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Abstract 
We review the uses of nuclear magnetic resonance techniques for experiments with fluids. More precisely we focus on the 
progress of knowledge in complex flows, rheology of complex fluids, flow in porous media, colloid transport, fluid transfers 
in complex porous systems, which have been allowed by NMR techniques. These achievements took advantage of the versa-
tility of NMR, which makes it possible to carry out more original measurements than the basic well-known density imaging 
(MRI). One may thus rely on non-destructive, non-invasive measurements providing local velocimetry, local rheometry, 
statistical approaches of molecular displacements or velocity, distribution of adsorbed or suspended colloids, the evolution 
of the liquid distribution in different states, data on fluid transfers during drying or imbibition, etc.

Graphic abstract

1 Introduction

In modern science, it has become common to observe inter-
nal flow characteristics. This is relatively simple for trans-
parent fluids but more complex for non-transparent ones. 
MRI (magnetic resonance imaging) is well-known for its 
use in medical examination of human body, essentially as a 
microscopy imaging technique among others, such as ech-
ography or X-ray scanning. Actually, at the source of MRI 
is the physical phenomena which also became a technique, 
i.e. NMR (nuclear magnetic resonance), which offers a wide 
field of possibilities of non-destructive measurements inside 

This paper is dedicated to the memory of my colleague Stéphane 
Rodts, at the origin of so many developments in NMR in 
Laboratoire Navier.

 * P. Coussot 
 Philippe.coussot@univ-eiffel.fr

1 Laboratoire Navier, Univ Gustave Eiffel, ENPC, CNRS, 
16-20 Bd Newton, 77420 Champs sur Marne, France

http://orcid.org/0000-0003-3980-0825
http://crossmark.crossref.org/dialog/?doi=10.1007/s00348-020-03037-y&domain=pdf


 Experiments in Fluids (2020) 61:207

1 3

207 Page 2 of 20

non-transparent materials. Indeed, with NMR it is possible 
to excite differently different areas, which allows imaging, 
but also to get various information on the physical character-
istics of the system at a local scale, such as the liquid content 
and the displacement or velocity of the liquid molecules, 
through local or statistical measurements. Moreover, since 
the relaxation of the NMR signal is affected by the interac-
tions of the liquid with its environment (and in particular the 
surrounding solid phase), NMR also offers the possibility to 
determine the liquid state and estimate the pore size or shape 
in which the liquid lies, or the concentration of suspended 
elements in a suspension. This made it possible to develop 
research and make progress in our understanding of various 
flow types, such as flows of complex fluids or fluid flows in 
complex structures (such as porous media), so far gener-
ally inaccessible to internal information. The objective of 
the present paper is to review a series of fluid mechanics 
problems in which one of the various techniques related to 
NMR or MRI allowed significant progress from the fluid 
mechanics point of view, generally through quantification 
of well-controlled processes.

In this context, we will start by giving a brief overview 
of the basic technical elements allowing the reader to under-
stand the principles of the technique and its versatility to 
measure various flow and material characteristics. Thus, we 
will not review the most appropriate equipments, materials 
or NMR procedures (sequences), allowing to get the best 
measurements for each specific problem, but it must be kept 
in mind that this is in itself a wide scientific field and obtain-
ing relevant and precise measurements generally requires 
strong skills and experience. Also note that we will leave 
apart the specific field of flow measurements for medical 
applications.

We will consider progress in our understanding of com-
plex flows (i.e. flows with complex boundary conditions) 
and of the behavior of complex fluids. This naturally leads to 
the study of flows of suspensions or pasty materials, which 
are generally non-transparent, transient transport in porous 
media, transfers between liquid phases in a porous medium, 
all fields for which it seems that NMR and MRI provided 
unique internal information making it possible to understand 
the physical processes. The present information may be com-
pleted by reading several other reviews which nevertheless 
generally insist more on the technical possibilities of NMR 
or MRI: characterization of porous media by NMR (Barrie 
2000), MR velocimetry (Elkins and Alley 2007), adsorption, 
diffusion and flow (Gladden and Mitchell 2011; Gladden 
and Sederman 2013), mass transfers (Koptyug and Sagdeev 
2002), turbulent flows (Sederman et al. 2004).

2  The versatility of nuclear magnetic 
resonance for measuring flow properties

The various possibilities of NMR spectroscopy and imaging 
are described in usual textbooks such as those of Ernst et al. 
(1987) for spectrometry and Callaghan (1991) for imaging 
and diffusion. Here we just review basic aspects and give a 
synthetic presentation which allows to understand the speci-
ficity of NMR and the possibilities this technique offers in 
the field of fluid mechanics.

Atomic nuclei are characterized by different states of 
energy. When they are set in a magnetic field their equi-
librium distribution in the corresponding energy levels is 
displaced. Within the frame of an (approximate) classi-
cal mechanics treatment the nuclei may be considered as 
charged particles exhibiting a magnetic moment (spin) (M). 
When it is immersed in a magnetic field (�0) of amplitude B0 
it may be shown that this spin follows a precession motion, 
i.e. it turns around the magnetic field direction:

in which �0 = �B0 is the Larmor frequency, with � the 
gyromagnetic ratio of the particle. Since there are in addi-
tion energy exchanges due to mutual interactions between 
material components, the spin progressively tends to align 
along the direction of the magnetic field. In practice, this 
may be described by simple relaxation processes concerning 
separately the spin components parallel and perpendicular 
to the field direction, namely �∕∕ and �⊥ . The correspond-
ing relaxation times are respectively T1 and T2 , and simple 
relaxation equations may then be used to describe each pro-
cess. These relaxation times depend on the energy exchanges 
between the spins and with the surroundings. In particular, 
their values decrease when the liquid is confined in smaller 
pores.

