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Transverse decay rate (R2*) mapping is an established method for measuring iron overload in various bio-
logical tissues. Recently, R2* mapping was used to measure the mean 3D concentration distribution of
micron-size particles dispersed in turbulent flows. However, some discrepancy was observed between
the measured R2* and the expected decay based on existing theory. The present paper examines three
flow-related mechanisms that could be responsible for this discrepancy. Computational simulations were
used to study the effects of relative particle-fluid motion and preferential concentration by turbulence,

Key Won.js" . . while the effect of enhanced proton dispersion due to turbulence was examined via the existing MRI
Magnetic resonance imaging . . . R
Turbulence relaxation theory. Each flow phenomenon was shown to produce a different effect on the signal-time

Flow curve, as well as the extracted R2*. Comparison to experimental data in a square channel flow showed
that relative motion between the particles and fluid was the most likely cause of the discrepancy in
the previous experiments; however, all three effects may be present in both medical and non-medical
flows, and their differing effects on the MRI signal may eventually allow for their identification from
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MRI data.
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1. Introduction

Mapping of transverse signal decay properties (T, or T5) is a
growing tool for identifying important diagnostic information in
the medical arena [ 1]. Both decay properties can be used to identify
iron overload or hemorrhage in liver, heart, and brain tissue [2],
while T, mapping also is useful in detecting myocardial inflamma-
tion or ischemia [3]. More generally, the modification of transverse
relaxation rate due to changes in magnetic susceptibility is the
basis for BOLD imaging [4] and important in the function of super-
paramagnetic iron oxide (SPIO) contrast agents [5].

The effects of turbulent flow on MRI signal have also been
examined over the past few decades. Early measurements provided
quantitative maps of the eddy diffusivity in turbulent flows based
on the signal decrease due to increasing levels of turbulence [6,7].
However, direct turbulence measurements are subject to large
noise, frequently requiring a large number of averages [8]. The past
few decades have seen advances in the reliability of MRI turbu-
lence measurement and consideration of new effects [9], as part
of an overall increase in research on advanced flow imaging tech-
niques [10]. For this study, it is important to note that turbulence
causes a decrease in signal which varies nonlinearly with the echo
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time, TE; thus, when considering the effects of particles in a turbu-
lent flow, it will be important to normalize against measurements
with similar levels of turbulence under particle-free conditions.

MRI is finding increasing application as a tool for studying com-
plex engineering flows because fully 3D measurements can be
made without optical access. Recent examples include studies of
aircraft gas turbine engine components [11], porous media flows
[12], and vertical-axis wind turbines [13]. When studying
particle-laden flows, existing (non-MRI) experimental techniques
are limited to pointwise measurements, which provide poor data
coverage, and laser-based measurements, which impose severe
restrictions on the flow geometry and maximum particle concen-
tration. MRI relaxometry, in contrast, offers the opportunity to
acquire a quantitative map of the mean 3D particle concentration
field in flows of arbitrary geometric complexity and at high particle
loading. Having the full 3D concentration field allows for unique
analysis of complex particle transport patterns, and also allows
for robust validation of computational flow simulations, which
are still of limited accuracy in particle-laden flow systems.

A spherical micro- or nano-particle will create a local distur-
bance to a normally uniform magnetic field [14]. This disturbance
creates variations in the local precession frequency for protons in a
surrounding medium. Although these variations may affect T; and
T,, the present work is limited to the transverse effect in Spoiled
Gradient-Recalled Echo (SPGR) sequences, which is governed by
T; and the associated decay rate, R; = 1/T5,.
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Describing the signal evolution for a medium containing a dis-
tribution of particles typically begins with its classification into
one of two regimes based on the particle diameter, dp, the diffusion
coefficient of the surrounding medium, D, and an appropriate time
scale over which decay occurs. The latter is taken to be the maxi-
mum TE [15]. In most cases the diffusion coefficient is assumed
to be the self-diffusion coefficient of water, D ~ 2 x 10~° m?/s, so
in practice the regime is set by d, alone.

In the so-called “static dephasing regime” (SDR), water mole-
cules diffuse over a short distance relative to the field disturbance
pattern during the characteristic decay time. Each proton “feels” a
near-constant frequency shift, so that protons in different locations
lose phase coherence. The resulting effect is a decrease in the signal
magnitude. In the SDR, the signal decay rate depends linearly on
the particle volume fraction, ¢y, according to the following rela-
tionship [16,17]:

R;,part 9\/—w0‘Ay‘¢v (1)

where wy is the Larmor frequency, and |Ay| is the magnitude of the
magnetic susceptibility difference between the particle and sur-
rounding medium. Here the term R; ,,, is used to indicate that
decay may occur due to other sources simultaneously; decay rate
terms are understood to be additive. Eq. 1 has been published in
numerous forms—the present formulation requires that |Ay| be
computed from volume susceptibility values in the SI units. If
EMU values are used (as in [17]), the leading constant becomes %.

