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NMR propagator measurements on flow through a random pack of porous glass beads
and how they are affected by dispersion, relaxation, and internal field inhomogeneities
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We flow water through a pack of porous glass beads and employ NMR to measure molecular displacement
distributions—the propagators—in the Stokes flow regime. Fluid is flowed over several evolution times to
attain fixed mean displacements, and the time dependence of the resulting propagators is analyzed for the
effects of diffusion, NMR relaxation, and signal loss due to internal fields. We delineate and illustrate the
experimental regimes in which these different effects make their presence felt. Simulations on a simple model
system reproduce the essential features of our experimental results and provide insight into the mechanisms
shaping the propagators.
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[. INTRODUCTION scales—the bead diametdrand the length scalé of the
pores inside the beadk<€d)—qgives rise to a heterogeneous
Tracer dispersion and fluid flow in porous media are offlow field with significant stagnant zones known to be quite
great practical importance in biological perfusion, theimportantin dispersion phenomef&18]. Second, enhanced
cleanup of contaminated soils, the design of chemical reacsurface relaxation of the NMR signal from fluid near pore
tors and catalytic particles, and in oil recovery. It is also ofWalls skews propagator measurements or measurements of
significant theoretical interest, due to the complicated interdispersion coefficients. This effect is present in the measure-
play of mechanical and diffusive mixing procesgds-5|. ment Whene_ver the relaxation rates for fIU|d_ contained in the
Experimentally, molecular motions and dispersion in poroug?0rous medium are faster the bulk relaxation rates. Finally,
media have been investigated for some time with varioud1mogeneous internal magnetic fields in the sample distort
nuclear magnetic resonan@éMR) techniques, for example, the propagators mea;ured with pulsed field gradiBhG
measurements of free molecular diffusid], restricted dif- NMR [19]. This effect is present in the measurement when-

fusion[7], or measurements of propagatf8d the probabil ever there is a susceptibility difference between the fluid and
: P e propagay P . the matrix. Here we keep track of all these effects, and in the
ity distribution of diffusive and advective molecular dis-

L . . rocess describe the experimental parameters and a general
placements. These have been studied intensively for d'ﬁere'gtonceptual framework suitable for the study of preasymp-

types of porous medigd—17], for example, in random packs stic flow and NMR effects in naturally occurring porous

of monodisperse spheres, artificial porous media, and rock§nedia. Our quantitative results are sufficiently accurate to
NMR experiments on fluid in rocks present particular chal-permit self-consistency checks and a quantitative analysis, as
lenges. Carbonate rocks, which contain much of the world'sye|| as a comparison with an instructive and reductive model
oil reserves, are characterized by complex pore spaces arigf flow in the presence of hold-up and surface relaxation.
ing from varied growth or depositional environments, for  Section Il gives some elementary background about
example in coral reefs or in deposits of dead marine organasymptotic and preasymptotic dispersion, and how that af-
isms, and shaped by subsequent morphology changing préects the design of our experiment. Section 1l describes par-
cesses, for example erosion, dissolution, and reprecipitatioticulars of sample preparation and NMR measurements fol-
The length scales of the pore space in a carbonate rock cdowed by Sec. IV with a discussion of results. The
range from submicrometers to centimeters in the sameimulations are described in Sec. V, followed by conclusions
sample. Sandstones, on the other hand, tend to have lessSec. VI.
complex pore spaces, but macroscopic layering and magnetic
impurities and clays are often present, all of which can have Il. MOTIVATION
profound effects on NMR measurements of dispersion. In
this paper we report on propagator measurements of water Mixing in flow through porous media occurs through the
flowing through a pack of microporous, near monodispersénterplay of two processes, diffusion and mechanical mixing.
glass beads. Our experiments approximate the dispersion afdie asymptotic behavior of either process can be understood
NMR phenomena occurring in natural porous media, in sevin terms of Einstein’s argument. A diffusive random walk
eral important ways. First, the presence of two lengthwith step lengtH and characteristic frequeney * gives rise
to an asymptotic tt&>7) Gaussian displacement distribution
with o=+/2Dt. The molecular diffusion coefficient B,
*Electronic address: scheven@slb.com =12/7. For mechanical mixing, members of an ensemble of
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fluid elements are advected by a mean displaceri®@nh a
porous medium of characteristic pore stzexecuting a ran-
dom walk with spatial frequencgl—t. Upon collision with
an obstacle the fluid elements are scattered with step length
I w=pBd, B<1, giving rise to an asymptotig {)>d) Gauss-
ian distribution of displacements about the mean with
=/2D’(¢). The dispersivity isD’=8%d, and 3 is a scat- > Ay
tering parameter characteristic of the sample. Asymptotic 6 =
dispersion for the case where diffusion and mechanical mix-
ing are not separable was first studied by Taytb2] and
Saffman[3,4]. Generally, the asymptotic behavior will de-
pend on the Reet number Pe vd/D,=tp/t,, which com-
bines the space and time dependence of the mixing proce
in the ratio of the times required to diffuse or advect a char-
acteristic lengthd, wherev is the fluid velocity. For there to metric flow, A is the cross section of the sample, afids its
be asymptotic dispersion in a flow experiment, each fluidPorosity. Constant flow was established with an ISCO-1000D
element or tracer has to have sampled a flow environmerfiston pump, and all flow reported here was in the Stokes
representative of the entire pore space, and it must have doflew regime with Reynolds numbeiRe<1). Several fixed
so often enough to be in the lardedimit of the random  ({)o between 125 and 60@m were attained over seven
walk executed in the pore space. In contrast to thesuitably chosen evolution times between 30 and 600 ms,
asymptotic case outlined thus far, preasymptotic dispersiowith mean drift velocities adjusted {@)=({)o/A. The idea
will not depend on time or distance() or Pelet number behind the experimental procedure is straightforward. In the
Pe alone, but on some or all of them. absence of diffusion, relaxation, or experimental artifacts, the