When some small magnetic field in a different (but con-
stant) direction is repetitively added to this main field, it may 
ultimately tend to destabilize the spin (which then tilts from 
the main direction), this is resonance. When this additional 
field is released the spin more or less rapidly gets back, i.e. it 
relaxes, towards its equilibrium position. These phenomena 
may be detected from the electrical current they induce in a 
coil. Since the magnetic fields acts “at distance” inside the 
material and induces reversible effects the technique is non-
invasive and non-destructive.

If a magnetic field gradient ( � ) is added to the main 
field, this one becomes �(�) = �0 +� ⋅ �, and the spin now 
precesses at a Larmor frequency �(�) = �B which depends 
on its position � within the material. Imaging from mag-
netic resonance is based on the fact that the proton spins 
precess at different rates as a function of the field value 
in the different regions they go through, which induces a 

(1)�
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phase shift between spins having followed different paths. 
Over a short duration t  , this motion may be expressed 
in terms of the current position: �(t) = �1 + t�1 + o(t), in 
which �1 = �(t = 0) and �1 = �(t = 0) but we will drop the 
indices in the following. Let us consider a small fluid ele-
ment in which the velocities of the different elements do 
not differ significantly during a typical duration Δt of the 
elementary step of an NMR sequence (say several tenths 
of milliseconds). The total phase shift of the spins in this 
fluid element is found by integration of the elementary 
phase shifts resulting from the different magnetic fields 
to which this element was submitted during its motion. 
Taking into account in addition the relaxation, the NMR 
signal of this fluid element finally expresses as (at order t):

with � = � ∫
Δt
�(t)dt and � = � ∫

Δt
t�(t)dt.

Most of the versatility of NMR is contained in 
Eq. (2). Indeed, through m0(�) the signal is proportional 
to the local spin density, and thus to the mass density of 
elements containing the resonating spins. Through the first 
term in the exponential the phase shift varies with the 
gyromagnetic ratio, and thus with the atom under study, 
so that different species may be detected using different 
resonance frequencies. Through the second term in the 
exponential the phase shift varies with the proton position; 
if the other terms remain constant the total NMR signal, 
i.e. S = ∫ m(�)d� where the integral is taken over the sam-
ple volume imaged, writes

We recognize the Fourier Transform of m0(�) . Since at 
each step of any NMR experiment the total signal from the 
sample is recorded, density imaging will consist to make a 
series of measurements of S for different values of � (i.e. 
different values of the imposed magnetic field gradient) to 
finally get an image of the density field from the inverse 
Fourier Transform of S(�) . This is standard MRI, that we 
will often call MR density imaging in the following, to be 
more precise.

Velocity imaging can be achieved by imposing a history 
of � such that ∫

Δt
�(t)dt = 0 , so that if the other terms are 

constant the total signal now writes

and the same approach as above (by inverse Fourier Trans-
form) may be used to finally get the velocity field in the 
sample. This is MR velocimetry.

(2)
m = m0 exp

[

i�B0Δt + i� ⋅ � + i� ⋅ � − t∕Trelax(�) + o(t)
]

(3)S ∝ ∫ m0(�) exp [i� ⋅ �]d�.

(4)S ∝ ∫ m0(�) exp
[

i� ⋅ �
]

d�

Note that from a general point of view more detailed 
information (i.e. better resolution) is obtained from measure-
ments at a larger number of different values of the gradients, 
which is obviously at the price of larger experimental dura-
tion. On another side, more information on the motion (such 
as the acceleration) can be in principle obtained by looking 
at further orders of development of the position.

At last, the phase shift being sensitive to the spin relaxa-
tion the images obtained through the above-described tech-
niques may be “weighted” by the relaxation time, if this 
relaxation time varies from one place to another in the 
sample. When the physical origin of this relaxation time 
difference is known this provides an image of the field of 
these physical characteristics. On another side, it is possi-
ble to look directly at the statistical distribution of the dif-
ferent relaxation times existing in the system, by analysing 
the relaxation process in details, which finally provides a 
quantification of some liquid transfers at a local scale in the 
material.

3  Complex fluid flows

To check the validity of models or simulations it is useful 
to measure the velocity field of a flowing fluid. Different 
ways exist for such measurements: Particle Imaging Veloci-
metry (PIV) (Raffel et al. 1998), Dynamic Light Scattering 
(Fuller 1995; Salmon et al. 2003), Laser Doppler Anemom-
etry (Durst et al. 1976), ultrasounds (Gallot et al. 2013). 
These techniques are based on the analysis of image cor-
relation, signal attenuation or scattering. Although some of 
the above techniques have been used marginally for studying 
some complex flows or fluids, MRI velocimetry is a unique 
tool for studying the flow properties of non-transparent 
materials or concentrated suspensions through complex 
geometries, as encountered in various industries (concrete, 
mortars, muds, mining residues, toothpastes, food pastes, 
paints, etc.). Note that such materials are often yield stress 
fluids (see next section for more details), which flow only 
when a stress larger than a critical value is applied, other-
wise they behave as solids; complex flows of such materi-
als generally exhibit original trends (Coussot 2014). MR 
velocimetry has been used to get information on the flow 
characteristics of such material type during extrusion, i.e. 
flow through an orifice of a die, a process widely used for 
pasty material moulding in industry. This provides a view of 
the possible dead zones and the shear intensity distribution 
in the rest of the fluid, in particular at the entrance in the 
die (Barnes et al. 2006; Rabideau et al. 2010; Iwamiya et al. 
1994; Rodts et al. 2010). It is also possible to observe the 
development of more concentrated zones around and before 
the die entrance (Rabideau et al. 2012). The inverse process, 
i.e. yield stress fluid flow entrance in a larger conduit, could 
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also be described, showing, in particular, the migration of 
suspended particles (Jossic et al. 2002; Jossic and Magnin 
2005; Moraczewski et al. 2005). In the case of the expansion 
flow of a homogeneous (simple) yield stress fluid in a short 
conduit of larger diameter, a surprising effect of shear-band 
around the penetrating fluid could be observed (Chevalier 
et al. 2013).

