the selective oxidation of ethene in a
wall cooled tubular packed bed reactor, Chem. Eng. Sci. 47 (1992) 2541-2546.
https://doi.org/10.1016/0009-2509(92)87090-D.

D. Hlushkou, U. Tallarek, Transition from creeping via viscous-inertial to turbulent flow in
fixed beds, J. Chromatogr. A. 1126 (2006) 70-85.
https://doi.org/10.1016/J.CHROMA.2006.06.011.

S.E. Quinones-Cisneros, M.L. Huber, U.K. Deiters, Correlation for the viscosity of sulfur
hexafluoride (SFe) from the triple point to 1000 K and pressures to 50 MPa, J. Phys. Chem. Ref.
Data. 41 (2012) 23102. https://doi.org/10.1063/1.3702441.

C. Guder, W. Wagner, A reference equation of state for the thermodynamic properties of sulfur
hexafluoride (SFe) for temperatures from the melting line to 625K and pressures up to 150MPa,
J. Phys. Chem. Ref. Data. 38 (2009) 33—94. https://doi.org/10.1063/1.3037344.

N. Otsu, A threshold selection method from gray-level histograms, IEEE Trans. Syst. Man.
Cybern. 9 (1979) 62—66. https://doi.org/10.1109/TSMC.1979.4310076.

R. Caulkin, X. Jia, C. Xu, M. Fairweather, R.A. Williams, H. Stitt, M. Nijemeisland, S. Aferka,
M. Crine, A. Léonard, D. Toye, P. Marchot, Simulations of structures in packed columns and
validation by x-ray tomography, Ind. Eng. Chem. Res. 48 (2009) 202-213.
https://doi.org/10.1021/ie800033a.

P. Niegodajew, A.P. Durajski, P. Rajca, K.M. Gruszka, M. Marek, Experimental and numerical
study on the orientation distribution of cylindrical particles in random packed beds, Chem. Eng.
J. 432 (2022) 134043. https://doi.org/10.1016/J.CEJ.2021.134043.

A. De Klerk, Voidage variation in packed beds at small column to particle diameter ratio,
AIChE J. 49 (2003) 2022-2029. https://doi.org/10.1002/aic.690490812.

R.F. Benenati, C.B. Brosilow, Void fraction distribution in beds of spheres, AIChE J. 8 (1962)
359-361. https://doi.org/10.1002/AIC.690080319.

J.S. Goodling, R.I. Vachon, W.S. Stelpflug, S.J. Ying, M.S. Khader, Radial porosity distribution
in cylindrical beds packed with spheres, Powder Technol. 35 (1983) 23-29.
https://doi.org/10.1016/0032-5910(83)85022-0.

N. Jurtz, G.D. Wehinger, U. Srivastava, T. Henkel, M. Kraume, Validation of pressure drop
prediction and bed generation of fixed-beds with complex particle shapes using discrete element
method and computational fluid dynamics, AIChE J. 66 (2020) e16967.
https://doi.org/10.1002/AIC.16967.

R.S. Maier, D.M. Kroll, Y.E. Kutsovsky, H.T. Davis, R.S. Bernard, Simulation of flow through
bead packs using the lattice Boltzmann method, Phys. Fluids. 10 (1998) 60.
https://doi.org/10.1063/1.869550.

L. Lebon, L. Oger, J. Leblond, J.P. Hulin, N.S. Martys, L.M. Schwartz, Pulsed gradient NMR
measurements and numerical simulation of flow velocity distribution in sphere packings, Phys.
Fluids. 8 (1998) 293. https://doi.org/10.1063/1.868839.

E.M. Moghaddam, E.A. Foumeny, A.I. Stankiewicz, J.T. Padding, Fixed bed reactors of non-

44



1038
1039

1040
1041

1042
1043
1044

1045
1046
1047

1048
1049
1050
1051

1052

1053

[82]

[83]

[84]

[85]

spherical pellets: Importance of heterogeneities and inadequacy of azimuthal averaging, Chem.
Eng. Sci. X. 1 (2019) 100006. https://doi.org/10.1016/J.CESX.2019.100006.