In this paper we focus on the preasymptotic regimemeasured propagators for a givel), should be indepen-
where experimental evolution timels were short compared dent of the timeA taken to produce it, because the Stokes
to the time required to diffuse one bead diameter, and meafiow field and the geometry imposing it are time indepen-
fluid displacements ranged up to no more than a few beagent. The actually measured shape and time dependence of
diameters. We therefore study preasymptotic disperigigh  these propagators can therefore be used in a quantitative
with NMR measurements of propagators as a function ofnalysis of the pore space in terms of diffusive coupling
displacement and time independently, rather than as a fundetween stagnant and moving fluid, and in terms of NMR
tion of P,. This approach not only is appropriate to the earlyrelaxation, signal suppression by flow through inhomoge-
mixing processes, but also yields quantitative measuremeng#ous background fields, or nonlinear flow phenomena if
of the NMR effects of surface relaxation and internal fieldthey were present.
inhomogeneities which might otherwise be attributed to the The propagators for each choice df},,A) were pro-
mixing process. One may think, for example, of stagnatiorduced from PFG NMR measurements made in the 3 T field
peaks in propagators, which can vanish by some combinatiodf @ horizontal bore superconducting magnet, using a Bruker
of dispersion and diffusion or by NMR relaxation alone, asAMX NMR console. We employed the standard 13-interval
experimental evolution times get longer. Measurement of th@lternating pulsed gradient stimulated e¢d] (APGSTH
NMR effects described in this work thus serves as a check osequence commonly employed for such experiments, shown
the simultaneous quantitative PFG NMR measurements df Fig. 1. Separated by a storage intenkal, there are spatial
dispersion, and is applicable to any quantitative measurecoding intervals of duration®2during which the magnetiza-
ment of stagnant zones, or of permeability heterogeneities ition is sensitive to applied field gradients, shown in gray in
the flow field of nonideal samples, such as carbonate or sandfig. 1, which encode or decode the position of proton spins
stone rocks. Our measurements also permit quantitative coni? the phase of their magnetization. During the coding inter-
parisons of propagator data with simulations incorporatingvals the magnetization is also sensitive to background fields
surface relaxation, as surface relaxation produces measuralfiegoduced by susceptibility differences between the fluid and
displacement-relaxation correlations in the preasymptotic rethe matrix. We note for future reference that the refocusing
gime. pulses at the center of the spatial coding intervals serve to
eliminate unwanted precession produced by susceptibility in-
duced internal field offsets, for spins experiencing the same
time averaged internal offset fields during the intervals

A random pack of water-wet microporous glass beaddefore and after the pulse.
[20] with a bead diameter of 1525 xm and submicrometer The NMR signal at=47+ A4 is proportional to the en-
(3000 A) pore scale of the beads’ porosity was placed in asemble average of phase factqms’) over all polarized
glass NMR tube with an inner diameter of 8 mm. The tOtalspinS, Wherdei 9>:fP’(0”A)ei e/dg’ defines the normal-
porosity of the sample wag=0.66+0.03, roughly half of  jzed probability distributionP’(6,A) of phase factors'®
which is attributable to micropores. Water was flowedafter an evolution time\. Neglecting NMR relaxation and
through the pack for fixed mean displacements denoted byephasing effects, which are the subject of this paper and
($)o=AVIA¢, whereA is the evolution timeV is the volu-  will be discussed at length further on, the APGSTE pulse

ol

=Y

>

FIG. 1. APGSTE pulse sequence, with gradient pulses shown in

gray and rf pulses as solid lines. The stimulated echo amplitude at

t=4r+A is proportional to the ensemble averaggd?) of the

ggease factors associated with the displacements of protons during
experimental evolution tim&=A¢+37/2— 6/6.