Beyond the observation of flow characteristics allowing 
some qualitative comparison with simpler fluids in the same 
geometry, a step further in the analysis of such data can be 
made by comparing the experimental data with numerical 
simulations of the flow field (see Fig. 1). For these complex 
fluids (i.e. pastes or concentrated suspensions) this must rely 
on an appropriate program and the implementation of a rel-
evant tensorial constitutive equation, the latter point being 
still a matter of intense debate in the field of yield stress 
fluids (Saramito 2007; Saramito and Wachs 2017; Mendes 
2011; Mendes and Thompson 2012; Fraggedakis et al. 2016; 
Bleyer et al. 2015; Chaparian and Frigaard 2017; Dimitriou 
and McKinley 2019; Varchanis et al. 2019). Finally, except 
in some cases (Zhang et al. 2018a; Varchanis et al. 2020) the 
validity of these constitutive equations is essentially tested 
from the analysis of simple shear flows. For simple expres-
sions this can be straightforward: this is, for example, the 
case of the basic 3D Herschel–Bulkley expression (Coussot 
2005) which contains no more parameters than in the simple 
shear expression; however, as for the others, this tensorial 
expression has not been proved to apply for more complex 
flows. More systematic development and comparison of MR 
velocimetry for such fluid flows with complex boundary 

conditions could thus constitute an important step forward 
as it would theoretically allow to determine the form of the 
constitutive equation and the involved rheological param-
eters. However a fundamental point has to be taken into 
account with such fluids in the analysis of the velocity field 
(Coussot 2014), which contrasts with a similar approach 
for simple fluids: in non-uniform flows, the solid and liquid 
regions are not established, they can evolve from one point 
to another so that some significant deformation in the solid 
regime can take place in some given region, which must not 
be confused with the flow in the liquid regime. Thus, the 
analysis of the velocity field for such materials, even for sta-
tionary flows, cannot rely on a simple Eulerian description.

Besides, MRI velocimetry has been used in a variety of 
flow situations, such as the evolution of the composition 
of a drying sessile droplet (Kind and Thiele 2019), flow 
in a 3D meandering channel (Wiese et al. 2018), turbulent 
inclined jet in crossflow (Milani et al. 2019), concentration 
distribution during injection in another liquid (Banko et al. 
2020), flow in a model urban canopy (Shim et al. 2019), Tay-
lor–Couette instability (Seymour et al. 1999). Remarkably, 
for the Taylor–Couette change of stability in a coaxial cyl-
inder geometry with a superimposed axial flow, a complete 
view of the internal characteristics could be obtained (Valla-
tos et al. 2012). The global aspect of the axial displacement 
and a full characterization of the velocity field in the three 
directions are shown in Fig. 2. The physical processes were 
then further described from the determination (by NMR) of 
the conditional probability density for displacement (Val-
latos et al. 2012).

Fig. 1  2D velocity field in a longitudinal cross-section of the flow of 
a yield stress fluid (a Carbopol gel) through a conduit ended by a die 
(contraction ratio: 8): a velocity field in the main conduit, b zoom in 
the entrance and die region. The flow is imposed by a piston upward, 
moving at 200 μm/s. MR velocimetry data are shown on the left part 
of each picture, while the results of simulations are shown on the 

right. The simulation assumes a simple yield stress fluid behavior 
(standard 3D Herschel–Bulkley model)  with linear elasticity in the 
solid regime up to yielding. The observed differences might be due 
to the fact that elastic effects were not properly accounted for in this 
model. Copyright Fig. 14a, b of Rabideau et al. (2010)
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4  Complex fluids and rheology

4.1  Velocimetry of complex fluids

Rheometry is the set of techniques developed for measuring 
the constitutive equation of materials. For fluids these tech-
niques rely on the use of boundary conditions allowing to 
approach as close as possible viscometric flows, i.e. flows for 
which there exists a referential in which the strain rate tensor 
exhibits a simple form with only one non-zero term (a diago-
nal one) (Coleman et al. 1966). This term is proportional to 
the shear rate amplitude (�̇�) (velocity gradient). The relation-
ship between the corresponding shear stress amplitude (�) 
and the shear rate defines the (intrinsic) constitutive equa-
tion of the material in simple shear. It may be very simple, 
as for Newtonian fluids (𝜏 ∝ �̇�), or much more complex and 
in particular depend on flow history, as is the case for yield 
stress fluids, viscoelastic or thixotropic materials.

Usual rheometers measure macroscopic characteristics of 
the flow such as the force or the torque exerted along some 
boundary of the fluid and the relative velocity of boundaries. 
The corresponding data are generally interpreted by assum-
ing that the material and flow characteristics (typically the 
shear rate) are homogeneous in the gap between boundaries. 
This makes it possible to deduce the shear stress (force per 
unit area of contact between the tool and the material) and 

the shear rate (relative velocity between tools divided by 
the gap thickness). For complex fluids, this assumption may 
easily fail due to the non-linearity of the material behav-
ior and/or due to the heterogeneity of its components (e.g. 
suspensions). It follows a range of effects possibly perturb-
ing the flow, such as migration or sedimentation leading to 
density heterogeneity, slip at the wall precluding a correct 
shearing of the material, shear rate heterogeneity or even 
shear-banding (Coussot 2005). These artefacts induce devia-
tions of the material characteristics (homogeneity) or flow 
characteristics from the assumptions made for calculations 
based on macroscopic measurements which cannot take 
them into account (see Coussot 2005). MRI appears as an 
ideal means to analyze in details such problems. This was 
for example done by Ovarlez et al. (2011) for edge effects in 
Couette flow induced by a vane (instead of the inner cylin-
der) or Zhang et al. (2018b) to measure the wall slip velocity 
of pastes along smooth surfaces. However, this is concern-
ing the velocity field and the density distribution that most 
progress has been done (see below).

