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Method for measuring local hydraulic permeability using magnetic resonance imaging
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The hydraulic permeability of a porous medium characterizes the ease with which a fluid may be driven
through it, and is defined via the classical Darcy law. A method for noninvasive, nondestructive measurement
of one projection of the local permeability tensor of a porous medium, using gas phase magnetic resonance
imaging, is presented. Results are shown for one-dimensional experiments on dry porous rocks. The limitations
of the method are explored, and the extension to three-dimensional imaging of the permeability is discussed.
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INTRODUCTION

PACS nun®erd7.55.Mh, 76.60.Pc, 81.05.Rm

pressure gradient in E¢L), and permits the determination of

the medium permeability as shown below.

The permeability of a medium represents the ease with Consider the one-dimension&lD) situation of a gas
which a fluid may be driven through it, and is a characteristicflowing through a porous medium, as shown in Fig. 1. If a
of the medium only. It is a critical parameter in the modelingpressure drop measurement is made along the direction of
of fluid transport in a wide range of applications from oil- the main flowQ, the total fluid volume flow rate at position
well reservoir engineering to the drying of cements. Thez, q(z) is related to the local permeability and local pressure
measurement of local permeabilities remains a challengingradient by the projection of Eql) along thez direction,

problem. Currently, the direct measurement of local varia-
tions in permeability is only possible by placing pressure
sensors inside the medium, or alternatively, the material can
be physically sectioned and the permeability of each indi-
vidual element measured. Indirect estimates of permeabilit)o
can be obtained from tortuosity measurements using electri-

k(z) dP(z)

q(z :_%F' (2

nder steady-state flow conditions, the mass flow rate of the

cal conductivity experiments. It has recently been shown thaffuid through any transverse section of the medimz), is
such tortuosity measurements can also be made directly witPnstant along the core length and is related to the flow rate
gas phase NMR1]. NMR estimates of permeability have by p(z)q(z)=m(z)=m, wherep(z) is the gas density.

also been obtained indirectly from measurement of the po- For an ideal gas?V=nRT, or P=pRT/M,,, whereR is
rosity of the material and the pore surface to volume ratiahe ideal gas constani,the absolute temperature, akt, is

using NMR relaxation time$2—7], as well as from NMR

the molecular weight of the gas. Combining Darcy’s law

diffusion measurement{s8,9]. This paper presents a nonin- from Eqg.(2) with the continuity and ideal gas equations, the
vasive method talirectly measure the permeability of a po- permeability atz is

rous medium.

For a Newtonian fluid, laminar flow through a porous
medium can be described by the differential form of Darcy’s
law [10];

K(r)

AR
where P(r) is the local pressurey(r) the local fluid flow
vector,«(r) the local permeability tensor, ang(r) the local
fluid viscosity. This law holds on mesoscopic or larger
scales. If the fluid flowing through a porous material is com-
pressible, then the local pressure will be related to its den-
sity. In an NMR experiment on such a system, the nuclear
magnetization is proportional to the density of spins and
therefore to pressure. The resulting NMR signal is also pro-
portional to the spin density, to first order. It is thus possible
to obtain an image of the local pressure distribution in the
medium. This measurement can then be used to derive the

q(r)= D
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For an isothermal gas flow, the permeabilityz) is com-
pletely determined by the knowledge of the presui®), as
the viscosity dependence on density is neglig[dl&].
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FIG. 1. Schematic diagram of the model.
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It is possible to obtain a three-dimensional mapping oftoo rapid. A one-dimensional gradient echo sequence with a
«(r) using this technique. However, only one projection ofhard 90° pulse was used in the experiment. For the shortest
the local permeability tensor can be measured, that dictategcho times used~400 us), the upper limit for the perme-
by the local flow vector. If the local fluid flow vector at ability measurement was approximately 10 milliDarcy
positionr is alongs, q(r) =q(r)s, and if the direction of the  (mdarcy. This limit could be increased with faster gradient

local pressure gradient atr is along u, VP(r)  switching or the use of single point imaging or backprojec-
=[aP(r)/dr]u, then tion techniques.
1 The signal acquisition duration is limited by the hardware
dP(r) performance, while spatial resolution is primarily set by the
Ks(r)=—0a(r) 77( ) acceptable SNR for the desired accuracyoithe technique

is inapplicable in situations where the permeability of the
Mapping the three-dimensional fluid flow vecwr) can be  medium is affected by the gas, as for example by adsorption
accomplished using-space imaging techniqué$2]. Micro-  in coals. Finally, the internal local magnetic field gradients in
imaging studies of gas flow have recently been demonstrateiie porous medium should be as small as possible. Typically,
by a number of groupgl3,14]. Three-dimensional mapping T5 needs to be longer than 1 ms. An alternative approach is
of the pressure field can be performed with an appropriatéo use single point imaging techniques, where the signal ac-
3D imaging sequence such as backprojection or single poirguisition time can be reduced to the order of 56, which
imaging. Thus, a direct three-dimensional mapping of theémproves the signal to noise ratio and minimizes the dis-
permeability can be achieved. placement of gas molecules during the measurement.