Ill. EXPERIMENTS
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nant fraction of the fluid located within the microporous
spheres. The advective and diffusive terms are identified
readily in the data shown in Fig(&, because of their very
different dependence omy. Advection shifts and then
scrambles the phases of molecules carried along by the Poi-
c 01 o2 o3 seuille flow field, over a small range dfj|<f2m(¢)~*
q{um™) =m(Z)"1, indicated in Fig. 2a). The real part of the signal
Bfb ' ' ' "— Rd drops by about 55% with considerable signal appearing in
— Im the imaginary part. A4q| gets larger the advective term
f(el9), goes to zero, and only the diffusive term %)
5 1 x(€'9%), remains. This term tends to zero g becomes
o . : : ‘ . much larger than the inverse diffusion length/m/A, also
-200 0 200 400 600 800 1000 indicated in Fig. 2a). These observations illustrate how the
& (um) inverse mean displacement and the inverse diffusion length
FIG. 2. (a) Real and imaginary PFG NMR signg{q)/|S(0)| as of an experiment set the ecales for an efficient sampling of
a function ofq= y(26)g, for flow through a porous bead pack with S(d), which we perform with 128 equally spaced measure-

A=30 ms and({)o=132 um. (b) Propagator derived by Fourier Ments covering a small range gfaroundq=0 up t0_|Q|
transforming the data shown fa). =f27/{{), and with a second set of 128values covering

space more coarsely up tq|>1/JDA. The two data sets
sequence produces a phase shift{q in the magnetization are combined, regridded by linear interpolation, and zero
of each spin displaced by a distangeluring the evolution filled for improved signal to noise ratio and resolution. Upon
time A=A+ 37— %68, whereq=y(26)g, is the wave vec- fast Fourier transform one obtains the real propagR(ay)
tor set up by the pulsed field gradients,, 7, and s are the  shown in Fig. 20). The data shown in Fig.(3) already
storage time, the echo time, and the duration of a singl@xhibit, to the eye, the symmeti$(—q)=S*(q) required
gradient pulse, respectively=2mwx4257 Hz/G is the gyro- for an underlying real probability distribution. The symmetry
magnetic ratio of protons, and, is the amplitude of the is confirmed by the fact that the imaginary part of the propa-
pulsed field gradient. With a linear relationship betweengator, shown in Fig. @), is essentially zero except for some
phase and displacement, the NMR signal can be rewritten egnall residual signal nedr=0 arising from experimental ar-
(€9 =[P(¢',A)e9¢ d¢’, where the earlier probability dis- tifacts. All our propagators cover displacements up to several
tribution of phasesP’(6,A) has now been replaced by a millimeters, with a resolution of a few micrometers. It is
probability distribution of displacements, the propagatorVOrth pointing out that the quality of our NMR derived
P(£,A). The NMR signal is thegth Fourier component of Propagators is made possible by @upriori knowledge of
this propagator, which we measure for suitably chosen valugdiean displacement, experimental time scale, and diffusion
of g for all flow speeds and times. From these measuremengPefficient, permitting a more efficient sampling @&pace,
we obtain the probability distribution®(¢,A) by Fourier ~compared to the sampling with equpkpacings commonly
transform, which we shall refer to as propagators even whefMPloyed in NMR propagator experiments.
the linear relationship between phase and displacement is
distorted by relaxation and dephasing effects. We employed B. Surface relaxation and susceptibility

gradients of duration 4 ms and maximal gradient strength of \ve now illustrate the presence and relevance of three
25 G/cm, and echo times=5 ms. The active length of the  pechanisms which can shift the spectral weight of propaga-

S(a)/IS(0)

1
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NMR coil wasL~19 mm. tors, such as the one shown in FighR depending on the
length of timeA taken to attain a given mean displacement
IV. RESULTS ({)o. First, diffusion of molecules across streamlines and

