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Dynamic NMR Microscopy of Gas Phase Poiseuille Flow
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Dynamic NMR microscopy has been used to study xenon gas
undergoing Poiseuille flow in the regime where deterministic and
stochastic motions are the same order of magnitude. For short ob-
servation time, the flow profile images are largely influenced by
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
version of the dynamic NMR experiment yields images exhibit-
ing strong distortions for longer observation time due to fast diffu-
sion under the “natural” gradient from magnetic field inhomogene-
ity (compared to results obtained with a stimulated echo version).
This effect is used as an edge-enhancement filter by employing a
longer time duration of the imaging gradient in a stimulated echo
experiment. C© 2001 Academic Press

Key Words: Poiseuille flow; xenon NMR; gas phase NMR; Taylor
dispersion; gas flow.
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INTRODUCTION

Fluid transport is an important phenomenon studied in a w
number of disciplines ranging from statistical mechanics
chemical engineering. One of the most intriguing aspects
those studies is the interplay between deterministic and stoc
tic molecular displacements arising, respectively, from coh
ent flow and Brownian motion. This problem was studied
detail by Taylor (1) and Aris (2) for the case of a fluid flow-
ing through a cylindrical pipe, where viscosity shear impo
a parabolic distribution of molecular displacements, separa
the entire ensemble into velocity streamlines with the smal
displacement at the walls of the pipe and the largest displa
ments in the center. The increase in effective diffusion that ar
from molecules randomly sampling streamlines with differe
velocities is referred to as “Taylor dispersion.” The comple
expression for the effective diffusion, under laminar flow co
ditions, has been derived by Van den Broeck (3) for both short
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(t ¿ a2/D) time scales,

D∗ = D + 1

6
V2

avet +
4

3
DV2

avet
2/a2+ · · · , [1]

and long (t À a2/D) time scales,

D∗ = D + V2
avea

2

48D
, [2]

whereD∗ is the effective diffusion coefficient (or dispersion c
efficient in this case),D is the self-diffusion coefficient,Vave is
the average fluid velocity,a is a pipe radius, andt is the time used
to measure longitudinal displacement. Equation [2] repres
an asymptotic regime where the dispersion coefficient beco
time-independent due to full sampling of all the velocities
diffusive motion. For typical liquids undergoing the Poiseui
flow, coherent motion has an enormous influence on the effec
diffusion coefficient measured by standard pulsed field grad
(PFG) NMR, rendering contributions from the purely stoch
tic term negligible. Recent experiments (4) have verified the
preasymptotic dispersion theory for such a system by measu
the longitudinal displacements of liquid octane molecules
dergoing Poiseuille flow using PFG NMR. A gradual transiti
of the probability propagator from Poiseuille flow to Taylor–Ar
dispersion was investigated by varying the observation time

The time-dependent behavior of the displacement probab
propagator can be very different for gas phase Poiseuille fl
where large stochastic displacements are often comparab
those arising from coherent motion. In this Communication,
present an experimental study of gas phase Poiseuille flo
such a regime via129Xe dynamic NMR microscopy. Xenon ga
has a self-diffusion coefficient of 5.5 mm2/s at 1 atm; the dis-
placements due to diffusion and flow are, respectively,

√
2Dt

andV t. Thus, for gas phase xenon undergoing Poiseuille fl
with an average velocity ca. 20 mm/s, displacements from
herent and stochastic motion are of the same order of magnit

PFG NMR is an established technique, capable of monito
both flow and diffusion for a wide range of temporal and sp
tial scales (5–7). Dynamic NMR microscopy is an extension o
the PFG method, where displacement encoding can be comb
with spatial encoding with subsequent reconstruction of velo
4



I

n
n
ie
p
a

fl
n

n

ri
i
t
p
n

m
ic
(
r
io

g

-

n
g
l

ly

f

h

g

ce.
ns
mag-

hase

echo
d
as
ly
of

ipe

l

e
ed
COMMUN

and diffusion maps (8). In order to overcome the severe inse
sitivity of gas phase NMR, a continuous flow optical pumpi
system (9) has been employed. This system provides suffic
signal to perform 2D and 3D gas phase NMR microscopy ex
iments with 100-µm resolution in three dimensions, with sign
intensities comparable to those in liquid1H NMR (10). In the
present study, laser-polarization of xenon under continuous
conditions produces an enhancement in nuclear polarizatio
ca. 4 orders of magnitude, greatly facilitating the experime
implementation of gas phase NMR microscopy.