The spatial resolution of the NMR imaging experiments The experiments were performed on a 2.35 T Bruker Bio-
can be an important factor, as these measurements are inhepec, horizontal bore system. Fluorine-19 NM$ MH2z)
ently discrete spatially, while Eq&3) and(4) above are con- measurements were performed using an inert, fluorine-rich
tinuous. If the pressure or flow distributions are heterogeprobe gas, heptafluoropropane GEFCHF—CF;, HFA-
neous within a single imaging voxel, the measured227). A 90° RF excitation pulse was used, followed by a
permeability is an effective permeability at the spatial reso-gradient-echo NMR experiment, with the gradient applied in
lution of the experiment. the direction of the bulk gas transport, resulting in one-
dimensional profiles.

The porous medium was first saturated with pure HFA-
227. MR profiles of the gas-saturated medium were then ob-

In practice the NMR signal in a gas has a complex depentained at various static pressures in order to calibrate local
dence on density as it is weighted by the longitudinal andsignal strength with pressure. A steady-state pressure gradi
transverse relaxation time3{ and T, respectively and the  ent was applied to the system and another MR profile ac-

diffusion coefficient of the ga®, all of which also depend quired. The map of fluid pressure in the flowing gas was then
on density. It is usually not possible to make an NMR ex-reconstructed using the calibration.

periment short enough to ensure that these weighting factors
are negligible. The NMR signal is therefore calibrated as a
function of gas pressure in the absence of a pressure gradi-
ent, and it is assumed that this calibration remains valid in

METHODS

RESULTS

the presence of the pressure gradient.
As the signal to noise ratiéSNR) is generally low in

Experiments were performed on two samples with known
bulk permeability of the order of 1 mdarcy: a sample of

gas-phase NMR experiments, it is essential to maximize it byndiana limestone, a commonly used building rock with spa-

adjusting the recycle timi with respect tar,. However,T,

tially homogeneous permeability, and a North Sea oil reser-

depends on pressure, and is observed to be approximatelpir sandstone, with clay particles interleaved between the
proportional to it,T,= 8P, in the range of pressures inves- silica grains. Gas adsorption was found to be negligible in

tigated. For a fixedg and a 90° radiofrequendyRF) pulse,
the calibration curve for signal streng®tversus gas pressure

P, is
S=aP|1 i
a —exp — 3P

, ©)

both cases.

Figure Za) illustrates a 1D profile of the gas flowing in a
cylindrical plug(25.4 mm in diameter, 61.5 mm in lengtbf
Indiana limestone. The sample was placed in a nitrile sleeve
experiencing an inward radial pressure of 15 bar to prevent
by-pass flow around the cylinder. Indiana limestones exhibit
low permeability, low susceptibility effec{s5] (T3 of the

wherea is a constant that depends on the RF detection proerder of 10 mg and homogeneous features on length scales
cess and the number of spins per molecule of the gas, pr@reater than 1 mm1].

vided that the echo timg: is short enough.

The echo time used wag=560 s and the recycle time

Note that care should be taken to ensure that moleculawastr=70 ms. Single shot signal acquisition lasts approxi-

displacementgdue to the pressure gradigmuring the im-

mately 2 ms, during which the typical net displacement of a

age acquisition are negligible compared with the spatial resagas molecule is 12zm which is negligible compared with
lution of the imaging. Only permeabilities below a certain the spatial resolution of 47@.m. The pressure calibration
threshold can be measured, otherwise the fluid flow will beresulted in a value oB=23.5x 10~ 2 s/atm, which was ob-
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FIG. 2. Results in the building rocka) Gradient echo gas pro- FIG. 3. Results in the two-stone systefal. Gas pressure drop