between stagnant and flowing parts of the flow field will
couple slow and fast parts of the flow field, shifting spectral
We first consider in detail the PFG NMR data $ft) weight from the undisplaced and the most displaced parts of
and the propagator derived from it shown in Fig. 2, in orderthe spectrum toward its mean. Evidence for both will be
to illustrate the nature of the flow field and our experimentalgiven further below. Second, spectral weight is shifted be-
procedure. The NMR signal is measured up [q cause enhanced surface relaxation preferentially removes the
=0.35um™%, in an experiment wit{{)o=132 um and an  signal of spins in small pores, where molecules collide with
experimental timeA=30 ms much shorter than the timg  relaxing pore walls at a higher frequency than in large pores.
=r?/D,,=2.7 s needed by a molecule to diffuse one spher@he inhomogeneous surface relaxation produces an under-
radiusr =75 um. Hence the NMR signal arises from the count of stagnant spins in the small pores, and a correspond-
sum of two nearly unmixed components of the fl8(q) ing overcount of the flowing spins in large pores. Surface
=1f(e'9),+ (1—f)(e'%)y, where the predominantly advec- relaxation is evident in the inversion recovery measurements
tive first term is associated with the fractidrof the fluid  shown in Fig. 8a), where the mean measured relaxation time
carried along by the Poiseuille flow field between spheresof (T;)=790 ms is reduced from the bulk value of the fluid
while the diffusive second term is associated with the stagT,,=3 s. For consistency the velocity independence of sur-

A. Optimized acquisition
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FIG. 3. (a) Inversion recovery measurement ©f relaxation.

Surface relaxation depressé€g,;)=790 ms below the bulk value FIG. 4. Propagators obtained for mean displaceméftde-

for water (T;,=3 s). (b) The CPMG measurement @ relaxation  tween 132 and 528m, with the same flow time4 between 30 and

with echo spacing 2,=1.6 ms. The measurement is sensitive t0 600 ms for all three mean displacements. The inset shows evidence
surface relaxatiorand to molecular displacements. Displacements for diffusion across streamlines, whereby the large displacement tail
by Brownian motion through spatially varying internal fields attenu- at A=30 ms has disappeared by the tithe:600 ms.

ate the signal T,=100 ms<T,). Superimposed flow produces

larger displacements and attenuates the signal further. fusion lengths thus range from a small to an appreciable

face relaxation was verified with measurements in the predraction of a bead radius, determining the degree of diffusive
ence and absence of flow. Third, spectral weight is shifted:c’“p,“”g between the fluid contained within 'the porous beads
because the flow displaces spins through the spatially var2"d in between them. For all three mean displacem@its

ing internal fields of the pore space during spatial codingPropagators obtained with the shortest evolution tithe 30
intervals. This displacement may suppress the signal frof’S Show a large peak centered around zero displacement, a
spins residing on the fastest streamlines, because these fgignature of the stagnant fluid contained within the porous
spins may not experience the same time averaged intern3F@ds. The width and also height of the stagnation peaks,

offset fields before and after the refocusingpulse at the When measured with respect to the background signal pro-

center of the spatial coding intervals. In the presence of sig¥ided by the long tim&A=600 ms propagator, are compa-

nificant background fields$w>l) this suppression is rable for the three mean displacements. The remainder of the

expected to arise, at least, for spins advected by the por%ropagators spectral weight is found in a broad, asymmetric,

lengthd during spatial coding, due to the randomness of th gnd rounded “bump” at larger displacements, a signature of

pore space. Internal field inhomogeneities and the signal a he flowing fluid between the spheres. Unsurprisingly, it is

tenuation they produce are confirmed with CPMé&relax- r?géznslgnegh%sitﬁ U|L;0;Er?£:g::g§ uvxgzrliﬁ]gee;tr:eﬁgﬂgf'
ation measurements shown in FigbB These were con- P : 9 9

ducted with and without flow. withr.—0.8 ms. In the peaks decreases and spectral weight shifts toward larger dis-
y e Y. .

absence of flow the measurd@g<T, because the signal of placements. Additionally, some spectral weight, which at
. o . : 1 : ' hort times appeared at the largest displacements, has, at
spins diffusing about in the inhomogeneous internal fields o ater times. shifted toward the mean displacements
the rock is refocused poorly. The offset fields are therefore K P )
We analyze the propagators for the effects of the three

\r/]\(/)r?err]legga:bilgp?:sder:the?/efggusﬁ%dlj)(f:ethzlgrzigr?g{i)zpa:?iiiloigmemanisms affecting their shapes, namely, diffusion, relax-
, S . ation, and velocity attenuation of the signal. These are dis-

worse still, and the signal is suppressed further, as spins a{anuished by their effects on the measured mean displace-

advectedlet[hro]ugh thehinlfernal kgn‘flset fire]lds, which vary at thement(g)m which is to be compared with the actual mean

pore scald22]. We shall see below that in our propagator . ’ ; .