MATERIALS AND METHODS

All experiments were performed on a Chemagnetics/Va
Infinity spectrometer at a magnetic field of 4.3 T, correspond
to a 129Xe frequency of 49.5 MHz. The homebuilt probe wi
a commercial microimaging gradient set contains a glass
(id = 4 mm) attached via Teflon tubing to the optical pumpi
apparatus described previously (10).

Figure 1A shows a stimulated echo version of the dyna
NMR microscopy experiment employed in this study, wh
uses a displacement encoding gradient in the flow directiongx)
and spatial encoding gradient (Gy) in a direction perpendicula
to the flow. The displacement of the spins during the per
1, between the gradient pulses,g, of duration,δ, results in a
modification of the observed echo signal. The observed si
is given by

E(q) = exp[i 2π1Vaveq− 4π2D(1− δ/3)q2], [3]

whereq= (2π )−1γgδ (8). Spatially resolved information is ac
quired by applying a frequency-encoding gradient (Gy) in a di-
rection perpendicular to the flow. Following a 2D Fourier tra
form (FT), displacement profiles with the spin density avera
over thez-direction are obtained (the spatial dimension a
could be processed using a Hankel transform or FT followed
an inverse Abel transform to fully utilize the cylindrical sym
metry of the pipe (11)). Velocity profiles are constructed simp
by dividing the displacement by the observation time,1. Thus,
the expressions “displacement profiles” and “velocity profile
are used interchangeably in this contribution.

The simulations are performed using Eq. [3] for an ense
ble of Nspins= 104, with corrections for spins that flow out o
the pipe during the observation time. For short1, D∗ was ap-
proximated byD in the simulations. The data processing for t
simulations and the experimental data are identical.

RESULTS AND DISCUSSION

Temporal Regimes of Gas Phase Poiseuille Flow in a Pipe

It is instructive to compare the displacement profile ima
for liquid pipe flow (where diffusion is only a small perturbatio
at time1 < a2/D) and gas pipe flow. Figures 1B and 1C show

numerical simulation and experimental data, respectively, of
2D dynamic NMR microscopy experiment for water flowing i
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FIG. 1. A. Stimulated echo dynamic NMR microscopy pulse sequen
The first gradient pulse (gx) of durationδ serves to encode the spatial positio
of spins and the second gradient pulse has the effect of refocusing the
netization. Molecular displacements (during time1) due to stochastic motion
attenuate the amplitude, while coherent motion due to flow imposes a net p
shift on the observed signal. A second imaging gradient (Gy) is added in order to
obtain a spatial map of displacements. A notable feature of the stimulated
version is that during the displacement period,1, the magnetization is store
along thez-axis and is subject only to longitudinal relaxation. Bulk xenon g
has a sufficiently longT1 that observation of the displacement is limited on
by the spins flowing out of the detection region. B. Computer simulation
the joint spatial-velocity profile for water undergoing Poiseuille flow in a p
(id= 4 mm,Dwater= 2.2× 10−3 mm2/s,Vave= 11.5 mm/s,1 = 20 ms). The
stimulated echo pulse sequence of A is used to record 256× 32 data sets with
subsequent zero-filling to 512×256 points followed by 2D FFT. C. Experimenta
data with the same parameters as in B.

a pipe (observation time,1 = 20 ms). The classical Poiseuill
velocity profile along the cylindrical axis of a pipe is describ
by
the
n V(r ) = Vmax(1− r 2/a2), [4]
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where