At the opposite end of the spectrum is the “motional averaging
regime” (MAR). In the MAR, a proton moves past many particles
during the characteristic decay time, experiencing both increased
and decreased frequencies relative to @g. This reduces the
expected total phase shift for each proton, which in turn reduces
the amount of dephasing across a voxel. Resulting R; values are
lower in the MAR than the SDR for a given particle volume fraction,
and governed by a different relationship [15,18]:

6
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where 1p = dﬁ/(4D) is a characteristic diffusion time based on the
particle size.

The crossover between MAR and SDR lies at the value of tp that
produces the same decay in Egs. 1 and 2, which will be denoted the
critical diffusion time:
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Since D is assumed constant, Tpj implies a critical particle
diameter delimiting the two regimes. However, this assumption
may not prove well-founded in turbulent flows, as discussed later.
The MAR and SDR also are not discrete regimes; Eqs. 1 and 2 are
strictly accurate only for Tp > Tpit and Tp < Tp ait, respectively.
Various descriptions have been advanced in an attempt to provide
regime-independent predictions, including the two-site exchange
model, inner- and outer-sphere relaxation theory, and mean gradi-
ent diffusion theory [18]. More recent developments include con-
sidering the effects of “restricted” diffusion [19], or mitigating
the effects of noise on the extracted signal decay rate [20]. In addi-
tion, several studies have validated the theoretical predictions for
the SDR, MAR, and transitional regimes using both experiment
and simulation [21-23]. However, many potential flow-related
effects remain unexplored in the literature, particularly for turbu-
lent flows.

(3)

Tp,crit =

1.1. Flow effects

A critical dimensionless parameter in fluid mechanics is the

Reynolds number, defined as:
UL

Re = > (4)
where U and L are appropriate velocity and length scales for the
flow, and v is the fluid kinematic viscosity (10~® m?/s for water at
20 °C). For example, the Reynolds number of a square channel flow
is obtained by substituting the channel height, H, and bulk (mean)
velocity, Upyy, for L and U in Eq. 4. The Reynolds number is more
useful than dimensional quantities (e.g., the volumetric flow rate
or mean velocity) in predicting the properties of a given flow, such
as the presence of turbulence.

For particle-laden flows, an additional dimensionless parameter
known as the Stokes number (Stk) is useful:

Stk — % (5)

where 7y is the fluid time scale, 7 = L/U, and 7, is the particle aero-
dynamic time constant, defined as:

(Rep) (6)

where new parameters are the particle and fluid densities, p, and

P, respectively, and a correction function y(Re,) that depends only

on the particle Reynolds number:

Re, — Ut @)
v

The correction function (Rep) is approximately 1 when
Re, < 0.1; an empirical approximation for the full function is avail-
able in [24]. A conservative estimate for the relative velocity, U, is
Ubuik-

Recent results show that R; mapping can yield reliable particle
volume fraction measurements using a newly developed protocol
referred to as MRP (Magnetic Resonance with Particles). MRP
was previously applied to static gel suspensions of particles [25],
as well as several turbulent flows [25-27]. All MRP experiments
to date fell well within the SDR, as it is ordinarily defined: titanium
microspheres with mean d, =33 um were imaged in room-
temperature water (D = 2 x 10~° m?/s), giving 7, = 0.14 s, which
is well above Tpcy=7 x 107 s for the particle material
(JAxl=182x10° in SI units) and Larmor frequency
(o = 802 Mrad/s at 3T). The results of these studies show that
the SDR is an accurate model for R; ., in non-flowing systems
and in some turbulent flows. However, the relationship between
decay rate and particle concentration deviated from Eq. 1 in some
portions of two of the three flows, suggesting that either the SDR
model or the SDR/MAR classification is inadequate. The present
work explores the discrepancy between measured and expected
R pare due to the effects of three physical processes common in
particle-laden flows: preferential concentration of particles by tur-
bulence, relative particle-fluid motion, and enhanced self-diffusion
of water molecules due to turbulent mixing.

Turbulent eddies can cause particles to form dense clusters and
sparse voids to a much higher degree than would be expected
given a random particle distribution. This phenomenon, called
“preferential concentration,” depends on the smallest scales of
the turbulence, which are known as the Kolmogorov microscales.
In the present paper, the Stokes number will be defined by using
the Kolmogorov time scale, t,, for 77 in Eq. 5. Particles tend to pref-
erentially concentrate in the range 0.1 < Stk < 10, with peak inten-
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sity near Stk = 1. However, the characteristics of the particle clus-
ters can vary markedly between flows, making this a difficult phe-
nomenon to describe analytically.

The second phenomenon considered is uniform relative motion
(often called “slip”) between the particles and fluid. Few (if any)
studies have considered the MR relaxation effects of non-
diffusive relative motion between the particles and fluid. However,
slip can occur in any flow—laminar or turbulent—either due to
gravitational settling or particles deviating from the flow trajectory
in regions of rapid fluid acceleration. The mean slip velocity
increases for heavier or larger particles and in faster flows. Thus,
while slip velocities may be small for nanoparticles or very slow
flows, they often are non-negligible for micron-size particles in
centimeter-size channels. Furthermore, even small slip velocities
may be important for nanoparticles in MR relaxometry because
the size of the magnetic field disturbance scales with d,,.