The ideal configuration to observe the non-linearity of 
the fluid behavior readily appears to be the Couette (coaxial 
cylinders) system. Indeed, in the absence of inertia effects, 
if the fluid deformation exhibits a cylindrical symmetry, it 
may be shown from momentum equation (see Coussot 2005) 
that the shear stress writes � = C

/

2�r2h, in which C is the 
applied torque and h the sample height. The resulting varia-
tion of the stress with the distance from the system axis is all 
the stronger as the gap is larger and the material behavior all 
the more deviates from linearity. This leads to various types 
of velocity profiles in the gap (see Fig. 3). A first approach to 
quantitatively analyze such data (i.e. velocity profile meas-
urements) in terms of fluid rheological behavior, consists 
to compare the experimental profile with the one expected 
from the fluid behavior determined through standard (mac-
roscopic) rheometrical measurements (Coussot 2005). This 
was for example successfully done for polymers and suspen-
sions (Sinton and Chow 1991) and for Xanthan gum (Blythe 
et al. 2015). A similar approach can be carried out from 
velocity profile data in a capillary geometry, since again in 
that case, in steady-state uniform flow, the stress distribution 
is given: � = r�p∕2�z, where �p∕�z is the pressure gradient 
along the capillary axis. The technique was used with Xan-
than gums (Haavisto et al. 2017), concentrated emulsions 
(Hollingsworth and Johns 2004; Zhang et al. 2018b) and a 
few other materials (Seymour et al. 1995).

MRI velocimetry also allowed to directly observe an 
extreme non-linearity induced by the behavior of some sys-
tems in any type of geometry (even the cone and plate one 
for which the shear stress is almost perfectly uniform). This 
is shear-banding, which corresponds to a localization of 
deformation in a specific region with a shear rate anywhere 
in this region larger than a finite value (see Fig. 3). The 

Fig. 2  Taylor–Couette change of stability with superimposed axial 
flow observed by MRI. Different flow characteristics are shown for 
the same region (4.75 × 14 mm) of the system: density imaging after 
injection of a Ferroin solution from downstream, giving the impres-
sion of a progression of the vortices as a plug (a); velocity maps of 
the flow in the axial (b), radial (c) and azimuthal (d) directions. Cop-
yright Fig. 2 of Vallatos et al. (2012)
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first direct MRI observation of this type concerned micellar 
solutions (Britton and Callaghan 1997a, b, 1999). This was 
afterwards confirmed by similar tests in Couette cells (Dou-
glass et al. 2008), but later, more sophisticated NMR meas-
urements showed that shear-banding fluctuations (Lopez-
Gonzalez et al. 2006; Al-kaby et al. 2018) and exchanges 
between coexisting phases (Medronho et al. 2011) also 
occur, in keeping with observations with other techniques 
(Fardin and Lerouge 2012).

On another side, MR velocimetry made it possible to 
observe shear-banding in a variety of colloidal suspensions: 
clay-water suspensions (Coussot et al. 2002a; Raynaud et al. 
2002), silica suspensions (Moller et al. 2008), hard-sphere 
suspension (Wassenius and Callaghan 2005), colloidal 
star polymers (Rogers and Callaghan 2009; Holmes et al. 
2004), Cement pastes (Jarny et al. 2005), attractive emul-
sions (Ragouilliaux et al. 2007), drilling fluids (Ragouil-
liaux et al. 2006), waxy crude oils (Mendes et al. 2015), 
wax suspensions (Andrade et al. 2020). For several of these 
materials, shear-banding was shown to be intimately linked 
to the thixotropic behavior of the suspension (Ovarlez et al. 
2009), the material behavior evolving to a liquefied state, 
beyond a critical stress, and to a solid, restructured state, 
below this stress (Coussot et al. 2002b).

4.2  “Local rheometry” by MR velocimetry

Although the above approach is interesting as it gives unique 
information about the flow characteristics inside the gap of a 
rheometer (Couette or capillary), a more powerful approach 
has progressively developed for analyzing such data, starting 
as far as we know with the works of Ovarlez et al. (2006) and 
Ragouilliaux et al. (2006). It consists to directly associate 
each local shear stress value (according to the above expres-
sions) to the local shear rate deduced from the slope of the 
velocity profile through the expression: �̇� = v𝜃

/

r − dv𝜃
/

dr 
(Couette) or �̇� = dvz

/

dr (capillary). Then a plot of the cor-
responding pairs of shear stress vs shear rate constitutes the 
rheogram, i.e. the apparent flow curve (stress vs shear rate 
curve), of the material obtained from local measurements. 
The whole approach may be considered as local rheometry, 
as it directly probes the constitutive equation of the material 
at the scale of the resolution of the MR velocimetry tech-
nique. Note however that some additional uncertainty neces-
sarily appears from the fact that the shear rate determination 
requires a derivative of the velocity profile, a process which 
enhances uncertainties. Different curves may be obtained 
from tests at different relative rotation velocities of the cylin-
ders. The overlap of such curves (see Fig. 4) then proves the 
consistency of the constitutive equation obtained in this way, 
as this indeed means that a single local rheological behavior 
is obtained for a given shear stress even if the data for a 
given stress have been obtained under different flow condi-
tions and at different places in the fluid. Local rheometry 

Fig. 3  Typical (theoretical) tangential velocity profiles for the flow of 
different material types in a Couette geometry with inner and outer 
cylinder radii R1 and R2 . The tangential velocity is rescaled by the 
maximum velocity (i.e. the velocity along the inner cylinder). The 
distance from central axis is rescaled by R0 =