X. He, S. V. Apte, J.R. Finn, B.D. Wood, Characteristics of turbulence in a face-centred cubic
porous unit cell, J. Fluid Mech. 873 (2019) 608—645. https://doi.org/10.1017/;fm.2019.403.

H. Ridder, C. Sinn, G.R. Pesch, J. [lsemann, W. Dreher, J. Thoming, A large fixed bed reactor
for MRI operando experiments at elevated temperature and pressure, Rev. Sci. Instrum. 92
(2021) 043711. https://doi.org/10.1063/5.0044795.

L. V. Koptyug, S.A. Altobelli, E. Fukushima, A. V. Matveev, R.Z. Sagdeev, Thermally
Polarized "H NMR Microimaging Studies of Liquid and Gas Flow in Monolithic Catalysts, J.
Magn. Reson. 147 (2000) 36-42. https://doi.org/10.1006/jmre.2000.2186.

F. Hill-Casey, T. Hotchkiss, K.A. Hardstone, 1. Hitchcock, V. Novak, C.M. Schlepiitz, T.
Meersmann, G.E. Pavlovskaya, S.P. Rigby, Hyperpolarised xenon MRI and time-resolved X-
ray computed tomography studies of structure-transport relationships in hierarchical porous
media, Chem. Eng. J. 405 (2021) 126750. https://doi.org/10.1016/J.CEJ.2020.126750.

45



1054

1055
1056

1057
1058
1059
1060
1061
1062

1063
1064

1065

1066
1067
1068
1069
1070
1071
1072

1073

1074
1075
1076
1077
1078

1079

1080
1081

1082
1083

1084
1085
1086
1087

8 Figure Captions

Figure 1. Sources of phase dispersion, (¢p?), within a voxel that contribute to signal attenuation.

Figure 2. Schematic diagram of closed-loop SF6 flow rig used for MR velocity imaging in a packed
bed. (a) flow loop. 1 — low pressure vessel; 2 — compressor; 3 — high pressure vessel; 4 — needle valve;
5 —regulator valve; 6 — perforated plate distributor; 7 — catalyst support pellets; 8 — ABS pipe, diype =
41 mm ID; 9 — superconducting magnet, 4.7 T; 10 — mass flow controller; 11 — digital pressure gauge;
12 — SFs gas cylinder. (b) packed bed. Red boxes denote the MR imaging region (note: drawings not to
scale).

Figure 3. Schematic of SESPI pulse sequence used for all MR imaging experiments in this work.

Figure 4. Bed structure from segmentation of 3D intensity image under zero flow conditions. (a) 3D
segmented image of bed structure (image rendered in Amira-Avizo); (b) radial voidage profile showing
average voidage as a function of normalized distance from the wall; (c) histogram of pellet orientation
with respect to vertical. Experimental distribution from MR imaging (this work) (-); distribution for
smooth plastic hollow cylinders (termed Hama beads in [73]) in a narrow packed bed (N = 6.1) from
Caulkin et al. [73] obtained using 4 — CT (-); theoretical random distribution p & sin(8) (). Note
that the vertical direction in (a) represents the z-axis.

Figure 5. Central slice of 3D time-averaged axial velocity images at each flow condition. (a) Xy
images. Images shown have a FOV of 45 mm (x) X 45 mm (y) and an in-plane spatial resolution of
0.35 mm (x) X 0.35 mm (y). Direction of net flow is into the page. (b) xz images. Images shown have a
FOV of 45 mm (x) X 45 mm (z) and an in-plane spatial resolution of 0.35 mm (x) X 0.5 mm (z).
Direction of net flow is in the +z direction.

Figure 6. Distribution of (a) time-averaged normalized axial velocity,ut, /Uiy, (b) time-averaged
normalized transverse (y) velocity, iy /Ui, and (c) time-averaged normalized speed, [T /Uiy (-)

Re, = 500; (-) Re, = 2500; (') Re, = 6500.