The final process examined is that by which chaotic fluid
motion in a turbulent flow acts to mix fluid molecules much more
quickly than molecular diffusion alone. The net effect is most com-
monly described in terms of an isotropic turbulent diffusion coef-
ficient, D;, which has the same units as D. Because D, is usually
orders of magnitude larger than D, molecular diffusion is ignored
in most turbulent flows. The simplest means to consider the effects
of turbulent dispersion within the existing dephasing models is to
substitute an estimate of D, for D. The expected effect would be a
shift away from the SDR and towards the MAR for a given particle
size and material due to faster diffusion of the protons. However,
the apparent D, as measured by MR has been shown to vary with
echo time, increasing with TE for short values before eventually
reaching a plateau [28]. This means that, for short-TE scans, the
appropriate D, may be difficult to estimate a priori.

The goal of the present paper is to broaden the physical under-
standing of particle-induced relaxation rate enhancement to
include three flow-related phenomena not considered previously.
Simulations and theory are employed to probe each process inde-
pendently, since creating an experiment in which each effect is iso-
lated is difficult or impossible. Two of these effects occur only in
turbulent flows; turbulence dominates most technological and
environmental flows, while in the medical arena it is present in
the largest arteries and airways, behind flow obstructions includ-
ing stenoses, heart valves, and the nasal valve, and around dis-
torted flow paths such as aneurysms and obtuse bronchial
bifurcations. Therefore, the present results may be relevant to a
broad range of medical and non-medical applications.

2. Methods
2.1. Numerical simulations

A series of computational simulations was carried out to assess
the effects of preferential concentration and particle-fluid slip. The
simulation domain was representative of a triply periodic,
4 x 4 x 4 cube of isotropic 1 mm? voxels. Simulations were per-
formed with static particles in a random distribution (the baseline
case), with preferentially concentrated particles (“Pref. Conc.”), and
with relative particle-fluid slip (“Slip”). Particle concentrations
with preferential concentration were generated at three Stokes
numbers based on a high-fidelity computational fluid dynamics
(CFD) simulation [29]. Each point particle was assumed to produce
a magnetic field disturbance equal to the theoretical effect for a
titanium sphere with d, = 33 pm. Simulations were carried out
for five particle volume fractions: ¢y = 0.05%, 0.1%, 0.2%, 0.4%,
and 0.8%. Table 1 lists the full parameter set for these three cases;
further details of the computational method are included in the
Appendix.

Table 1
Simulation variables and values examined.
Case Particle locations Slip velocity Slip angle
Baseline Random 0 N/A
Pref. conc. Stk=1/4,1, 4 0 N/A
Slip Random 0-46.8 mm/s 0-90°

2.2. Flow experiments

Experimental data in turbulent flow are reported from the cal-
ibration channel shown in Fig. 1. Full details are available in [25].
Imaging was performed using a clinical 3T scanner (GE Discovery
750, GE Healthcare, Waukesha, WI) and a standard single-
channel transmit/receive head coil. The channel had a
15 x 15 mm square cross-section and was oriented vertically
within the magnet bore, passing between two “bars” of the head
coil. For a supine patient, Fig. 1 would correspond to a sagittal slice
with y pointing in the posterior direction. Particles were supplied
to the channel from a custom MR-compatible supply feeder placed
just outside the MRI bore [26]. The particles were injected in a
spray pattern at the channel centerline; the flow then passed
through several rows of mixing pins (1.5 mm diameter, 3.75 mm
centerline spacing) to produce a uniform particle concentration
distribution across the channel cross-section with turbulent fluctu-
ations on the order of 5% of the mean velocity.

Data were acquired using a fast, 3D, RF-spoiled gradient echo
sequence known as mFast. The signal was obtained at three echo
times, with a separate excitation for each echo at each line of k-
space. The following imaging parameters were used: TR = 10 ms;
flip angle = 20°; readout bandwidth = 62.5 kHz; TEs = 2.5, 5.0, and
7.5 ms. The phase encoding gradients were set to shift with the
readout for each TE to limit misregistration artifacts from flow.
The gradient waveforms were computed by mFast to be as short
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Fig. 1. Schematic of the calibration flow channel. Flow is from top to bottom.
Readout was performed in the y direction (labeled).
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as possible for the required gradient area given the gradient
strength and slew rate limitations of the magnet, which were
50 mT/m and 200 mT/m/s, respectively. The resolution was
0.8 x 1.0 x 0.8 mm in (x,y,z), with readout performed along y,
and z (the By axis, L/R in Fig. 1) set as the slice direction. The image
matrix was 32 x 256 x 34. To decrease scan time, a cylindrical
region of k-space was sampled, omitting the high-frequency cor-
ners in the phase encoding plane.