√

C
/

2�h�
c
, the dis-

tance between the axis and corresponding to the location of the solid–
liquid transition for the yield stress or shear-banding fluids considered 
here. The rheological models assumed here are: (shear-thinning) 
power-law model (𝜏 = k�̇�n) with n = 0.4, (yield stress fluid) Her-
schel–Bulkley model ( 𝜏 = 𝜏

c
+ k�̇�n for 𝜏 > 𝜏

c
 ) with n = 0.4 , and 

(shear-banding yield stress fluid) truncated power-law model ( 𝜏 = k�̇�n 
for � ≥ �

c
 ). Note the difference in velocity profile between a simple 

yield stress fluid and a shear-banding yield stress fluid: the shear rate 
at the liquid–solid transition for the latter is strictly positive while it 
tends to zero for the former

Fig. 4  Data from local rheometry by MR velocimetry  and compari-
son with data from the standard (cone and plate) rheometry (filled 
symbols): silicone Newtonian oil (circles) (Nikolaeva et  al. 2020), 
yield stress Carbopol gels (Nikolaeva et  al. 2020) (squares and dia-
monds). The different colors correspond to tests carried out at differ-
ent rotation velocities. The continuous lines are models fitted to data 
(Newtonian or Herschel–Bulkley models). The (blue) upper data cor-
respond to bentonite-water suspensions at different concentrations 
(Coussot and Ovarlez 2010), exhibiting shear-banding, i.e. no steady-
state flows could be observed for shear rate along the grey range
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by MR velocimetry made it possible to determine the effec-
tive rheological behavior of Newtonian fluids (Nikolaeva 
et al. 2020), simple yield stress fluids such as Carbopol gels 
(Coussot et al. 2009; Nikolaeva et al. 2020) and emulsions 
(Ovarlez et al. 2008). In that case, the consistency of these 
data with the flow curve determined from standard rheom-
etry could also be checked (see Fig. 4). For systems exhibit-
ing shear-banding this technique leads to a truncated flow 
curve, which predicts that no flow can be obtained at shear 
rate below a critical, finite, value (see Fig. 4). In that case, 
the technique was used for bentonite (clay)-water suspen-
sions (Coussot and Ovarlez 2010; Chernoburova et al. 2018) 
and for wax suspensions (Andrade et al. 2020).

Density MRI also made it possible to detect the devel-
opment of concentration heterogeneities in flowing suspen-
sions. This effect, which was essentially observed in Couette 
flow (Graham et al. 1991; Abbott et al. 1991; Chow et al. 
1994; Corbett et al. 1995; Götz et al. 2001) and in capillary 
(Brown et al. 2009), is a common shear-induced diffusion 
which takes the form of a particle concentration increase 
towards the outer radius in Couette and towards the center in 
capillary. The concentration profile in steady state could then 
be compared (Colbourne et al. 2018) with some existing 
model of this phenomenon. Obviously, when such an effect 
occurs, it precludes a relevant analysis of the constitutive 
equation on the basis of the simple relationship between the 
local shear stress and shear rate (see above), since we have 
a different material (of different composition) at any point 
in the system. However, the complete information provided 
by NMR measurements on the local velocity and particle 
concentration still allows to approach the intrinsic behavior 
of the material, as shown by Ovarlez et al. (2006), which 
deserves to be detailed here. Here we expect the constitu-
tive equation in simple shear to write in the form 𝜏(�̇� ,𝜑), in 
which �̇� can be determined from MR velocimetry and � (the 
particle concentration) from MR density imaging (see insets 
of Fig. 5). For a model suspension at concentrations close to 
the maximum packing fraction, the intrinsic viscosity (i.e. 
𝜏∕ �̇� ) could thus be deduced (see Fig. 5). This in particu-
lar showed that this effective local viscosity is significantly 
larger than the standard semi-empirical prediction of Krieger 
and Dougherty (1959) (see Fig. 5), which so far could only 
be compared with experimental data strongly affected by 
a concentration gradient. These observations by MRI also 
showed that the migration effect develops very rapidly, typi-
cally after one revolution.

So far we focused on the steady-state behavior of com-
plex fluids, but such materials also often exhibit a behav-
ior depending on the flow history, this is thixotropy. MR 
velocimetry can be used to study the thixotropic behavior of 
fluids. Obviously, the steady state flow curve after different 
times of rest leading to different initial states of structure can 
be determined. It was thus shown in the case of bentonite 

suspensions that the apparent flow curve of a typical thix-
otropic fluid may depend on the preliminary time at rest 
before imposing some shear: the velocity profile in steady 
state is then localized in a thinner region for an increasing 
time at rest (Raynaud et al. 2002). When the time evolution 
of the velocity profile is sufficiently slow with regards to the 
time needed for MR velocity measurements, it is also possi-
ble to observe the evolution of the velocity profile following 
a step change of the rotation velocity. With the help of the 
above approach such data may be interpreted in terms of an 
apparent flow curve evolving in time (Ragouilliaux et al. 
2006), associated with some evolution of the structure of the 
material (possibly the number of links between the elemen-
tary components). In the absence of more information con-
cerning this structure these apparent flow curves constitute 
a phenomenological description of the thixotropic behavior. 
One can hope that in the future it will possible, at least for 
some systems, to establish some connection between this 
local apparent viscosity and the relaxation time, the diffu-
sivity or any other property accessible from NMR measure-
ments which could provide a physical characterization of the 

