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We present a basic experiment by which the evolution of the
displacement probability density (propagator) of static or flowing
fluid in N successive time intervals is obtained by single labeling,
coupled with multiple rephasing events during the course of a
pulsed field-gradient sequence. We term this type of sequence
SERPENT: SEquential Rephasing by Pulsed field-gradients En-
coding N Time-intervals. Realizations of the SERPENT experi-
ment for the case N = 2 which include spin echo, stimulated echo,
and Carr—Purcell pulse sequences are suggested. They have in
common a spatial spin-labeling of the initial magnetization by a
gradient of area q,, followed by successive rephasing via gradients
g, and g, attimest = A, and t = A,, respectively, where q, + q,
+ g, = 0. A two-dimensional Fourier transform with respect to q;
and q, gives directly the joint probability density W,(R,, A;; R,,
A,) for displacements R; and R, in times A, and A,, respectively.
g, and g, may be in arbitrary directions. Assuming Ry||R,, the
correlation coefficient pg, , then reflects the time-history of the
fluctuating velocities. The behavior of the cross moment (R,(A,) -
R2(A,)) can be obtained from either a full two-dimensional or a set
of one-dimensional SERPENT measurements. Experimental re-
sults are presented for water flowing through a bed of packed glass
beads. While A, is appropriately chosen to sample the short-time
velocity field within the system, increasing A, clearly shows the
loss of correlation when the average fluid element displacement
exceeds the bead diameter. © 1999 Academic Press

Key Words: time correlation; multiple rephasing; two-dimen-
sional propagators; flow; porous media.

INTRODUCTION

The investigation of fluid transport through porous solids 'i{[
means of nuclear magnetic resonance techniques has attra %,6)'

nents. By observing the time evolution of the joint probability
density P,(X, Z) and quantities derived from it such as the
correlation coefficienpy. ,, it was possible to relate the prop-

erties of the fluid dispersion to characteristic sizes of the por
matrix.

In this paper we describe a family of pulsed magnetic fielc
gradient (PFG) experiments which give direct information on
the time correlation of fluid displacements. The principle of
these experiments is illustrated in Fig. 1, which shows the
simplest version in terms of only the gradient pulses used. Th
essential idea is that a gradient pulsg, applied to a spin
system with transverse magnetization, phase labels spirs at
0. Here,q, = (2m) y8.9,, Whereg, and §, are the strength
and the duration of the gradient, respectively. Unlike the nor
mal bipolar gradient pulse experiment, in which rephasing i
accomplished by a single second gradient pulse at timeA
after the first, in this experiment rephasing is brought about b
two gradient pulsesy; atA; andq, at A,. The observation of
a signal following the second of these pulses requiresgthat
d; + g, = 0. This division of the rephasing gradient pulse into
two pulses at different timed,; and A, has the effect of
encoding into the final signal information on the displacemen
distributions in the gradient directions at both times. A gener
alization of this experiment is the use Nfrephasing gradient
pulses attimed, i = 1 ...N, for which the condition §, +
a1 ga} = 0 must be observed. For evenly spaced refocusin
pulses the separation of the individual pulagscan define a
characteristic sampling frequendy * which may be chosen as

kJthe variable in a diffusion or flow experiment, as was suggeste

e propose as an acronym for these experiments: SERPEN

Equential Rephasing by Pulsed field-gradients Encoding |

termining the statistical properties of particle displacement .
9 brop b P ime intervals).

based on the propagator formalisi) vhich allows the ob-
servation of the complete probability density function in a
given systemZ-5) either parallel Z) or perpendicularX) to

the pressure gradient. In previous wo , we presented a _ - .
P g P & 0 P We will assume the principal scheme of the experimen

two-dimensional experiment which enabled us to determine the

spatial correlation between these two displacement com;%{t“ned above (see Fig. 1). Subject to the condiiert- d, +

g, = 0, the gradients can be chosen to have arbitrary values;