The flow rate and particle loading were controlled indepen-
dently to produce seven cases: particle volume fractions of 0.10%,
0.21%, 0.42%, and 0.85% at a bulk velocity of 0.42 m/s, and volume
fractions of 0.05%, 0.11%, and 0.19% at a bulk velocity of 0.81 m/s.
These two velocities correspond to channel Reynolds numbers of
6300 and 12,200. Both are fully turbulent, but turbulent flow fluc-
tuations would be expected over a broader spectrum of length and
time scales in the high-Re case. Background data were also
acquired at the same flow rates with no particles present so that
the effect of the particles (R; ) could be isolated from the total
decay rate (R;). A total of 6 NEX (short for “Number of
EXitations”—equivalent to the number of scans obtained and aver-
aged) were acquired for each of the seven particle/flow conditions,
while 20 NEX each were acquired for the two no-particle cases
with flow. The multi-NEX data were averaged together for each
case to reduce measurement noise due to turbulent fluctuations.
The resulting R; .. was computed in each voxel according to the
procedure detailed in [25].

3. Results
3.1. Simulations - preferential concentration

Four cases with no particle-fluid slip were simulated: one with
a random particle distribution, and three with preferential concen-
tration (at Stk = 1/4, 1, and 4). Fig. 2 shows sample particle loca-
tions in a central portion of the channel for the four
distributions. Mean signal decay rates (R; ,,,.) for the baseline case
(random distribution) were within 0.3% of the theory for all ¢,.

Random Stk =1/4

Stk =1 Stk = 4

Fig. 2. Example particle positions from a 1/2 mm slice of the simulation domain for
the four different particle distributions (L-R, T-B): random, Stk = 1/4,Stk = 1, and
Stk = 4. Particle locations were generated from a snapshot of a prior simulation
[29].

Fig. 3 shows signal-time curves in a single voxel for the three
preferential concentration cases at ¢, = 0.4%. The three plots
show the signal behavior in the voxel with minimum, median,
and maximum decay. In all cases, the simulated signal appears to
be captured fairly well by an exponential decay model (markers
and lines, respectively). However, some minor differences are
observable, most notably for the Stk =4 case in the median and
maximum decay voxels. For this case, the signal profile is steeper
at short TE and shallower at long TE than captured by the exponen-
tial model. It is also noteworthy that the variation in signal decay
between voxels is much larger at Stk=1 and Stk = 4; this reflects
the size of the clusters and voids visible in Fig. 2 for those cases.

Fig. 4 shows the signal decay rate for all Stokes numbers and
particle concentrations, normalized by the theory value for each
¢y. Each marker represents the mean decay rate across all 64 vox-
els and all four simulations (with different particle distributions),
while vertical error bars indicate the 95% confidence interval on
the mean. For preferential concentration at Stk = 1/4, the decay rate
showed only a small decrease. For Stk =1 and 4 a decrease of up to
12% was observed, with the Stk=4 case appearing to show a
slightly stronger effect. Also notable is the trend versus ¢, where
increasing particle concentration corresponded to a more signifi-

cant decrease in R; . at all Stokes numbers.

3.2. Simulations - particle-fluid slip

Simulations were also performed with particle-fluid slip at four
slip velocities: 15.6, 23.4, 31.2, and 46.9 mm/s. For reference, the
maximum velocity corresponds to motion of around 11 particle
diameters during the simulation time. Six slip angles were simu-
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Fig. 3. Signal decay curves for the 0.4% case, with preferential concentration. The
three figures are the signal decay in the voxel with the minimum (a), median (b),
and maximum (c) signal decay rate for the chosen simulation. Markers indicate the
signal magnitude at a given time point, while lines show the best-fit exponential
decay curve.
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Fig. 4. Normalized R ,,,, averaged over the entire 64-voxel simulation domain,
versus ¢y, for cases with preferential concentration. Markers represent the mean
values from 4 simulations with different particle locations; vertical error bars show
the 95% confidence interval.

lated for each velocity: 0°, 22.5°, 45°, 54.7°, 67.5°, and 90° (0°
denotes slip in the B, direction). The particle locations were ran-
dom in all cases with slip.

Both the velocity and direction of particle-fluid slip were found
to influence the signal decay curve. Two primary effects were
observed. First, high slip velocities tended to produce signal curves
that were not monoexponential. Fig. 5 shows signal-time profiles
at ¢y = 0.4% for voxels with the minimum, median, and maximum
decay rates. Results from three slip angles are shown in each plot:
0°, 45°, and 90°. The decay curves appear fairly consistent between
the maximum and minimum voxels, which differs from the results
observed for the high-Stokes number cases in Fig. 3.