Fig. 5  Local viscosity (rescaled by the interstitial liquid viscos-
ity) as a function of concentration for model suspensions of coarse 
particles in a Newtonian liquid, deduced from local measurements 
of the velocity (top inset) and the concentration (bottom inset) as a 
function of the distance from the axis. Note that these data corre-
spond to flow regimes for which it was observed that the torque var-
ies linearly with the rotation velocity. Since the velocity profile does 
not vary in this range (see top inset), this macroscopic linear behav-
ior ensures that the local behavior is Newtonian and implies that the 
viscosity is a function of the concentration only. Data shown in the 
insets here correspond to a mean concentration of 58%. The viscos-
ity data obtained for different mean concentrations and shown in the 
main graph fall along a master curve, which ensures the consistency 
of the approach. The continuous line is the Krieger-Dougherty model 
(�
/

�0 =
(

1 − �
/

�
m

)−2.5�m ) fitted to data obtained by standard mac-
roscopic rheometrical measurements (i.e. assuming homogeneous 
concentration) with �

m
= 60.5%. Data from Ovarlez et al. (2006)
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structure during flow. This would make it possible to get a 
complete picture of the constitutive equation of thixotropic 
fluids (one of the most complex problem in rheology), in 
the spirit of the approach described above for concentrated 
non-Brownian suspensions, i.e. with here the stress being 
a function of the local shear rate and state of the structure.

5  Flows in porous media

5.1  Direct flow measurements

Porous media are materials which constitute an ideal tar-
get for the application of NMR as they are non-transparent 
but contain liquid dispersed throughout the structure. The 
basic property of a porous medium being its permeability, 
i.e. the easiness with which a fluid is able to flow through 
it, which is in general determined “macroscopically”, it is 
natural to first attempt to use NMR to get information on 
the internal flow characteristics when a liquid steadily flows 
through the medium. MR velocimetry was for example used 
to determine the average velocity distribution in a medium 
with a transverse permeability gradient (Pavlovskaya et al. 
2018), allowing to study directly the impact of permeabil-
ity on the mean flow characteristics and compare it with 
theoretical predictions or numerical simulations. For porous 
media, one may nevertheless expect to get more details on 
the flow by measuring the velocity field at a local scale, 
i.e. within the pores. However, since the velocity varies in 
a wide range from the walls (where, in the absence of wall 
slip, the velocity is equal to zero) to the center of the flow, 
obtaining sufficient information at first sight means to get a 
detailed velocity field at the pore scale. Thus, if, as expected 
for a homogeneous porous medium, the pore scale is much 
smaller than the sample scale, this requires to have a resolu-
tion very much smaller than the sample size, which is hardly 
accessible with existing equipments.

Another possibility for measuring the velocity field in a 
porous medium consists to use index-matched fluid–solid 
systems and then either track suspended particles moving 
with the fluid or relying on the Doppler effect (see reviews 
by Wood et al. 2015 or Wiederseiner et al. 2011). Nice 
velocity fields can be obtained in relatively small samples, 
but the limitations of such techniques as compared to MR 
velocimetry are as follows: we need to have transparent fluid 
and porous structure; measurements are more uncertain at 
increasing depth in the sample, due to a path going through 
an increasing number of liquid–solid interfaces.

When some satisfactory velocity field has been obtained, 
this provides a nice insight in the internal flow character-
istics, but its analysis remains problematic: the detailed 
information at the pore scale depends much on the local 
boundary conditions, which vary from one pore to another in 

a disordered porous system. As a consequence, the velocity 
field at the pore scale in some pores cannot be considered 
as providing an information representative of the flow char-
acteristics in the whole system. For example, some hetero-
geneities (main flow in specific paths) have been observed 
in such cases (Sederman et al. 1998; Götz et al. 2002; Ren 
et al. 2005; Lovreglio et al. 2018), which are likely specific 
of the boundary conditions chosen. In particular, Ren et al. 
(2005) showed that heterogeneities and edge effects tend 
to become negligible for the sufficiently large conduit to 
bead diameter ratios. As for complex flows (see Sect. 3), a 
step further in the analysis of such data implies to compare 
them with the predictions from numerical simulations, as 
was done by Lovreglio et al. 2018 (see Fig. 6). If success-
ful, this allows to validate the simulations which may then 
be used to predict the flow characteristics, and in particular 
the permeability, of other systems. Other more original uses 
of direct MR velocimetry inside porous media concern the 
imaging of the melt front propagation in a phase change 
material inside a porous medium (Skuntz et al. 2018), and 
the determination of the internal velocity field of gas–liquid 
flow through a porous medium (Sankey et al. 2009), using 
sulfur hexafluoride as gas to detect its motion.

5.2  Statistical approach of the velocity distribution

The above approaches remain somewhat onerous for a lim-
ited result, while NMR offers more powerful techniques to 
study flow characteristics in porous media. Actually, the 
particular nature of porous media made of a large number 
of pores in which the detailed velocity field varies from one 
pore to another, suggest to look at the flow characteristics 
in a different way taking into account the statistical nature 
of the system. This consists to measure some local physical 
quantity related to flow and determine the statistical distri-
bution of this property. In that frame, NMR has the great 
advantage to be a technique which records the signal aris-
ing from all the elements at the elementary scale (protons), 
i.e. it has no intrinsic resolution flaw, the resolution prob-
lems often arise only from the number of data that can be 
obtained with regards to the process dynamics, and which 
will be used for the Fourier Transform (see Sect. 2). Thus, 
the basic total NMR signal recorded already represents some 
statistics over all the elementary signals; this property can 
be used to develop statistical approaches as described below.

