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Dynamic NMR microscopy has been used to study xenon gas  (t « a?/D) time scales,
undergoing Poiseuille flow in the regime where deterministic and
stochastic motions are the same order of magnitude. For short ob- . ) 2.2, 2
servation time, the flow profile images are largely influenced by D*=D+ évavet + §DVavet jac+---, (1]
the longitudinal diffusion, manifested by large displacements in
both positive and negative directions. For longer observation time,
the effect of the mixing between the fast and slow flow compo-
nents due to transverse diffusion becomes apparent. A spin-echo V2 32
version of the dynamic NMR experiment yields images exhibit- D*=D+ aved , [2]
ing strong distortions for longer observation time due to fast diffu- 48D

sion under the “natural” gradient from magnetic field inhomogene- h *is the effective diffusi fici di .
ity (compared to results obtained with a stimulated echo version). W ereD” is the effective diffusion coefficient (or dispersion co-

This effect is used as an edge-enhancement filter by employing a  €fficient in this case)D is the self-diffusion coefficienave is
longer time duration of the imaging gradient in a stimulated echo  the average fluid velocitg is a pipe radius, antds the time used

and long { > a?/D) time scales,

experiment.  © 2001 Academic Press to measure longitudinal displacement. Equation [2] represen
Key Words: Poiseuille flow; xenon NMR; gas phase NMR; Taylor ~ an asymptotic regime where the dispersion coefficient becom
dispersion; gas flow. time-independent due to full sampling of all the velocities by

diffusive motion. For typical liquids undergoing the Poiseuille
flow, coherent motion has an enormous influence on the effecti
INTRODUCTION diffusion coefficient measured by standard pulsed field gradier
(PFG) NMR, rendering contributions from the purely stochas
Fluid transport is an important phenomenon studied in a witie term negligible. Recent experiment$) (have verified the
number of disciplines ranging from statistical mechanics freasymptotic dispersion theory for such a system by measurir
chemical engineering. One of the most intriguing aspects tfe longitudinal displacements of liquid octane molecules un
those studies is the interplay between deterministic and stochdergoing Poiseuille flow using PFG NMR. A gradual transition
tic molecular displacements arising, respectively, from coheasfthe probability propagator from Poiseuille flow to Taylor—Aris
ent flow and Brownian motion. This problem was studied idispersion was investigated by varying the observation time.
detail by Taylor () and Aris @) for the case of a fluid flow-  The time-dependent behavior of the displacement probabilit
ing through a cylindrical pipe, where viscosity shear impos@sopagator can be very different for gas phase Poiseuille flov
a parabolic distribution of molecular displacements, separatingiere large stochastic displacements are often comparable
the entire ensemble into velocity streamlines with the smallehibse arising from coherent motion. In this Communication, we
displacement at the walls of the pipe and the largest displaggesent an experimental study of gas phase Poiseuille flow
ments in the center. The increase in effective diffusion that arisasch a regime vi&°Xe dynamic NMR microscopy. Xenon gas
from molecules randomly sampling streamlines with differerttas a self-diffusion coefficient of 5.5 ni/s at 1 atm; the dis-
velocities is referred to as “Taylor dispersion.” The completglacements due to diffusion and flow are, respectivegDt
expression for the effective diffusion, under laminar flow corandVt. Thus, for gas phase xenon undergoing Poiseuille flov
ditions, has been derived by Van den Broe8kfor both short with an average velocity ca. 20 mm/s, displacements from cc
herent and stochastic motion are of the same order of magnituc
PFG NMR is an established technique, capable of monitorin
! Permanent address: Department of Chemistry, Colorado State Univer li-)tOth flow and dlf'fUSIOn.for a Wlde. range of _temporal ar!d sha
Fort Collins, CO 80235, ' 14l scales 7). Dynamic NMR microscopy is an extension of
2To whom correspondence should be addressed. E-mail: pines@cchti®@ PFG method, where displacement encoding can be combin
berkeley.edu. with spatial encoding with subsequent reconstruction of velocit
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and diffusion maps§). In order to overcome the severe insen- A
sitivity of gas phase NMR, a continuous flow optical pumping

system 9) has been employed. This system provides sufficient ” H H
signal to perform 2D and 3D gas phase NMR microscopy exper- rf

iments with 100xm resolution in three dimensions, with signal

intensities comparable to those in ligdid NMR (10). In the >
present study, laser-polarization of xenon under continuous flow gx E
conditions produces an enhancement in nuclear polarization of g %
ca. 4 orders of magnitude, greatly facilitating the experimental
implementation of gas phase NMR microscopy. ay ]