Slip aligned with B, produced the most unusual signal behavior.
For TE > 3.5 ms, there was negligible loss of signal in any voxel,
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Fig. 5. Signal decay curves for the 0.4% case with particle-fluid slip at 46.9 mm/s.
Markers indicate the signal magnitude at a given time point, while lines show the
best-fit exponential decay curve.

even though significant signal was still present. For the voxel with
maximum decay rate, a slight increase in signal can even be
observed at long TE. Signal loss also stopped at approximately
TE = 6 ms for the 31.2 mmy/s case (not shown). Both values corre-
spond to a shift of approximately 5d, between the particles and
fluid when signal decay stopped. The resulting signal behavior is
not well modeled as an exponential decay process, as evidenced
by the poor fit between the simulation data and model curves.

Slip oriented at 45° or perpendicular to By produced less signif-
icant changes. Both signal-time curves were roughly exponential,
although close examination of the plot shows that the exponential
model does deviate slightly. For the 45° case, this deviation has the
same sense as at 0° (underprediction of the signal at long TE), while
at 90° the trend is reversed, and the exponential curve slightly
underpredicts signal at short TE. However, these deviations from
monoexponential behavior are fairly minor, occurring on the same
order of magnitude as with preferential concentration. Fig. 5 also
shows that the initial slope of the signal-time curves (near
TE = 0) was relatively unaffected by slip angle.

Fig. 6 summarizes the measured R; .., versus flow angle at ¢y
for all four slip velocities simulated. The decay rate is normalized
by the appropriate slip velocity (as in Fig. 4). Several trends are
apparent. First, slip aligned with B, produced a much more pro-
nounced effect on the measured decay rate. As observed in Fig. 5,
this discrepancy is due to the signal behavior at long TE for these
cases. Second, the effect is relatively nonlinear with slip velocity.
Doubling the velocity from 23.4 to 46.9 mm/s, for example, chan-
ged the measured R; ,, value from 95% of theory to only 60% of
theory for the 0° case. Finally, there appears to be an angle some-
where between the “magic angle” (54.7°) and 67.5° where the
decay rate is unchanged regardless of the slip velocity.

Lastly, Fig. 7 shows the dependence of R; .., on the slip velocity
and volume fraction for the two most extreme cases: 0° and 90°
slip. This figure shows a dependence on ¢, in addition to the slip
velocity and angle. R; ... was affected most strongly in cases with
small ¢y. This is the opposite of the trend observed for preferential
concentration in Fig. 4, where the largest change occurred at high
concentrations.

3.3. Turbulent diffusion

The critical diffusion time, 7pqi, was defined earlier as the
boundary between the MAR and SDR. For the present particles
Tpit = 7 X 10>s, which is 2000x smaller than the actual
Tp = 0.14 s based on molecular diffusivity. The present analysis
consists of replacing D with the turbulent diffusion coefficient,
Dy, in the definition of 7p.

Estimating D; is not straightforward. In this case, it is important
to consider that only those turbulent fluctuations occurring on
time scales below the maximum TE will manifest as diffusion—Ilar-
ger, slower eddies will produce either uniform particle-fluid slip, as
discussed previously, or combined motion of the particles and
fluid, which should not affect the SDR assumptions. One common
estimate for D, is based on the so-called “mixing length” model
[30]:

D; = ScinVr (8)

where Sc; is a dimensionless constant known as the turbulent Sch-
midt number (typically around 0.9), I, is a suitable mixing length,
and V7 is an estimate for the RMS velocity fluctuations. This model
is advantageous because I, and Vr can be restricted to suitably fast
flow fluctuations by requiring that I,/Vr < TEnx. The ratio
ygddy /leday 1s also constant for all scales of turbulence; thus, D; can
be estimated from any length and velocity scale that correspond
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to a known flow structure. In the main channel Uy, and H are
appropriate for large eddies spanning the entire passage, while in
the pin wakes 1.5Up and wy, are suitable scales for the wake gen-
erated by fast flow between the mixing pins.

Table 2 summarizes the results of this analysis for five cases:
molecular diffusion (no flow), turbulence in the main channel (at
both flow rates), and turbulence in the pin wakes. In the pin wake
region, high turbulence levels produce very large D, values that put
the expected behavior in the MAR, with predicted decay rates one
or two orders of magnitude lower than the SDR. In the main chan-
nel, the estimated tp, is close to Tp i, Which suggests a transitional
regime between SDR and MAR; R; .., is expected to decrease by
20% to 80% depending on the Reynolds number.

Table 2

Projected effect of various turbulence levels on R; ..
Flow condition D + Dy (m?[s) Tp () 2. Regime  Rimn

‘2, part SDR

No turbulence 2%x107° 0.14 2000 SDR 1
Main, Re 6300 20x10°° 14x10* 2.0 Trans. ~0.8
Main, Re 12,200 14%x10°° 19x%x10° 0.27 Trans. ~0.2
Wake, Re 6300 44x10°5 61x10¢ 008  MAR  0.083
Wake, Re 12200 325104  85x107 0012 MAR 0013

3.4. Flow experiment

Results in the presence of flow showed good agreement with
Eq. 1 over most of the measurement domain, but differed in the
upstream portion of the channel, near the mixing pins. Fig. 8 shows
sample signal-time curves for two regions of the flow: one in the
upstream region (y/H =~ 0.5), and the other in the channel center
(y/H =~ 8). In both regions, the signal was averaged over a
4 x 4 x 4 voxel interrogation region (approximately one pin gap
width) to provide suitable noise averaging. Vertical error bars
showing the 95% confidence interval on mean signal are included,
but are approximately the same as the marker size. As in other fig-
ures, the lines indicate the best-fit curve using the fitting proce-
dure described in [25].