Callaghan (1991) showed how the observation, by appro-
priate NMR measurements, of diffusion in simple liquids 
filling a porous system, may be used to characterize its 
structure (pore vs throat size, connectivity, etc.). In the same 
spirit, it is possible to get a statistical information about the 
flow characteristics, thanks to the so-called pulse gradient 
field (PFG) NMR technique. The measurements provide the 
PDF (Probability Density Function), f  , which is such as 



Experiments in Fluids (2020) 61:207 

1 3

Page 9 of 20 207

f (v)dv is the probability to have a velocity between v and 
v + dv . The trick behind this approach lies in that, for an 
appropriate variation of � in time (two opposite steps of 
duration � and separated by a delay Δ ≫ 𝛿 ), the phase shift 
in (2) writes as

in which v is the velocity component of the molecule along 
� . Using k = �G�Δ it follows that the total signal is pro-
portional to

which may also be expressed as

We recognize the Fourier Transform of f  , which can then 
be inverted to get f  , if S has been measured for a sufficient 
set of values of k . Moreover, the velocity distribution in any 
direction can be explored by an appropriate choice of � . 
Let us recall that with this technique there is no problem of 
spatial resolution, and thus no impact of the pore size as long 
as the relaxation time is not too small since in principle the 
signal related to the motion of any proton spin is recorded.

The PDF is an interesting marker of the flow in the porous 
medium, but it might be more appropriate to look at the 

(3)� = � ∫
t

�(t) ⋅ �(t)dt ≈ �vG�Δ

(4)S ∝ ∫ m0 exp(ikv)d�

(5)S(k) ∝ m∫
v

f (v) exp(ikv)dv.

distribution function, defined as F(v) = ∫ v

−∞
f (u)du, as the 

shape of F is less dependent on the measurement uncertain-
ties. For the flow of a Newtonian fluid through a simple 
cylindrical conduit, due to the parabolic velocity distribution 
and the amount of fluid proportional to the distance from 
the axis, F is (theoretically) a straight line (see Fig. 7). For a 
yield stress fluid flow with a central plug flow (see the inset 
of Fig. 7a) this function is composed of two parts: a region of 
slow increase over the whole range of velocities and a peak 
at the maximum velocity value (corresponding to the plug) 
(see Fig. 7a). By computing F at different distances from 
the entrance of a yield stress fluid in a die we can thus see 
it changing from a straight line effectively associated with a 
parabolic velocity profile, to a yield stress fluid flow profile 
associated with a plug flow profile (see Fig. 7a). This shows 
how this distribution can be interpreted in terms of velocity 
distribution in simple cases, but the function F for the flow 
of a Newtonian fluid through a bead packing finally appears 
quite different: it is composed of a fast increase at low veloc-
ities followed by a long tail up to large velocities (see Fig. 7 
in which the corresponding PDF is also shown in the inset). 
Interestingly, such a distribution shape is approached by the 
theoretical one associated with the flow through a set of 
parallel conduits of different diameters (see Fig. 7b), which 
shows that the classical approximation of a porous medium 
by a range of conduits (see e.g. Dullien 1992) might be rel-
evant at least for some flow characteristics.

This approach provides surprising results when 
used with complex fluids. Indeed, a similar function F , 

Fig. 6  Velocity field for the flow 
through a packed bed of spheres 
of diameter 3 mm: a data from 
MRI, b data from numerical 
simulations. Copyright Fig. 10 
of Lovreglio et al. (2018)
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independent of the pore size, was found for a series of 
fluids exhibiting strongly different rheological behavior: a 
Newtonian, a shear-thinning, and a yield stress fluid (see 
Fig. 8b). This in particular means that under these experi-
mental conditions (flow induced by a piston), a negligible 
fraction of the yield stress fluid remains arrested (no step 
of F is observed for v = 0 ), in contrast with general expec-
tations for a yield stress fluid flow through a system with 
a wide range of pore sizes. To explain the similarity of F 
for the different types of fluids, it was suggested that in a 
system with rapidly varying boundary conditions (pore 
throat followed by expansion over a pore size length), the 
deformation is essentially imposed by the mean flow and 
the geometry of the pore, and not by the fluid properties 
(Bleyer and Coussot 2014). Such a phenomenon is finally 
similar to the observation of Fig. 8a (inset) for the yield 
stress fluid entering the die: despite the strongly non-linear 
behavior of the fluid, it locally exhibits a Newtonian para-
bolic velocity profile. Although not often used so far it 
seems that this powerful technique could be used to get 
further original information on the flow characteristics of 
non-Newtonian fluids (Brown et al. 2017) inside porous 
media. It was, for example, suggested that it could be used 
to predict some parameters of the pressure vs flow rate 
relationship (Chevalier et al. 2014). PFG measurements 
coupled with imaging was also used within the frame of 
a study of a two-phase flow through a porous medium, 

providing a remarkable insight in the flow characteristics 
evolution during air intrusion (Rassi et al. 2014).

5.3  Colloid transport

5.3.1  Transport and deposit

Colloidal particles from industrial or natural sources prop-
agate and may deposit and alter the environment they flow 
through. Common problems include the accumulation of 
particles impacting industrial (Cheremisinoff 1998), medi-
cal or biological processes (injection, filtration, storage, 
cleaning, sorting, etc.) or the leaking of contaminants 
from industrial or hydrologic processes transported in 
ground-water and accumulating in soils. Predicting par-
ticle transport and deposition by adsorption or clogging 
in these porous media is key to solve these problems. A 
large number of studies aimed at understanding the mecha-
nisms of colloidal transport and adsorption, which may 
involve complex interactions between colloids, soil matrix, 
pore water and air (Masliyah and Bhattacharjee 2005). 
In most cases, the approaches rely on the interpretations 
of effluent concentration curves (particle “breakthrough 
curves”) coming from columns of saturated porous media 
(Yao et al. 1971; Song and Elimelech 1993; Hahn et al. 
2004; Simunek et al. 2006; Diaz et al. 2010). However 
such approaches provide only the final result of a complex 

(a) (b)