measurements the combined effects of flow induced dis(_j||spla_cemAen{§%? set by sar:nple Siz€, porosﬂy,_ﬂow rate, and

placement and internal fields also become apparent, for e}—OW time A. Diffusive exchange preservgg)m=({)o, un-

periments where spins are displaced by more than a por%qual s.urf'ace.relaxation can produce an undercqunt of stag-
length during our spatial coding intervals of duration 2 nant ﬂ'“."d In MICTopores, W'th§>m><§>9' and flow displace-
ment in inhomogeneous internal fields can produce an

undercount of spins in the streamlines with fastest flow,
with ({)m<{({)o. The mean measured displaceméfit,, is
Three sets of propagators obtained for mean displacedetermined in two ways, shown in Fig. 5 for the data set
ments({), of 132, 265, and 52@m are shown in Fig. 4. The with A=30 ms and({),=265 um. First, the phase of the
flow timesA were the same for all three sets of experimentsNMR signal for small|q| is fitted to a linear plus a cubic
and ranged from 30 to 600 ms, corresponding to free diffuterm, corresponding to the first and third terms of the cumu-
sion lengthd ;= DA from 8 to 35um. Experimental dif- lant [23] expansion of the NMR signal Jge'9¢)

C. Quantitative propagators
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FIG. 5. Two ways of measuring the mean displaceniéh, for surface relaxation in the stagnation peak, assuming no surface re-
A=30 ms and(¢)o=265 um. (a) The phase of the NMR signal vs laxation of advected spingO) Measured signal under the stagna-

d. The slope of the linear term, shown as a solid line, measures #on peak, integrated ovet60 um about the origin. The dotted
mean displacement df),,=265 um. (b) The numerical integra- ines are fits described in the text; the inset shows the stagnation
tion of [P({){d{ measures the mean displacement (@,, ~ Peak over the range of integration.

=268 um.

_ longer A, additional signal is lost from fast streamlines by
=224[(ia)/j11X;, with X;=({)n. Second, the mean dis- displacements through nonuniform internal fields. For the
placement is measured by integration(dh,=/P({){d{.  Jargest velocities, i.e., the smalleat the measured mean
Both methods of measuring), were applied to all propa- displacement ¢),, is now less thaf{¢),. This effect is im-
gators, and the data are compiled in Fig. 6. The results ObEortant at least for spins advected by a pore length during the
tained by fitting the phase and by integration agree very welspatial coding interval. We plot a dotted line in Fig. 6 corre-
for the experiments with nominal mean displacemeidts  sponding to a velocityv ) = fd/27=(£)/A given by the frac-
of 132 and 265um, and to within~12% for those with a tjon f~0.5 of the pore space where there is flow, the bead
({)o of 529 um. The curves for ¢), of 132 and 26%um  diameterd, and the duration of the spatial coding interval.
are similar. For the shortest tim&=30 ms the measured Experiments with flow velocities above this line will dis-
mean displacements coincide with their respec{if. As  place spins out of a pore during the coding interval, and it is
A grows, surface relaxation increasingly removes slow ofindeed where we observe such velocity induced suppression.
stagnant spins from the measurement, raigifig, by 50%  We note that in our experiment some spins, preferentially
above({)o asA grows to 600 ms. The results for propagatorsthose with large displacements, drift out of the active region
with a(¢)o of 529 um are somewhat different. While relax- of the NMR rf coil during the evolution time\. This also
ation also enhances measured mean displacements for tbgppresses the measured mean displacement. We modeled

the drift losses using the measured propagators and the
10° — known coil length and found that the suppressior{ &f,
’ induced by drift beyond the rf coil is at most 3.5% and there-

4//‘3;'{/‘6 fore negligible.
e/e/ 529 um We now focus our attention on the “slower” propagators
/ with ({)o=132 um and{{)o= 265 um, where the shapes of
/ the propagators evolve with by relaxation and diffusion
PR 265 um ] alone. One may ask whether or not the stagnant peaks of Fig.
4 vanish because of relaxation alone, or if diffusion plays a
part in their disappearance. In order to answer this question
we shall assume for the moment that there is negligible dif-
132um-1 fusive coupling between flow and stagnation zones, as might
iﬁ‘g%ﬂgse ] actually be the case in a more heterogeneous porous me-
= \ dium. Surface relaxation, which predominantly occurs in the
10 10 micropores where the surface area is large, would therefore
A (ms) remove a fractiony(A) of the overall signal from the signal
FIG. 6. The measured mean displacement of all propagator®f the stagnant fluid in the micropores, giving rise to a mea-

determined by fitting the NMR phase to obtain the first cumulant,SUred mean displacement 6f),=({)o/[1— 7(A)]. Thus

and by integrating over the propagator, is plotted against the evoluy(A) =1—({)o/({)m measures the presumably relaxed
tion time A taken to attain it. The solid horizontal lines correspond SPins, which can then be compared with the measured time
to the experimentally set choices 6f),. Above the dotted line dependent area of the stagnation peak. This is shown in Fig.
mean flow velocities are larger thdn) = fd/2r. 7 for the propagators with &¢), of 132 um. The open