Although only three data points were available, the fit quality
was noticeably better in the channel center versus the upstream
region. The error in the upstream fit is most apparent at TE = 2.5
ms, where the decay model overpredicted the signal in all cases;
similarly, the model tended to underpredict at 7.5 ms. This effect
is similar to the long-TE signal curve flattening observed for the
Bo-oriented particle-fluid slip (Fig. 5a). Meanwhile, exponential
decay appeared to provide a good description of the data at the
channel center.

A plot of the ratio between measured and theoretical decay
rates for the experimental data showed significant discrepancies
believed to result from uncertainty in the injected ¢y, rather than
actual changes to R; ... Fig. 9 is presented instead; this figure
shows measured R; .. versus ¢y for the two interrogation regions.
Vertical and horizontal error bars show the 95% confidence interval
on the mean decay rate and bulk volume fraction, respectively. The
primary source of uncertainty is imperfect knowledge of the bulk
¢y. The inset image in each sub-figure is a detailed view showing
the high-Re case data, while the solid and dashed lines are linear
fits to the low- and high-Re case data, respectively.

Several trends are apparent from Fig. 9. First, although the R; .
to ¢y relationship was relatively linear in all cases, the linear fits
predict zero particle decay for ¢, ~ 0.02% rather than ¢, = 0. This
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Fig. 8. Average signal intensity in two 4 x 4 x 4 voxel regions of the square channel
flow: (a) upstream, near the pins (y/H ~ 0.5) and (b) in the center of the imaging
region (y/H ~ 8). Vertical error bars are mostly within the size of the markers.
Solid/dashed curves show the best fit with an exponential decay model.

may have been caused by a small bias in the bulk ¢, values
achieved during the experiment. However, an alternate explana-
tion is a larger relative reduction in R; ,, at low ¢y similar to the
behavior observed for simulations with slip parallel to By (see
Fig. 7b). Second, the calibration curve slopes agreed well with the-
ory (61.4 ms~! per %) in the channel center region, but both slopes
were lower than theory in the upstream interrogation region. The
high-Re case was disproportionately affected: the mean decay rate
was about 25% lower than theory, versus 14% lower for the low-Re
case.

4. Discussion

The simulations and theoretical analysis indicate that preferen-
tial concentration, particle-fluid slip, and enhanced diffusion by
turbulence may all produce changes to the signal-time curve and
measured R; ... versus the expected behavior in the SDR, even
when the standard SDR conditions are fulfilled. Each flow phe-
nomenon produces different effects, which may be useful in differ-
entiating between them. The experimental data provide an
opportunity to analyze which effects may be important in a realis-
tic flow.

Preferential Concentration. Preferential concentration produced a
non-linear reduction in R; ., that depended on the particle con-
centration and Stokes number. One explanation for the depen-
dence on ¢y is that the clusters and voids have little impact on
signal loss when particles are spaced far apart, but become impor-
tant as the particle seeding becomes dense. The Stokes number is
known to impact the size and shape of the clusters and voids, so

(a) Upstream Region
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Fig. 9. Signal decay rate, R; ..., versus particle concentration, ¢y, for all seven experimental cases,

Re = 12,200 data points.

averaged over the same two regions as Fig. 8. Inset plots show detail for
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it is not surprising that it also affected the signal behavior. The
standard monoexponential decay model also appeared to perform
fairly well, even when R; ,,, decreased by up to 12%, but some
underprediction of the signal value was observed at long TE for
the high Stokes number cases. This could be explained by the pres-
ence of a large void in a voxel, as the signal in that void would per-
sist much longer than expected for the given bulk ¢,.

Preferential concentration was expected at all locations in the
experiment based on the estimated Stokes number. Accordingly,
one would expect measured R; . to be lower than SDR theory
everywhere in the channel. In reality, R; ., was only lower near
the mixing pins. In addition, the experimental calibration curve
did not show the disproportionate effect at high concentrations
identified in preferential concentration simulations. The experi-
mental data thus did not follow the main trends from the simula-
tions; however, it is difficult to gauge the reliability of these
comparisons as the exact structure of clusters and voids in a real
flow depends on factors beyond the Stokes number alone.

Particle-Fluid Slip. In the presence of particle-fluid slip, each pro-
ton will experience both positive and negative magnetic field dis-
turbances as it travels past nearby particles. This process is
similar to fast diffusion, so one might expect a reduction in R; , .
similar to the transition from the SDR to the MAR. However, the
present simulations showed very different behavior in which the
signal-time curve was no longer monoexponential.