Figure 7. 3D visualization at Re, = 2500 of (a) regions of the bed with zero or negative velocity

(backflow) in the axial direction (all voxels with u, /U, < 0 are visualized by blue shading); (b)
regions of the bed with high-speed fluid, |u|/U;,: > 2.5. Note that the vertical direction represents the
Z-axis.
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Figure 8. Radial profile of voidage, €(r), and normalized time-averaged axial velocity, t, (1) /Uint »
as a function of distance from the tube wall, R, — r, normalized by pellet outer diameter, d,,. (a)
Velocity at Re, =2500 (-) plotted alongside voidage (-). Shaded regions represent 2.5 percentile to
97.5 percentile of velocity values found at each respective radial position in the 3D flow images (thus
the shaded region covers 95% of the velocity values found in the bed at a given position). (b)
comparison of radial velocity profiles (¢) Re, = 500; (®) Re,, = 2500; () Re, = 6500.

Figure 9. Turbulent kinetic energy image and uncertainty analysis at Re, = 2500. (a) Central slice of
3D image of TKE, k, and (b) uncertainty in TKE, dk. Both quantities have been normalized by the
square of the mean interstitial velocity, UZ . Images shown have a FOV of 45 mm (x) X 45 mm (y)
and an in-plane spatial resolution of 0.35 mm (x) X 0.35 mm (y). Direction of net flow is into the page.
(¢) % uncertainty in TKE measured from each voxel in the 3D dataset, calculated as % uncertainty =
di X 100, plotted as a function of normalized TKE. (®) uncertainty in each voxel, (—) average

uncertainty at a given value of k /U2, .

Figure 10. Central slice of 3D image of normalized turbulent kinetic energy, k /U2, at each flow
condition. (a) xy images. Images shown have a FOV of 45 mm (x) X 45 mm (y) and an in-plane
spatial resolution of 0.35 mm (x) X 0.35 mm (y). Direction of net flow is into the page. (b) xz images.
Images shown have a FOV of 45 mm (x) X 45 mm (z) and an in-plane spatial resolution of 0.35 mm
(x) X 0.5 mm (z). Direction of net flow is in the +z direction.

Figure 11. Distribution of normalized turbulent kinetic energy, k /U3 ,, in the bed at: Re, =500 (-);
Re, =2500 (-); Rep, = 6500 ().

Figure 12. 3D visualization of (a) normalized turbulent kinetic energy, k/U?., and (b) normalized
time-averaged velocity magnitude, |0 /Ui, at Rep, = 2500. Note that the vertical direction represents
the z-axis.

Figure 13. 2D histogram of normalized turbulent kinetic energy, k /UZ,, and time-averaged velocity
magnitude, [0| /Uiy, at (a) Rep, = 500; (b) Re,, = 2500; (c) Rep, = 6500.
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Figure 14. Average (a) normalized time-averaged velocity magnitude, |t /Ujy; , (b) normalized TKE,

k/UZ ., plotted as a function of perpendicular distance from the nearest solid boundary [, normalized

by pellet outer diameter d,,. Error bars represent the uncertainty of the average value at each position.
Re, =500 (¢); Re, = 2500 (®); Re, = 6500 ().

9 Tables
Table 1. Average pellet properties.
hollow
pellet cylinder —
large hole
material a-alumina
pellet length, L [mm] 9.1
hole diameter, d},4e [mm] 3.2
mean OD, d, [mm] 8.7
spherical equivalent 6.3

diameter, d, [mm]

Table 2. Process conditions used.

Re,, nominal [-]| 500 2500 6500
P [bar(a)] 7 71 72
mlgs']  [0.833 3.88 10.0
plkgm’] |452 459 46.7
Ug[ms'] [0.0140.0640.162

€, gravimetric [-]| 0.49 £ 0.02
€, MRI [-] 0.53 + 0.05
Re,, |-] 544 2537 6533
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1130  Table 3. Fraction of fluid with zero or negative velocity in the axial direction (backflow), i, /U, < 0,
1131  and high-speed fluid, |U|/Uj,; > 2.5, in the bed at each flow condition.

backflow high-speed fluid
Rey [-] B
f(;/Uine < 0) [%] f(|0]/Uine > 2.5) [%]
500 12 9.1
2500 11 7.4
6500 12 8.3

1132
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