(© (um)

()

107

021201-5



SCHEVEN, SELAND, AND CORY PHYSICAL REVIEW E59, 021201 (2004

20 . . . r a) b,
45 @ Porous beads — A=46ms 4+
= 9r - = A=596ms ]| e s
E 10} y x\
g 5 1 ’I ¥ 5 \ " .
[ Y I diffusion and diffusive
0 - — \ Poiseuille flow coupling a.
20 : : : : \ y
b solid beads — A-42ms . P
- 15f == A=502ms ] dlfoSIOI:l,\ -—= —_——
€ stagnation and relaxation W
€ 101
2 sl = | - . .
g5 S e FIG. 9. Schematic diagrams of the modeled pipe with a leaky
0 . . e , wall surrounded by stagnating fluid shown in gray, viewed head on
0 200 400 600 800 (a) and from the sideb). Diffusion and NMR relaxation occur in
& (um) the gray zones, diffusion and Poiseuille flow in the white zonds.

the probability that a molecule hitting the pipe wall will make it
through to the other side. The magnetization in the stagnant zones
equilibrates instantaneously.

FIG. 8. (a) Propagators of flow through a random pack of po-
rous beads withd=150um and mean displacemen{(),
=132 um. (b) Comparable propagators of flow through a random
pack of solid beads witld= 155 um and mean displacemey),
=128 um. The propagator wit{)o=256 um andA=502 ms is ~150 um) are nearly the same, as are the mean displace-
shown for reference, by the dotted line. ments({)o~130 um and the ranges of evolution times

covered. In the porous beads of FigaBroughly half the
circles denote the areA(A) of the stagnation peak, inte- fluid is trapped while the other half carries the flow. It is
grated over the width of the peak frofs=—60 um to (=60  therefore consistent for the flow portion of those propagators
wm. The inset shows the integrated curves. In order to apto have an extension and shape comparable to the one ob-
proximately quantify the magnitude and time dependence ofained in the pack of solid beads with twice the mean dis-
A(A), we have fitted an exponential time dependence plus alacement ({)o=256 um), shown in a dotted line in Fig.
constant offset, shown as a dotted line. The fit shows the tim8(b). Surface relaxation within the porous beads contributes
dependent spectral weight under the stagnant peak to We the diminution of the stagnation peak and raises the mea-
A(A)=0.13+Agx e 4/"a with 74=191 ms andA,=0.46. sured mean displacement froY),=140um to ({)m
This is to be compared with the relaxation logA)=(1  =205um asA is increased from 46 to 596 ms. This is to be
—(0)o/{&)m), shown with filled circles. An exponential fit, compared with the results for the pack of solid beads in Fig.
again shown as a dotted line through the data, giyes)  8(b), where the propagators show no large stagnation peak,
=0.4x (1—e*'7s), with 7,=257 ms. The signal loss from and the displacement distribution is considerably more com-
the stagnation zone, as determined by integration, is ther@act than in the case of the porous beads, because most of the
fore too large and occurs too rapidly to be attributable tofluid contributes to flow. Surface relaxation has negligible
relaxation alone, ruling out our earlier assumption of thereeffects on the measured mean displacements, while diffusion
being no diffusive coupling between stagnation zones an#ounds the shape of the propagatoras increased from 42
flowing zones of the flow field at all. Diffusive coupling to 502 ms. This is due to diffusive coupling of stagnation
contributes significantly to the vanishing of the stagnationzones to the flow field. The shape and width of the flow
peaks, with 8(A)=A(0)—A(A)>5(A). The difference portion of the propagator are determined by mechanical mix-
8(A)—7(A)=0.08 for A=600 ms represents a lower bound ing and are characteristic of the random pack of monodis-
on the fraction of spins which originally resided in stagnantPerse spheres.
zones, and which have diffused into the flow for the longest
time and have been advected beyond ouru®0 limits of V. SIMULATION
integration. Further evidence for the importance of diffusion
is provided by an analysis of thig, relaxation data shown in
Fig. 3(@) in terms of a sum of exponentially decaying com-
ponents. The analysis shows no significant contribution t
the relaxation process at time scales arowndr 7,, which
also rules out relaxation as the sole cause for the diminishin
stagnation peak.