*To whom correspondence should be addressed. F4#:115-951-3562; particular,|qy|, [g.| > |qo| is allowed. Arising from the first
E-mail: pczssx@unix.ccc.nottingham.ac.uk. gradient pulse, each nuclear spiexperiences a phase shift

considerable interest in recent years. A method aimed at (§
S
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d, q, q, by Fourier transformation 0$(q,, g,) with respect tog,; and

g.. This function can only be separated into a product of twc
one-time probability density functionB,, if no correlation
between displacements &t andA, exists, i.e., if the displace-

/ L ment of a particleR, att = A, does not depend on its
/U I displacemenR; att = A,. A generalization toward aN-time
probability density functiolW, is straightforward.
A, Note that the orientations af, and q, are arbitrary. Al-
b | though one might usually be interested in displacements alor

| the same direction, it is also possible to compare the displac
ments in one direction with those along a perpendicular axis
an earlier time.
FIG. 1. Basic scheme of the SERPENT experiment. The effective gradi- It should be pointed out that the method presented here ain
ents must meet the conditiap, + q: + g, = 0. at monitoring the continuous evolution of displacement prob
ability densities, while the VEXSY (velocity exchange spec-
troscopy) experiment discussed 0] correlates displace-
that is proportional to its position at time 0 and to the area ﬁﬁents during two intervals Separated from each othe
the gradient, However, the VEXSY method can be regarded as a speci
case of the SERPENT experiment with= 3 and with the
¢i[ 9o, 80, 1i(0)] = Sw[ri(0)] = o{yBo + vYo- ri(0)}, additional conditions), + g, = 0 andq, + g, = 0, where full
[1] rephasing is achieved following, as well asq,. In (11), a
similar method is suggested, which, employing the same cor
whereB, denotes the static magnetic field. After the evolutioditions, derives information about local pore anisotropies fron
time A,, provided thats; < A;, the rephasing gradients havawo separated encoding/decoding steps with a varying ang
the effect of an additional phase shift which leaves the resultdogtween the gradient directions of both steps.
shift If one were satisfied with obtaining only the time evolution
of the second moment of the displacement correlation
di(Ay) = y{8¢90° ri(0) + 810:° r{(Ay) + 8,9, ri(A,)}. (R1(A1) - Ry(A,)), the full experiment described above can be
2] replaced by a set of one-dimensional measurements employi
the identical method. Using the composite varialfle=
The total signal amplitude is obtained by summation over 4iR:(A1) + f.R(A;), whereq, = —fiq,, f; + f, = 1 and all
spins, equivalent to the following integral, where the replac@radients are parallel to each other, Eq. [4] can be rewritten
mentq, = (2m) 'v8,g has been made:

S(fy, fy) = j P(f)em#qo.gdg- [5]
S(d1, 9d2) =JJJ Ps(r, O;r', Ay 1", Ay

The second moment d?(£€) has the form(&®) = (fiR: +
f,R> + 2f, f,R,  R,). Measuring &) for, say,f, = f, = 3, by
variation of and Fourier transformation with respect g
allows the determination dR; - R,) once(R?) and(R53) are
tknown either by separately settifg to 0 and 1 or from
nconventional PFG experiments. Like the full two-time proba-
lgility density function, this method can easily be extended tc

A,

X eiZﬂ'[q(yr+q1-r'+q2~r"]dr dr’ dr”. [3]

P.(r,0;r’, Ay; r”, A,) is the joint probability density of finding
particles atr, r’, andr” at the given times. As an experimen
necessarily averages over all starting positid®)s e define
an averaged two-time probability density as follows, maki

use of the replacemen = —d, — d, the general case dfl rephasing gradient pulses, which will
give access to higher order displacement correlation function
S(q]_, qz) = ff WZ(R]J Al; R27 AZ) EXPERIMENTAL
X e'?mrRigi2meRgR dR,, [4] The simplest possible realization of the SERPENT experi