MATERIALS AND METHODS
Signal

All experiments were performed on a Chemagnetics/Varian
Infinity spectrometer at a magnetic field of 4.3 T, corresponding . T : T .
to a1?°Xe frequency of 49.5 MHz. The homebuilt probe with
a commercial microimaging gradient set contains a glass pipe 2
(id = 4 mm) attached via Teflon tubing to the optical pumping
apparatus described previousho].

Figure 1A shows a stimulated echo version of the dynamic
NMR microscopy experiment employed in this study, which 2] 1
uses a displacement encoding gradient in the flow directjon ( . .
and spatial encoding gradier@() in a direction perpendicular -10 0 10 20 30
to the flow. The displacement of the spins during the period, . T . T .
A, between the gradient pulses, of duration,s, results in a C
modification of the observed echo signal. The observed signal 2 |
is given by

E(q) = expli2r AVayell — 47°D(A - §/3)0%],  [3]
whereq = (2)~1ygs (8). Spatially resolved information is ac- 21t
quired by applying a frequency-encoding gradigaj)in a di-
rection perpendicular to the flow. Following a 2D Fourier trans- _1'0 6 1'0 éo 30
form (FT), displacement profiles with the spin density averaged
over thez-direction are obtained (the spatial dimension also AXA, mm/s
could be processed using a Hankel transform or FT followed by

. Abel t f to fullv utilize th lindrical FIG. 1. A. Stimulated echo dynamic NMR microscopy pulse sequence
an Inverse el transform 10 Tully utiize the cylindrical Sym-,, first gradient pulsegg) of durations serves to encode the spatial positions

metry of the pipe11)). Velocity profiles are constructed simplyof spins and the second gradient pulse has the effect of refocusing the m
by dividing the displacement by the observation time Thus, netization. Molecular displacements (during timvg due to stochastic motion
the expressions “displacement profiles” and “velocity profilegttenuate the amplitude, while coherent motion due to flow imposes a net ph:
are used interchangeably in this contribution. shift on the observed signal. A second imaging gradiép) {s added in order to

The si lati £ d . E 31§ obtain a spatial map of displacements. A notable feature of the stimulated ec
€ simulations are periormed using £q. [ ] or an enselqion is that during the displacement periad,the magnetization is stored

ble of Nspins = 10%, with corrections for spins that flow out of along thez-axis and is subject only to longitudinal relaxation. Bulk xenon ga:
the pipe during the observation time. For shartD* was ap- has a sufficiently long that observation of the displacement is limited only
proximated byD in the simulations. The data processing for they the spins flowing out of the detection region. B. Computer simulation c

simulations and the experimental data are identical. the joint spatial-velocity profile for water undergoing Poiseuille flow in a pipe
P (id = 4 mm, Dyater = 2.2 x 1073 mn?/s, Vave = 11.5 mm/s,A = 20 ms). The

stimulated echo pulse sequence of A is used to record2Bbdata sets with
RESULTS AND DISCUSSION subsequent zero-filling to 532256 points followed by 2D FFT. C. Experimental
data with the same parameters as in B.