files in the Indiana limestone. The rock lies between the dottecfurve calculated from the gradient echo gas profiles for the two
lines. Signal outside the rock comes from gas in the fluid distributostacked stones. The sandstone lies between 0 and 20 mm. Most of
plates and the nylon pipes used to deliver the gas. The upglar the pressure drop occurs across this stone. The limestone is located
tively flat) profile results from static gas saturating the stone at 2.4¢etween 20 and 40 mm. Profiles were acquired with 25000 aver-
atm. The lowexnegative slopeprofile is obtained from gas flowing ades (k=127 ms,te=380 us). (b) Spatial distribution of the re-
from right to left. Inlet pressure3 atm, flow rate at the outlet ~ ciprocal of the permeability, derived from the curve (@f. Line
28.5 ml/min. Each profile is obtained from 23 000 acquisitions andthickness is twice the standard erfdue to thermal noigeAt very
takes 30 minutes to collect{=70 ms,tz=560 us).(b) Gas pres- high permeability, the data becomes unreliable, as the thermal noise
sure drop curve calculated from the flowing gas curve displayed i of the same order as the data. Spatial resolution is approximately
(a). The smooth continuous curve is a plot of the theoretical expres4 mMm.
sion for a homogeneous stofteq. (6)]. The small deviations of the . . . T .
data from this cgurve are wit[r?g t(ht)a] thermal noise of the measureg)f the method is provided by the e.s.t!mate I glyes of the ratio
ment. of the_two_ stones bulk permeabilities. The integral of the
curve in Fig. 3b) is calculated between 0 and 20 mm and
between 20 and 40 mm. The ratio of the integrals is 7.4

zforxgd to be approximately constant over the length of thei 0.6, and is independent of the above calibration procedure.

Figure 2b) shows the pressure drop obtained after nu- As the fluid enters and exits the stones, it probes a smaller

merical inversion of Eq(5) for each pixel. There are non- surface area than the total one because of the narrow pipe

negligible pressure drops in the thin nylon tubing at the ga%ransportlng the gas into and out of the stones. Thus, it ef-

. : . : ectively experiences a lower permeability at the ends, a so-
inlet and outlet of the sample. This explains why the inlet ; "

pressure is slightly lower than 3 atm and the outlet pressur%i[{l\zgeneg% e;;edct;loh;]trr;e isdige?:?ége?r?eo ?go(ljicZe(rjnTat?onotl)f
is slightly higher than 1 atm. The figure also shows the bes : ’ b

- . ermeabilities turns out to be 70.7. Thus, the result is not
fit of the data to the theoretically expected pressure drop, Eigniﬁcantly biased by these “end effects.” The small dis-

crepancy between the NMR result and the bulk permeability
measurement could be due to the fact that water was used for
the bulk permeability measurements, and the end effects are
different for the two fluids. In addition, the gas used is not an

obtained from Eq(3) for a medium with constant permeabil- ideal gas, and there could be small surfacg interactic_)n_s be-
ity, where P, and P,, are the gas pressures at the inlet andtween the gas and the pore surfaces affecting the validity of
outlet, andL is the length of the sample. The fit yield Eq. (3.
=2.83 atm and®,=1.35 atm. The excellent agreement be-
tween the two curves further validates the pressure measure-
ment. A direct method for measuring the spatial distribution of
In the next experiment a shortdength=20 mm) cylinder  the hydraulic permeability of a porous medium has been pre-
of Indiana limestone with bulk permeability 1.1®.02 sented here. It is both noninvasive and nondestructive, and
mdarcy was stacked with an identical cylinder of North Seauses the strong sensitivity of the NMR signal to the nuclear
sandstone exhibiting a bulk permeability 0:13.02 mdarcy  spin density. It may be possible to use the same principle
which is 8.8+ 0.2 times lower than the limestone. The stoneswith other noninvasive means of gas density measurement,
were placed in the same sample holder under identical corsuch as Positron Emission Tomography. However, the supe-
ditions to the previous experiment and the gradient echo exdor temporal and spatial resolutions usually achieved with
periments performed with an echo time of 383 and a MRI makes it a more attractive choice.
recycle time of 127 ms. Figure(® shows the pressure drop ~ The main application of the method is to improve single
across the two stones. This curve is convolved with a Gausgphase and multiphase fluid flow modeling in heterogeneous
ian smoothing functior(standard deviation2 mm), multi-  porous media. The method can provide measurements of the
plied by its gradient and then normalized by its integral,changes in the local permeability of a porous medium due to
which is proportional to the reciprocal of the known bulk the presence of other fluid phases or solid particles, provided
permeability of the system. Figure(l shows the spatial there is no interaction between the gas flow and the medium.
distribution of the reciprocal of the permeability. Validation Such interactions could involve bulk displacement of any

p2_p2

i o

L

P(z)= ( z+ P2, (6)

CONCLUSIONS
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