Vmax= 1Pa2/4ηl [5]

and1P is the pressure decrease over the lengthl of the pipe,
η is the dynamic viscosity, anda is the radius of the pipe. Th
average velocity of water as determined by volumetric analy
11.5 mm/s, is in good agreement with the extracted experim
tal average velocity,Vmax/2 = 11.8 mm/s. The nonzero signa
intensity inside the parabola in the image is a result of spa
averaging of the spin density along thez-dimension (i.e., a conse
quence of recording only one spatial dimension). Figure 2 sh
a numerical simulation (A) and experimental (B) flow profil
of xenon gas at 1.3 atm (D = 4.5 mm2/s,Vave= 20 mm/s). Gas
phase profiles reflect large displacements due to longitud
diffusion and, as a result, it is necessary to extract the m
mum velocity value from the maximum of the Gaussian cur
according to the procedure described in Ref. (8). This method
is general and works for all fluids; however, in liquid flow, th
velocity distribution in the longitudinal direction is sufficient
small so that an estimate of the maximum velocity can be m
simply by the location of the parabola top in the displacem
image (compare Figs. 1B and 2B). Another difference betw
profiles in Figs. 1B and 2B is the large negative displacem
of xenon gas for short observation times (also a consequen
longitudinal diffusion).

A prominent feature of Fig. 2 is the temporal progression
the molecular displacements. Naively, we can identify two co
peting processes affecting the apparent velocity profiles, nam
the longitudinal and transverse diffusion. In the short time lim
the displacements due to longitudinal diffusion are domin
Here, one would expect to see a very broad distribution of
parent velocities. In the long time limit, transverse diffusi
“blurs” the radial dependence of the velocity. The particles
able to sample the entire ensemble of the velocity streaml
across the pipe, thus flattening the parabolic distribution of
locities across the pipe compared to what is normally expe
from Poiseuille flow. This behavior corresponds to the asym
totic limit of Eq. [2].

An estimate of the displacement due to flow and diffusion
a function of time is shown in Fig. 3A. There are two distin
temporal regimes; first, for short times, the behavior is de
mined by longitudinal diffusion (t < 15 ms); this situation is
represented in Fig. 2B. Second, for longer times, the cohe
displacements due to flow dominate as illustrated in Fig.
The situation described in Fig. 3A does not include transve
stochastic displacements. Figure 2D (1 = 130 ms) shows the
displacement profile image approaching the asymptotic reg
limited only by spin washout of the detection region.

The effective dispersion coefficients,D∗, have been obtaine
for the 2D data sets using the Stejskal–Tanner method as

scribed elsewhere (12). The resultingD∗ values are shown in
Fig. 3B as function of1. An analytic expression forD∗(1) has
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FIG. 2. Joint spatial-velocity images of xenon undergoing Poiseuille flo
in a pipe (id= 4 mm, DXe= 4.5 mm2/s, Vave= 20 mm/s). Data sets of
256× 32 points were collected using the stimulated echo pulse seque
depicted in Fig. 1A with subsequent zero-filling to 512×256 points followed by
2D FFT. Digital resolution in the spatial direction (y) is 100µm. The velocity
spectral window is kept constant in each of the images. A. Computer simu
tion (1 = 10 ms). B. Experiment (1 = 10 ms). C. Experiment (1 = 60 ms).
D. Experiment (1 = 130 ms).

been presented in (12):

D∗(1) = D + V2
aveτc

(
1+ τc

1
[exp(−1/τc)− 1]

)
, [6]

whereτc is the correlation time of the velocity fluctuations. Th
experimental data points are correlated with Eq. [6], as indica
by the solid line in Fig. 3B. The velocity correlation time
obtained from the line fitting,τc = 25 ms, yields the disper-
sion coefficient in the asymptotic limit ofD∗ = D + V2

aveτc =
14 mm2/s.

Edge Enhancement Effect in Gas Phase Poiseuille Flow

The spin-echo version of the dynamic NMR experiment yiel

strongly distorted images for longer mixing times. Figures 4A–
4C show displacement profile images of xenon at 0.8 atm
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FIG. 3. A. Theoretical displacement due to velocity,Vavet , and diffusion√
2Dt (dotted line) for the system described in Fig. 2 showing two disti

regimes for molecular displacements in this system; for short observation ti
the molecular displacements are driven by stochastic process, and for lo
observation times, the coherent displacements make a significant contribu
B. The effective dispersion coefficient as a function of observation time,1. The
line represents the data fit to Eq. [6], approaching the asymptotic limit for l
observation times. The dots correspond to the experimental effective dispe
coefficient for several different observation times.