ment is shown in Fig. 2a and consists of a Pulsed Gradient Sp
whereR; = r’ —r andR, = r" — r. W,(Ry, A;; R,, Ay) now  Echo (PGSE) sequence with appropriately placed field grad
represents a joint probability density for displacemédt@nd ents. The longest accessible timescalg,is determined by the
R, in timesA; andA,, respectively. It can be obtained directlyhomogeneity of the magnetic field and the transverse relaxatic
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timeT,. The presence of a background gradi@nwill lead not flow was driven by a precision pump (Pharmacia P50) whicl
only to an additional signal decay but also to cross-terms of thas operated at constant volume flow rates of 7.0 and 14
form G - g; which affect the phase and the intensity of thenl/min, respectively. These flow rates correspond to Reynold
signal acquired at = A, in a different way for any combi- and Peclet numbers which allow comparison with previously
nation ofg, andg.. obtained experimental data and numerical simulati@hsEx-
The influence of background gradients can be suppresseddigyiments presented here were performed using the pulse ¢
applying a Carr—Purcell sequence and inserting pulsed gragliience given in Fig. 2d. The signal was acquired on a slice c
ents at the desired time intervals (see Fig. 2b). Best results &6emm thickness at the center of the sample. Two-dimension
achieved by splitting each pulgginto two (or more) compo- data sets were obtained by stepwise variation of the strength
nents of opposite sign separated by an Ripulse. By this the pulsed field-gradients, andq, while the value ofg, was
method, all components add up to an effective gradient whitalculated from them. An experiment consisted typically of
the constant background contribution is eliminated and cro$2 X 32 symmetrical steps covering the rangj@; ,.x and
terms are significantly reduced?). A suitable compensated +q, ... The two-dimensional data set was then Fourier-trans
CPMG sequence such as the XY-8 variet@)(must be used in formed numerically and subsequently phase-corrected. Tt
order to preserve both orthogonal components of the magnearginalsP,,(Z,) and P,,(Z,) of the resulting propagator
tization. W,(Zy, Ay; Z,, A)), defined as
In cases wherd, > T, is found, e.g., for fluids in porous
media, long timescales can best be probed by observing
the stimulated echo. Figure 2c shows a modification of the Py (Zy) = J W,(Z4, Ay Zy, Ay)dZ,,
APGSTE sequence(14). A second gradient pulse pair sand-
wiched between an RF pulse triplet is added to allow the
application of all three gradients while the magnetization is P.(Z,) = j W,(Zy, Ay Z,, A)dZ,, [6]
stored in the longitudinal direction between these periods. The
spin system is only subject b, relaxation between eacty/2
RF pulse pair. were compared to one-dimensional propagators obtained unc
In practice, the SERPENT experiment will often be pefidentical conditions but with a higher resolution of 64 or 128

formed employing a suitably chosen short interdaland a points. The propagators matched satisfactorily.
series ofA, values. ThereforeT, relaxation might not be

relevant withinA;. As a hybrid method, we have used the RESULTS AND DISCUSSION
sequence shown in Fig. 2d, in which the magnetization is
evolving in the transverse plane until after the second gradientn our previous work, we investigated the spatial two-di-
pulse pair, while the delay betweeyn andg;, is bridged by a mensional propagatd?,(X, Z) for a similar system of packed
Carr—Purcell train of RF pulses. As in all previous applicatioridass beads7j. We found that the correlation coefficient for
to porous media, the conditiofiR?(8)) < a’, wherea is the displacements parallel and perpendicular to the pressure gr
pore size, must be met. dient, py.,, reached a maximum value at average displace
The measurements presented here were carried out usingemts corresponding to one bead radius. Larger displacemel
GEQ CSI spectrometer operating for proton resonance at Bfl to a decrease @f. , because of the dispersion process anc
MHz, the field being provided by an Oxford Instruments 83he mixing of particles between different streamlines, while fol
310 horizontal bore magnet equipped with room temperatureich smaller displacements, diffusion was dominating. Thi:
shims and S-150 Acustar actively shielded gradient coils prcan also be seen in the one-dimensional propagat¢?)
viding gradients of up to 2.0 T m. Phase cycling of the RF (2, 19: for short encoding timed, the propagator is essen-
pulses 14) was used to minimize the effects of backgrountdally Gaussian in shape and the particle displacements a
gradients and dc offsets. dominated by their Brownian motion, given by the self-diffu-
A glass tube of 11 mm i.d. and 200 mm length was filledion coefficienD,. Only for longer times does the shape of the
with a suspension of water and glass beadsl 6§ 300 um spreading function deviate significantly from the case of self
average diameter; the bead packing was slightly compacted 8iftusion.
not centrifuged. Copper(ll)-sulfate was added to the flowing As we want to investigate how displacements after an inter
water in order to allow a repetition time of 1.0 s. The wateral A, have evolved at a later tim&,, we are interested in