For slip parallel to By, the signal became essentially constant at
long echo times. The time at which the curve became flat varied
with the slip velocity, but generally corresponded to a net motion
of around 5 particle diameters. This result suggests that the total
particle displacement within one TE plays an important role.
Because of the strongly non-exponential shape of the signal curve,
the R; .. computed by fitting an exponential decay model was
much lower than the theoretical value. Slip perpendicular to By
led to slightly increased R; ,,,, and slip occurring at around 60° pro-
duced almost no effect. The signal curves in these cases were fairly
well-represented by an exponential decay model.

The initial portion of the signal-time curves showed very little
dependence on the slip velocity and angle. This is an important
result as it suggests any effects of slip could be mitigated by scan-
ning at shorter TE. Unfortunately, reducing TE also reduces sensi-
tivity to the particles as less decay occurs, so the two effects
would need to be balanced appropriately. It is also interesting to
note that the effects of slip appear more pronounced at low ¢y,.. This
was the opposite of the trend due to preferential concentration and
offers some possibility for distinguishing the two effects.

In the experiment, particle-fluid slip likely occurred in all direc-
tions and with fluctuations in time. It is difficult to make any
claims regarding the actual distribution of velocities, but it may
be reasonable to assume there was, at most, a weak directional
preference given the complexity of flow behind rows of perpendic-
ular pins. Meanwhile, slip aligned with B, was shown to produce a
disproportionately large effect on R; ., in the simulations. Thus, it
seems plausible that the net effect for flow with a near-isotropic
distribution of slip velocities would be a flattening of the signal
curve at longer echo times and reduction of measured R; ..
Particle-fluid slip could therefore explain the non-exponential
behavior suggested by Fig. 8a, as well as the calibration curve in
Fig. 9a, which shows a larger relative decrease in R; .., at low ¢y,
Although they were not necessarily representative of the actual con-
ditions in the experiment, the simulations with slip produced results

1 This is true even accounting for the existence of two directions perpendicular to
By vs. one parallel—an integral of the curves in Fig. 6 in spherical coordinates, with the
horizontal axis used as the polar angle, produces a value less than a corresponding
integral of 1.

that were most consistent with the experimental data.

Turbulent Diffusion. The effect of turbulent diffusion was exam-
ined using standard MRI relaxation theory. However, this analysis
predicted R; ... values far below those measured in the channel.
One explanation for the discrepancy is that the analysis assumed
turbulent diffusion acting around stationary particles. In reality,
the particles generally move with the fluid, including many of
the turbulent fluctuations that disperse water molecules. An addi-
tional possibility is the variation of apparent D, with echo time
described in [28]. However, the present analysis was based on
restricting the D, estimate to eddies with a turnover time less than
the maximum TE, which is based on similar physical principles.
Moreover, the entire analysis (including that reviewed in [28])
assumes homogeneous turbulence, which is unlikely in the pin
wake region. Overall, any effect from turbulent diffusion of protons
appears to be coupled to the particle-fluid slip, invalidating the
simple analysis attempted here.

Future Work. A primary limitation of the present work was lack
of knowledge regarding the distribution of particle positions and
velocities in the experimental flow. This prohibited a quantitative
comparison between the simulations and experimental measure-
ments, since the flow conditions could not be matched reliably.
Both experimental and computational approaches could be consid-
ered to address this disconnect; however, a high-fidelity simula-
tion appears more feasible given the difficulty of laser-based
measurements at the particle volume fractions of interest. In either
case, such work is beyond the scope of the present study and is left
as a recommendation for future research.

In addition, further mathematical treatment of these flow-
related phenomena could be undertaken using the present simula-
tion results as a guide. The effects of unidirectional slip, in partic-
ular, might be investigated by considering line integrals along
various trajectories to explain the disproportionate effect of slip
aligned with By. The signal phase is also known to change in the
presence of particles; phase information was not used in the exper-
iments due to the effects of phase drift, but phase values were
computed in the simulation results and could be used for further
investigation of the effects of slip or preferential concentration.

5. Conclusions

The MRP method is a promising new tool for biological and non-
biological studies. One limitation of MRP to date has been a dis-
crepancy between the measured R; ., and predictions using SDR
theory in some regions of flow, which affects confidence in the
measurements. Simulation were carried out to show that the SPGR
signal is likely sensitive to two common particle-laden flow phe-
nomena. Preferential concentration was shown to cause reduction
in R; ... while only weakly affecting the monoexponential shape of

2, part
the signal decay curve. The R; ., effect was more pronounced at

larger ¢y. Uniform particle-fluid slip produced non-exponential
behavior in the signal-time curve with a significant dependence
on the slip orientation (relative to By) and velocity. Slip aligned
with By produced the strongest effect: flattening of the signal curve
atlong TE, and a corresponding reduction in the R; .., measured by
fitting a monoexponential decay curve.