y, mm
o

y, mm
o

Temporal Regimes of Gas Phase Poiseuille Flow in a Pipe

It is instructive to compare the displacement profile imagé@spipe (observation time\ = 20 ms). The classical Poiseuille
for liquid pipe flow (where diffusion is only a small perturbatiorvelocity profile along the cylindrical axis of a pipe is describe
attimeA < a?/D) and gas pipe flow. Figures 1B and 1C show Ry
numerical simulation and experimental data, respectively, of the
2D dynamic NMR microscopy experiment for water flowing in V(r) = Vimad(1 —r?/a), [4]
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where ' ' '
ol A
2 £
Vmax = APa“/4n| (5] g€ 0
=
and AP is the pressure decrease over the lergththe pipe, . . . -
n is the dynamic viscosity, anais the radius of the pipe. The -50 0 50 100
average velocity of water as determined by volumetric analysis, ' ' T '
11.5 mm/s, is in good agreement with the extracted experimen- 2t B
tal average velocitymax/2 = 11.8 mm/s. The nonzero signal £ ol
intensity inside the parabola in the image is a result of spatial &
averaging of the spin density along thdimension (i.e., a conse- =27 1
guence of recording only one spatial dimension). Figure 2 shows L ! L .
a numerical simulation (A) and experimental (B) flow profiles -50 0 50 100
of xenon gas at 1.3 atni((= 4.5 mn?/s, Vae = 20 mm/s). Gas T . . .
phase profiles reflect large displacements due to longitudinal ol c o
diffusion and, as a result, it is necessary to extract the maxi- g A\ N 0
mum velocity value from the maximum of the Gaussian curves & 8 / /./"
according to the procedure described in R8f. This method " 2 "
is general and works for all fluids; however, in liquid flow, the L ! ! !
velocity distribution in the longitudinal direction is sufficiently -50 0 50 100
small so that an estimate of the maximum velocity can be made - . . .
simply by the location of the parabola top in the displacement 0| D -
image (compare Figs. 1B and 2B). Another difference between g \ \\
profiles in Figs. 1B and 2B is the large negative displacement & 0 / /’
of xenon gas for short observation times (also a consequence of = -2 | =
longitudinal diffusion). : , :

A prominent feature of Fig. 2 is the temporal progression of -50 0 50 160
the molecular displacements. Naively, we can identify two com- V, mm/s
peting processes affecting the apparent velocity profiles, namely
the longitudinal and transverse diffusion. In the short time limit, FIG.‘2. \?Oint spatial-velocity images of xenon undergoing Poisedille flow
the displacements due to longitudinal diffusion are dominarf},® Phe (1d=4 mm, Dxe=45 mn?/s, Vae=20 mm/s). Data sets of

6x 32 points were collected using the stimulated echo pulse sequenc

Here, one would expect to see a very broad distribution of %picted in Fig. 1A with subsequent zero-filling to 51256 points followed by

parent velocities. In the long time limit, transverse diffusionp Fr. pigital resolution in the spatial directiog)(is 100.m. The velocity
“blurs” the radial dependence of the velocity. The particles asgectral window is kept constant in each of the images. A. Computer simule

able to sample the entire ensemble of the velocity streamlirf§ (A = 10 ms). B. Experiment{ = 10 ms). C. Experimenty = 60 ms).
across the pipe, thus flattening the parabolic distribution of vB-Experimentf = 130 ms).
locities across the pipe compared to what is normally expected oA
from Poiseuille flow. This behavior corresponds to the asym een presented ing):
totic limit of Eq. [2].

An estimate of the displacement due to flow and diffusionas  D*(A) = D + \/aZVetc (1 + E[exp(—A/rc) _ 1]>, [6]
a function of time is shown in Fig. 3A. There are two distinct A

temporal regimes; first, for short times, the behavior is deter- . o . :
mined by longitudinal diffusiont(< 15 ms); this situation is wherert, is the correlation time of the velocity fluctuations. The

represented in Fig. 2B. Second, for longer times, the coher ﬁperimentaldata points are correlated with Eq. [6], as indicate

displacements due to flow dominate as illustrated in Fig. 2 Y the solid line in Fig. 3B. The velocity correlation time

The situation described in Fig. 3A does not include transver88tained from the line fittingre = 25 ms, yields thezdlsper-
stochastic displacements. Figure 2B & 130 ms) shows the sion coefficient in the asymptotic limit d* = D + Vg, =
displacement profile image approaching the asymptotic regin%, mn¥/s.

limited only by spin washout of the detection region.