In order to compare our results with a simple quantitative
model we carry out diffusion-dispersion-relaxation simula-
6ions for Poiseuille flow in a cylindrical pipe with a leaky
wall, behind which there is a reservoir of stagnant fluid

oupled diffusively to the flow field, in the presence of sur-
ce relaxation. This is illustrated in Fig. 9. By design, the
model will not capture the effects of mechanical mixing in
our experiment, but it can simulate the evolution of the stag-
D. Porous vs nonporous beads nation peak and illustrate the effects (@finable surface re-

As an experimental consistency check on the picture delaxation on propagators similar to those measured in the bead
veloped thus far we compare propagators obtained witlpack. The following relevant parameters for the pipe model
flow through our pack of porous beads, shown in Fi@),8 are chosen to match our experiment. First, half the fluid is
with those obtained in a separate experimidnt on water  stagnant and the other half is flowing in the pipe. Second, the
flow through a pack of solid glass beads, shown in F{§).8 stagnant fluid is free to diffuse and its signal relaxes with a
The nominal bead sizes for both sets of experiments ( surface relaxation rateT() *=(395 ms) !, producing a
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FIG. 10. (a) Propagators obtained f¢t),=265 um over times

P(&) (mm™)

P() (mm™")

P(g) (mm™")

A=30, 46, 96, 146, 213, 380, 600 ms, identified by decreasing
height of the stagnation peak Asbecomes larger. Inset shows the
nominal mean displacemeidotted ling and the measured mean

displacementg+) as a function ofA. (b) Simulation results and
plots for the equivalent pipe model described in the text.

pack of solid monodisperse spheres with radigs 75 um
and porosity ¢=0.37. For the random pack,=(r¢3)
X[ pl(1— ¢p)]=~r4/5 and the equivalent pipe radius is there-
fore r,=(2/5)Xrs=30 um. Fourth, molecules in the Poi-
seuille flow field diffuse freely in and across streamlines,
with a semireflecting boundary conditiore€0.5) at the
wall. Here « is the probability that a molecule hitting the
wall will make it through to the other side. Finally, the mean
displacements and times simulated are the same as in the o _ . '
experiments, and the diffusion coefficient of water is used!"9 evolutlo_n timesa, o (g")m.—400,gm in the experiment
Our model is reductive and simple, at the cost of some over‘:Jlnd t0({)m=301 um in the §|mulat|on. The comparatwely
smaller enhancement &t),, is probably due to the instan-
neous equilibration of the stagnating fluid in the model,

that diffusion is actually restricted within the porous beadsv.vhICh tends to diminisn displacement-relaxation correla-

and that spins located initially deep inside a porous bead m
never diffuse out and into the flow. Also, as mentioned
above, the pipe model produces no mechanical mixing.
We first compare modeling results with data in Fig. 10,
for ({)o of 265 um. The insets show{),, as a function of
A, indicating the degree to which surface relaxation has re-
moved “slow” molecules from the measurement. Upon first
inspection the similarities between ddi@ and simulation
(b) are rather good, with the stagnant peaks in model an
experiment having similar amplitudes, widths, and time de-
pendence. This suggests that our parametrization of the dif-
fusive coupling and relaxation of stagnation zones is indeed Figure
reasonable. Simulated and experimental propagators differ in

simplifications. We are assuming free diffusion and instanta:
neous equilibration in the stagnant zones, ignoring the factta

g
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FIG. 11. Simulations illustrating the effect of surface relaxation

on the shape of the propagators; mean displaceméils
=265 um. The transmission coefficient for diffusive flux through
NMR signal for the entire system with relaxation rate the permeable wall of the pipe is setde=0.1. The surface relax-
(T1) "*=(790 ms)*. Third, the pipe radius is chosen to ation time in the stagnation zone is adjusteddpTs=c¢, (b) T,
have the same hydraulic radits, defined as the flow cross- =395 ms, and(c) Ts=200 ms. Evolution times\ are as in the
sectional area divided by the wetted perimeter, as a randoffxPerimental results of Fig. 4.

[

show a more extended displacement spectrum, consistent
with a distribution of pore diameters and mean flow veloci-
ties. The displacement distribution of the sample is less nar-
rowed by diffusion than that of the pipe, again consistent
with a distribution of mean pore velocities for the pores in
the sample; the pores are separated by pore walls or distances
larger than a diffusion length. The insets show that surface
elaxation raises the measured mean displacement for grow-

ions, and to the relative compactness of the model propaga-
ors. In these the overcount of displaced spins produces less
excess mean displacement than it does in the comparatively
stretched out propagators of the bead pack.
Finally, we show simulation results in Fig. 11 for three
more sets of parameters, given in Table I. These illustrate the
sensitivity of the simulation, and of the experiments, to sur-
face relaxation. For all simulations in Fig. 11 we have set the
Hansmission coefficient for diffusion through the porous

TABLE |. Results and parameters used for data and simulations.

the appearance of the displacement spectrum associated with 10(a)

the flowing fluid between the spheres or in the pipe, with
remnants of the rectangular displacement distribution char-
acterizing Poiseuille flow in a pipe still recognizable in the
simulation for the smallest choice df. Diffusion across
streamlines turns this into an approximately Gaussian shape