FIG. 2. Four different realizations of the basic SERPENT experiment as described in the text. (a) Pulsed Gradient Spin Echo (PGSE) sequence v
rephasing gradient pulses. (b) Carr—Purcell-Meiboom-Gill (CPMG) sequence with split gradient pairs. For gradient signs as in this figure,rabezvein nu
7 pulses between the gradient elements is required. (c) Alternate Pulsed Gradient STimulated Echo (APGSTE) sequence with two rephasing s&pE. (d)
sequence with CPMG module during the first evolution interval.
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FIG. 3. Two-time probability density functiohV,(Z,, A;; Z,, A,) for water flowing withQ = 14.0 ml/min in a bed of glass beads of 3@®n diameter.
A; = 18 ms is held constanty, is varied as indicated. Axis labels correspond to displacemenisnn

defining a suitable value foA; which best represents thesampled a finite number of 2-d propagator arrays (in this cas
velocity field within the porous matrix. From the findings inabout 8 values oA ,) within the 3-d subspace characterized by
(7), this means combining the two conditiokZ:(A,)) > one particular,.
2DoA; and(Z,(A,)) < d/2, whered is the bead diameter, In Fig. 3, four examples of the functioW,(Z,,A; Z,, A,)
with the restrictions given by experimental time and availabkre shown forQ = 14.0 ml/min andA; = 18 ms. Displace-
flow rate. We have choseh, = 30 ms for a flow rate of 7.0 ments Z, parallel to the pressure gradient during the first
ml/min andA; = 18 ms for 14.0 ml/min, corresponding tointerval A, are shown along the abscissa, whilg(A,) are
average displacementZ,(A,)) of 70 and 85um, respec- drawn along the ordinate axis. At shdx}, a correlation can
tively. clearly be seen: large displacements duringare found for

It should be pointed out that for the complete evaluation ¢drge displacements durindy;. Assuming thatP,,(Z,) repre-
the two-time propagatoV,(Z,, A;; Z,, A,), bothA; andA, sents the velocity field in the sample before mixing has becom
must be varied over an appropriate range of times, resultingdffective, it can be concluded that a given displacement i
a four-dimensional space of two displacement dimensions gmportional to the particle velocity, which has not changec
two time dimensions each. For practical reasons, we have onbnsiderably during\,. ForA, = 36 ms, this is still essentially
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A qualitative picture can be obtained by looking at the
marginals of the probability density functioV,(Z,, A;; Z,,
A,). These are shown for one example in Fig. 4. The margin
als, representing the one-dimensional propagBtgiZ;), can
also be obtained by a simple APGSTE experimehtl).
However, higher dimension propagators contain more corr
plete information on particle displacement correlations.

The ability to correlate displacements in different directions

{ at different times is exemplified by the correlation betweer
Z,(A;) andX,(A,) for two evolution times, shown in Fig. 5.
With growing A,, the fluid particles spread in the direction
perpendicular to the pressure gradient. The evolutioN g ,,
Ay; X5, A,), however, is less obvious at first sight. An analysis
in terms of conditional probability densities shows that—as
was already found in7)—large values ofZ,(A;) are corre-
lated with large values ofX,(A,)|. Again, this correlation
decays for increasing,.
The evolution of correlations can be described in a quanti
tative way by employing the mathematical definition of the
correlation coefficient which relates two paramet@randB,

PABs

2000 F E

Q1000 F

-1000 FRP ST I IS B
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FIG. 4. Two-time probability density functioW,(Z,, A;; Z,, A,) and
marginalsP,,(Z,) andP,,(Z,), respectively, for\, = 162 ms. Experimental
data are as in Fig. 3. Axis labels correspond to displacemenisnin

cov(A, B)

= , 7
Pas yvar(A) (Var(B) 71

true. AsA, is increased, the correlation becomes lost more and

more; atA, = 242 ms, the probability of finding a certainwhere the covariance is defined as cay(B) = (AB) —
displacemenZ, becomes almost independentf This fact (A){B), and Var(A) is the variance of.