A theoretical analysis suggested that turbulent diffusion around
stationary particles could cause order-of-magnitude or larger
decreases in R; . for the flow conditions in the experimental
channel, based on existing relaxation theory. However, this
decrease was not observed in the experimental data, indicating
that the analysis was too limited in scope to describe a realistic
flow. The combined results from simulations, theory, and experi-
ment suggest that particle-fluid slip was most likely the mecha-
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nism behind the discrepancy between the experimental data and
SDR theory near the mixing pins. However, it should be noted that
the simulations were not designed to replicate the experimental
flow conditions, and that additional nonidealities and other flow
effects, such as modification of the turbulence by particles, were
not considered.
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Appendix A. Simulation methodology

The simulation code was written using Matlab software (Math-
Works, Inc.). The same code was used for all simulations; the code
allowed for the various conditions described in the Methods sec-
tion to be enforced as desired. The algorithm was as follows.

First, to begin each simulation, a 3D computational mesh was
initialized. The domain consisted of a triply periodic 4 x 4 x 4
mm cube representing a 4 x 4 x 4 array of 1 mm> measurement
voxels, similar to the experiment. Within this domain, magnetiza-
tion vectors of unit magnitude and zero phase were initialized on
an isotropic Cartesian grid with N points per millimeter, where N
could be varied. The impact of mesh refinement was assessed by
running the baseline case at N = 32, 64, 96, and 128, and compar-
ing the results to SDR theory (Eq. (1)). N =96 was chosen for
remaining simulations as the mean decay rate across all voxels
(after 4 repetitions) was within 0.3% of theory at all ¢,.

Particle locations were initialized independently from the grid
of magnetization vectors — the particle locations were stored as
a separate data array of float values. For cases with preferential
concentration, locations were generated from a snapshot of a com-
putational fluid dynamics (CFD) simulation of particle-laden
homogeneous, isotropic turbulence (HIT) in a triply periodic box
[29]. The CFD domain was dimensionless, with units of Kol-
mogorov lengths; accordingly, an arbitrary cubic sub-domain of
307n was chosen to achieve the correct length scaling, based on
the estimated # = 13 pm in the experiment.

After selecting and scaling the sub-domain, the algorithm con-
sisted of choosing particles randomly from the CFD snapshot. For
each new particle choice, the distance to all previous particles
was computed. If any other particle was within d, = 33 pm, the
new particle was discarded; otherwise its location was saved and
the process repeated until the required ¢, had been reached. Indi-
vidual voxels were allowed to vary in concentration; the target ¢y
was enforced only over the entire domain. This was necessary to
preserve the preferential concentration structures, which often
had sizes on the order of the voxel width. For cases without prefer-
ential concentration, locations were generated by simply choosing
random numbers for the three coordinates, then proceeding with
collision checking as above.

Once particle locations had been initialized, the resulting mag-
netic field disturbance was solved on the magnetization vector

grid. To reduce computation time, the disturbance from each par-
ticle was computed only inside the smallest cube across which it
would produce up to 0.01 radians of phase accumulation during
the entire simulation. Each disturbance map was saved with the
corresponding particle locations for re-use (e.g. for cases at differ-
ent slip velocities).

The magnetization simulation proceeded as a set of discrete for-
ward time steps, with interval At, until the maximum echo time
(7.5 ms) was reached. For static simulations, At was capped at
0.25 ms. For simulations with slip, At was capped at the smaller
of 0.25 ms or the time for a particle to move 1/4 of the grid spacing.
For each time step, the magnetic field disturbance was re-
computed by linear interpolation from the initial map based on
the appropriate linear shift—in essence, the particle locations
remained fixed and the grid of magnetization vectors was shifted.
Linear interpolation was used to lower computation time, as solv-
ing for the full field map was computationally intensive. Next, the
phase of each magnetization vector was updated according to
y-AB- At (i.e., the spin phases were tracked after demodulation
by By). Lastly, the signal was averaged over all N* grid points in
each 1 mm?3 voxel to produce an instantaneous signal at the MRI
measurement scale.

This process was repeated to examine all of the cases listed in
Table 1. For each particle volume fraction and distribution type
(random and Stk=1/4, 1 and 4), four sets of particle locations
and their resulting field disturbance maps were generated and
saved. The simulations were then repeated four times using the
four particle location sets to provide information on uncertainty
due to the specific choice of particle locations. The same set of four
random particle locations at a given ¢, were used for all cases with
slip to improve consistency of results across the different velocities
and angles. The full set of simulations took approximately 5 days to
run on a Linux workstation with 8 processor cores and 24 GB of
RAM.

It should be noted that the simulation required some simplifica-
tions versus a real-world scenario. Longitudinal magnetization,
relaxation, and RF effects were not considered. The simulations
also did not include any nonidealities introduced by phase encod-
ing or readout gradients. The results represent the signal that
would be measured given an instantaneous sampling of all of k-
space immediately after an ideal 90 degree excitation.
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