Ts (Mg 1-f @ (Om?®

400
10(b) 395 0.50 0.5 301
11(a) 00 0.50 0.1 265
11(b) 395 0.50 0.1 336
11(c) 200 0.50 0.1 396

by the timeA=600 ms. By contrast, the experimental data¥¢),=265um, A=600 ms.
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0.5F

' : : Our simulations show that even a crude model for disper-
o T =00

04l s | sion in the presence of stagnant fluid can r_eproduce the stag-
) —— T,=390ms nation features of propagators measured in our PFG experi-
0.3k —=— T =200ms | ments, when reasonable input parameters are chosen. They
< also show that surface relaxation gives rise to non-negligible
0.2r distortions of propagators, particularly when the experimen-
ol tal time scaleA is not small when compared to the shortest
) relaxation time scales, and that the comparison of nominal
0 - : : : : - mean displacements with measured mean displacements pro-
0 100 200 3A°‘()ms) 400 500 600 vides a useful indicator for the presence of such distortions.
FIG. 12. Integrated area of the stagnation peak for the simulated VI. CONCLUSION

propagators of Fig. 11. Integration limits are60 um. Half the . S
fluid is located in stagnation zones, where the surface relaxation PFG NMR measurements of displacement distributions

rate is set toT; *. provide a powerful tool for studying the geometry of porous
media and fluid transport through them. As measurements
are extended from the study of flow through magnetically
clean laboratory systems, say packs of polystyrene spheres,
to somewhat less ideal systems with non-negligible surface
relaxation, internal field inhomogeneities, and complex pore
%paces, the experimental results are distorted by NMR arti-
facts which can easily be mistaken for dispersion physics. In
this work we have taken a controlled step toward measure-
fnents in such nonideal systems by performing PFG NMR
yropagator measurements on Stokes flow of water through a
orous pack of glass beads. We optimized our sampling of

pore wall toa=0.1, compared tev=0.5 for the semiperme-
able pore wall of the reference simulation in Fig(l0 The
reduction ofa produces a slightly more pronounced stagna
tion peak and increases the residence time for fluid in th
stagnation zone in all panels. Figure(dlshows the propa-
gators in the absence of surface relaxation, and pdibels
and(c) show what happens when the surface relaxation tim
Ts in the stagnation zone is set to 395 and 200 ms, respe
tively. As surface relaxation goes up, so does the long tim

measured mean displacement shown in the insets. The sh ace to produce propagators with sufficient quality and

of that part of the propagators associated with the floweqo| tion for detailed quantitative study of diffusion, disper-
changes as surface relaxation is increased. Parts of the Spe&s., and NMR relaxation effects in the measurement. The
trum with small bL_Jt finite displacements are ?“ppressedmeasurements were performed as a function of sgaean
Wh?n corr;pare_d wgh the trule propagatlor obtalrr:ed for nQyisplacementand time separately, in order to keep track of
f]ur ace relaxat||()n|, ecausebs EVIV spn]?shc ose to the pore Wae jifferent physical mechanisms affecting our results. Sur-
ave a relatively larger probability of having spent time IN,.6 relaxation processes and susceptibility induced varia-
the stagnation zone, where relaxation C,OUId remove the'ﬂons of the internal fields affect nearly all PFG NMR mea-
from the measurement. As a result the displaced part of the .o ments on flow through porous media, and we have
spectrum becomes more rounded and shifts toward largefomonstrated how these effects can be quantified and delin-
displacements. It should be noted that this is an instanCg,aq |y the presence of surface relaxation we measure a
where reIaxatlon_effe.cts mimic the signature of an approacqbwer bound on the number of spins diffusing out of stagna-
toward asymptotic dispersion, where one expects {0 See g, ;4nes and into the flow. Numerical simulations compare
rounded and ultimately Gaussian distribution of dl_splace- el with the experimental results, and furthermore show
mer|1ts atk;m:)t ?1 g.‘;‘a”. d|splgcer|nent._ The stagf_ne:jn(_)n P€3Kat, in order to minimize the distorting effects of surface
evolves by both diffusion and relaxation, quantified in Fig. ro|aation on the measurement, the measurement time scale

12 showing the integrated the area under the stagnation st he shorter than the shortest significant relaxation time
peaks of the simulated propagators as a functioA.df the scales.

absence of relaxation the stagnation peak initially contains
about 48% of the fluid aA=30 ms, which drops to 13% by
the timeA=600 ms. When relaxation is turned on the short
time amplitude of the stagnation peak drops by only a few J.G.S. acknowledges the support of the Norwegian Re-
percent, but for largeA the relaxation induced losses are search Council. U.M.S. thanks Martin Himann for useful
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