(recorded with the spin-echo version of the PFG NMR m
croscopy experiment). For short observation time, the displa
ment profile of xenon in Fig. 4B is equivalent to the data
Fig. 2B; the slightly lower parabolic extension is due to t
lower pressure of xenon gas. At longer measuring times s
as in Fig. 4C (1 = 100 ms), the intensity in the middle is sig
nificantly lower, resulting in a pronounced image “hole” in th
center of the pipe. The small “natural” gradient, always presen

the magnetic field, can often be neglected in liquid and solid st
time-dependent NMR studies. However, such a gradient can p
a significant role in the image contrast in gas phase NMR. T

ment
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effect is referred to as “edge enhancement,” an increase o
rate of magnetization decay for higher diffusion in the prese
of the magnetic field gradient (13, 14). Consequently, highe
signal intensity persists at the edges where the diffusion is
tially restricted. This effect can be exploited by imposing
imaging gradient so as to separate molecular displacemen
the boundaries from those in the remainder of the system.

Indeed, it has been shown (15) that when an imaging gradien
is applied for longer times (several milliseconds) in a xenon
sample, only signal at the boundary remains. Figure 5 sh
the application of the edge enhancement “filter” for gas ph
Poiseuille flow. A stimulated echo pulse sequence (Fig. 1
with a longer imaging gradient encoding time (τ = 5 ms), is
used to select spins at the boundaries, with the displace
spectral window,q, maintained constant. Figure 5A (1 =
3 ms) demonstrates a nearly symmetric displacement dist
tion about1x = 0 for the particles at the walls, corresponding
a very small flow contribution. On the other hand, the prese
of unidirectional flow for1 = 30 ms (Fig. 5B) is significant.

Such an edge enhancement filter may be inserted in any p
of the pulse sequence. When the filter occurs at the begin
of the pulse sequence, it might be possible to monitor the
change between the slow and fast components, for example

FIG. 4. Poiseuille pipe flow displacement profiles (Vave= 20 mm/s) for
xenon at 0.8 atm recorded using a spin-echo version of the dynamic NMR
croscopy pulse sequence. A. Experimental data for1 = 10 ms. B. Experimenta
data for1 = 50 ms. C. Experimental data for1 = 100 ms. The reduced signa
intensity in the middle of the pipe is a consequence of the edge enhance

lay

his
effect induced by large random displacements under the natural inhomogeneity
gradient of the magnet.
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FIG. 5. Poiseuille flow displacement profiles (Vave= 27 mm/s, D =
8 mm2/s) for xenon at 0.7 atm recorded with the stimulated echo pulse sequ
of Fig. 1A. Only particles at the walls are selected by the edge enhance
“filter.” A modified imaging gradient time duration (τ = 5 ms) was used. Data
sets of 512× 16 data points were collected. The data sets were 2D FFT a
zero-filling to 1024× 32 points. Digital resolution in spatial direction (y) is
100µm. A. Displacement time,1 = 3 ms. B. Displacement time,1 = 30 ms.

appearance of spins at the center of the pipe for longer1. The
same method could be applied in gas phase dynamic NMR s
ies of any system with restricted diffusion (e.g., porous med
in order to observe dynamic interchange between the bound
and the bulk.

We have presented a dynamic NMR microscopy study
gas phase Poiseuille flow with large stochastic displacem
in different temporal regimes. The results indicate that lon
tudinal diffusion dominates the displacement profile for sh
observation times. The transverse diffusion influence is m

apparent for longer observation times. Rapid self-diffusion
the gas necessitates a stimulated echo PFG experiment for
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evolution times (1>100 ms). The continuous flow laser
polarized129Xe technique provides great versatility in preparin
custom systems for studying transport phenomena (both d
sion and velocity can be varied by almost two orders of mag
tude in our system). For example, in a system with average p
size of 1 mm, it is possible to monitor displacements via d
namic NMR microscopy for Peclet numbers ranging from 1
ca. 1000 by adjusting flow rates and gas pressure. In the fut
it would be interesting to investigate in detail the onset of t
turbulence in xenon gas pipe flow (16) and the use of the edge
enhancement filter for monitoring dynamic interchange betw
the boundaries and the bulk of porous media.
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