can be interpreted by a change in velocity for most particles; The first example (Fig. 3) involved the correlation betweer
e.g., particles having a large velocity after have, for large Z,(A,) andZ,(A;), and Fig. 6 shows the coefficiept, ,, for

A,, changed streamlines to the extent thatA atthey possess both flow rates as a function of the average displacemer
almost any velocity existing within the system, weighted onlgturing A,, (Z,), which in turn is proportional to the elapsed
by the overall distribution of velocities. This process is comime A,. As the experiments were performed with a limited

pleted asA, — .

Delta1=30 ms, Delta2=75 ms

resolution, the propagators are subject to considerable syste
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FIG. 5. Two-time probability density functiolV,(Z,, A;; X,, A,) for a flow rate ofQ = 7.0 ml/min. Displacements in thedirection afterA, are drawn
along the abscissa, displacements intkdirection afterA, along the ordinate axis. Axis labels correspond to displacementsin
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- - —T 7 N = 2. As an example, we have investigated water flowing
glass beads 300 um | thr_oug_h a pac_ked bed _of rr_lono_sized spherical particles. B
:ﬁ | adjusting the first encoding time interval;, so that the prop-
E/% gﬁ\Ti 1 agator P,,(R,) closely represents the velocity field of the
~ 1 system, we have measuréd(Z,, A,; Z,, A,) over a range of
§\§ { A, The loss of correlation in the particle displacement distri-

Pz,z,

butions betweer\; andA, is documented by the decay of the
correlation coefficient between the displacements after bot
times, pz 2. A map of W,(Z,, A;; X,, A,), correlating
orthogonal displacements at different times, was shown fo
comparison.

] The class of experiments presented here enables one
§ directly map the intermediate-time behavior of fluid dispersior
in arbitrary environments. The decay of coherence in flow i
directly related to the sampling of the porous matrix by the
fluids; following the time evolution of this decay therefore

FIG. 6. Correlation coefficienp., z, for water flowing in a bed of glass gj|o\ys one to define characteristic time and length scales whic
beads of 30QJ_Lm dl_ameter. I_E_rror bars are estimated from repeated measu(r]ee-scribe the fluid/solid interaction process. A further applica
ments under identical conditions.

tion will be the monitoring of the mixing process between two

flowing liquids.
atic fluctuations; by comparing the reproducibility of identical Performing experiments as described in this work for flow
measurements we estimate an average errop of +15%. th_rough macroscopically anisotropic sample_s allows the dete
Within this error marginyp., », remains roughly constant for Mination of order parameters of the matnx_structure_z. The
small average displacements and decreases stronggfor results for Wa_ter flow through _glags bead packlngs are in goc
d. The initial value between 0.5 and 0.7 is mainly a cons@gdreement with earlier investigations of correlations at singl
quence of the contribution of Brownian motion to the propdimes, but orthogonal direction3)( In this work, correlations
gator. As would be expected, the larger flow rate results inPgtween displacements parallel and perpendicular to the flo
higher initial correlation coefficient. In the absence of selfXiS were found to be high for short encoding times but tc
diffusion, which is equivalent to an infinite Peclet number, th@ecay when the average displacement exceeded the pore si

correlation coefficient can be expected to reach unity for shortFurther detailed experiments and numerical simulation
evolution times: have been performed for several porous systems and will t

published elsewherd §). The investigations of time-correlated
lim lim py,s, = 1. 8] displacement s_pectra represent a potentially _powerful tool fc
Peow A0 the understanding of complex flow processes in the presence
sorption, exchange, and chemical reactions. A combination c
In a real system wherB, > 0, the highest possible value ofboth methods seems suitable for a further understanding of tt
pz.2, is found for a suitable choice df, and for shortd,. The properties of the spreading of fluids in inhomogeneous medi
evolution ofp,, ,, indicates the correlation length characteristith general and flow and dispersion in porous solids in particula
for the system and the form of the decay contains information
on the detailed characteristics of the loss in coherence of the ACKNOWLEDGMENTS
particles’ average flow paths.
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