The effective dispersion coefficientd;*, have been obtained
for the 2D data sets using the Stejskal-Tanner method as defhe spin-echo version of the dynamic NMR experiment yield:s
scribed elsewherel®). The resultingD* values are shown in strongly distorted images for longer mixing times. Figures 4A-
Fig. 3B as function ofA. An analytic expression faD*(A) has 4C show displacement profile images of xenon at 0.8 atr

Edge Enhancement Effect in Gas Phase Poiseuille Flow
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A 1F ~ - ‘ effect is referred to as “edge enhancement,” an increase of
i rate of magnetization decay for higher diffusion in the presenc
of the magnetic field gradientL8, 14). Consequently, higher
08¢ signal intensity persists at the edges where the diffusion is p:
£ - ' tially restricted. This effect can be exploited by imposing al
E o6l et imaging gradient so as to separate molecular displacement:
a” the boundaries from those in the remainder of the system.
o I Indeed, it has been showhd) that when an imaging gradient
\4’5/ 04r . " is applied for longer times (several milliseconds) in a xenon g:
i / sample, only signal at the boundary remains. Figure 5 sho
o the application of the edge enhancement “filter” for gas pha:
0.2 Poiseuille flow. A stimulated echo pulse sequence (Fig. 1A
3 with a longer imaging gradient encoding time=£5 ms), is
s L s s s s used to select spins at the boundaries, with the displacem
0.01 002 0.03 004 005 0.06 spectral window,q, maintained constant. Figure 58\ ( =
ts 3 ms) demonstrates a nearly symmetric displacement distrit
B 20 : : : : tion aboutAx = Oforthe particles at the walls, corresponding tc
a very small flow contribution. On the other hand, the presen
of unidirectional flow forA = 30 ms (Fig. 5B) is significant.
Such an edge enhancementfilter may be inserted in any per
15¢ of the pulse sequence. When the filter occurs at the beginni
o of the pulse sequence, it might be possible to monitor the €
E change between the slow and fast components, for example,
5
E T T T T
o | A
Eo
> |
o 1 1 1 !
0.05 0.1 0.15 0.2 0.25 -50 6 5'0 1'00
L s
; T T T 1
FIG. 3. A. Theoretical displacement due to velocityt, and diffusion | B
/2Dt (dotted line) for the system described in Fig. 2 showing two distinct
regimes for molecular displacements in this system; for short observation times, g
the mole_cula_r displacements are _driven by stochastic process, and for_ quger = 2| |
observation times, the coherent displacements make a significant contribution.
B. The effective dispersion coefficient as a function of observation tim&he L . . ! 0
line represents the data fit to Eq. [6], approaching the asymptotic limit for long -50 0 50 100
observation times. The dots correspond to the experimental effective dispersion : i . :
coefficient for several different observation times. c
g 2
E 0
(recorded with the spin-echo version of the PFG NMR mi- = ol
croscopy experiment). For short observation time, the displace- ‘ . .

ment profile of xenon in Fig. 4B is equivalent to the data in 50 0 50 100
Fig. 2B; the slightly lower parabolic extension is due to the
lower pressure of xenon gas. At longer measuring times such

V, mm/s

as in Fig. 4C A = 100 ms), the intensity in the middle is sig- FIG. 4. Poiseuille pipe flow displacement profile¥a(e=20 mm/s) for
nificantly lower, resulting in a pronounced image “hole” in the&enon at 0.8 atm recorded using a_spin—echo version of the dynamic NMR n
centerofthe pipe. The small “natural” gradient, always presenﬁﬁ’scc’py pulse sequence. A. Experimental datafer 10 ms. B. Experimental

the magnetic field, can often be neglected in liquid and solid stzgf1

ta forA = 50 ms. C. Experimental data far = 100 ms. The reduced signal
%nsity in the middle of the pipe is a consequence of the edge enhancem

tim.e-d.e.pendent NMR St.Udies- However_, suchagradientcan pé_?f);‘ct induced by large random displacements under the natural inhomogen
a significant role in the image contrast in gas phase NMR. Thjsdient of the magnet.
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T ' ' ' ' ' ' evolution times A >100 ms). The continuous flow laser-
A A=3ms polarized?Xe technique provides great versatility in preparing
27 = ] custom systems for studying transport phenomena (both diff
sion and velocity can be varied by almost two orders of magni
or 1 tude in our system). For example, in a system with average po
size of 1 mm, it is possible to monitor displacements via dy-
ol 1 namic NMR microscopy for Peclet numbers ranging from 1 tc
ca. 1000 by adjusting flow rates and gas pressure. In the futur
it would be interesting to investigate in detail the onset of the
turbulence in xenon gas pipe flodg) and the use of the edge
enhancement filter for monitoring dynamic interchange betwee
the boundaries and the bulk of porous media.
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