Fig. 7  a Distribution function for the steady uniform flow of a New-
tonian (blue dotted line) or yield stress fluid (magenta dashed line) 
through a conduit, and in two different cross-sections in a flow 
through a die imaged by MRI (data from Rabideau et al. 2010): at the 
entrance in the die (circles) and at some distance from the entrance 
(squares); the inset shows the corresponding velocity profiles and the 
full velocity field. b Distribution function as a function of the velocity 
scaled by the average velocity through the voids for the flow through 

a bead packing as measured by MRI for Newtonian fluids [squares 
(Lebon et  al. 1996) and circles (Teyssier et  al. 1997)], a power-law 
fluid (Xanthan) (Mertens et  al. 2006), and a yield stress fluid with 
different bead diameters and at different velocities (discontinuous 
lines) (see details in Chevalier et al. 2014). The inset shows the corre-
sponding PDF. The continuous line corresponds to a Newtonian fluid 
through 5 parallel conduits
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phenomenon developing throughout the sample so that the 
full validation of a model is a difficult task. Thus, a signifi-
cant step forward in the description of internal phenomena 
and validation of models can be expected from a detailed 
view of the mechanisms inside the porous medium. Since 
we are here dealing with transient two-phase flows one 
would ideally require to get information on the distribution 
of suspended and deposited particles at any time.

NMR has precisely the potential to provide the expected 
information. Indeed, although in the present context the 
NMR signal only originates from the spins of the protons 
of the liquid atoms, the local instantaneous concentration of 
particles can be determined from its impact on the relaxa-
tion times of the liquid phase. Indeed, the relaxation time 
decreases when the solid concentration increases as this 
implies more interactions between the liquid and the solid 

(A)

(B)

Fig. 8  Transport and dispersion of a pulse of colloid particle suspen-
sion (surrounded by pure liquid) along with a bead packing (570 µm 
diameter). Flow direction is inverted several times before the pulse 
exit. A Images of the particle distribution along longitudinal cross-
sections at successive times: first upstream flow (a–d), downstream 
flow (e–g), second upstream flow (h–j). Color scale from maximum 
concentration to zero: blue-green-yellow-orange. B Dispersion coef-
ficient (scaled by the diffusion coefficient ( D

m
 ) of the particles) com-

puted from the 1D NMR profiles (see inset) for different tests (open 
or crossed symbols) as a function of the Peclet number ( Pe = Vd

/

D
m
 

with V  the fluid velocity through pores and d the grain diameter) with 
different porous materials: sand (squares), small beads (circles), large 

beads (diamonds). The grey area represents the region covered by 
data obtained by conventional techniques as gathered by Khrapitchev 
et  al. (2002), which covers the data leading to the “universal” flow 
curve as for example shown in Bear (1988) or Dullien (1992) and 
various other data obtained more recently. Dispersion coefficients 
determined from breakthrough curves during these MRI tests are rep-
resented by filled symbols (single flow) and half-filled symbols (two 
flow reversals), directly illustrating the discrepancy. The inset shows 
1D quantitative longitudinal profiles during the first upward flow 
shown in a as measured with another NMR technique. The dashed 
line is a guide for the eye drawn through the MRI data. A Copyright 
Fig. 2 of Lehoux et al. (2016). B Data from Lehoux et al. (2016)
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surfaces. In this context, during injection of suspension in 
a porous medium, Baumann and Werth (2005) obtained T1
-weighted images, from which they extracted the distribu-
tion of particle concentration in time, converting all MRI 
signal in the concentration of suspended particles, despite an 
important adsorption. Ramanan et al. (2012), Lakshmanan 
et al. (2015a, b) obtained 2D T2-weighted images of the liq-
uid in coarse grain packings with an excellent resolution 
allowing to observe the transport in the structure at the pore 
scale, and deduced detailed characteristics of the evolution 
of suspended particle distribution in time along the sample. 
Alternatively, from a similar approach, the distribution of 
clogged particles for a suspension of non-colloidal particles 
flowing through a bead packing was measured by MRI at 
different times during the flow (Gerber et al. 2018). Another 
original study focused on the impact of particle deposits on 
the flow characteristics and porous structure (seen through 
the PDF) (Fridjonsson et al. 2012). Finally, a further step 
was achieved by the work of Lehoux et al. (2017a), which 
provided both the adsorbed and suspended particle concen-
tration distributions in time. This allowed to directly observe 
how the suspended particles progressively deposit along the 
medium in time and provided a set of data for testing the 
validity of models (Lehoux et al. 2017b). This distinction 
of adsorbed and suspended particles could be achieved by 
taking into account that these two phenomena (concentration 
and adsorption) affect the relaxation time in different ways 
(Keita et al. 2013). However the analysis of data through 
these techniques remains difficult and uncertain, so that 
it would still be very useful to develop more straightfor-
ward and precise approaches for measuring simultaneously 
the evolution of the deposited and flowing distributions of 
particles.

5.3.2  Dispersion

A specific problem of colloidal particle transport through 
porous media is mechanical dispersion, the process by which 
a solute or colloidal particles in a fluid progressively dis-
perse whereas diffusion due to thermal agitation is negligible 
(Sahimi 2011; Kulasiri 2013). Several theoretical approaches 
have been developed (Bear 1988; Dullien 1992) mostly rely-
ing on the idea that, since the structure is disordered, each 
flowing element will follow a path similar to a random walk 
around the average velocity, a process leading on long times 
to Gaussian spreading. The basic parameter describing the 
process, namely the dispersion coefficient ( D ), is often not 
precisely determined (Bear 1988; Dullien 1992), in particu-
lar, because, as for colloid transport, the standard descrip-
tion and quantification of the phenomenon basically rely on 
breakthrough curves. It was also suggested that imperfect 
flow injection could have a significant impact on the dis-
persion observed from breakthrough curve experiments 

(Scheven et al. 2007). Actually, the dispersion coefficient can 
be directly measured from MRI visualizations of the trans-
port characteristics of a pulse of paramagnetic nanoparticles. 
2D imaging makes it possible to observe a homogeneous 
dispersion inside the sample, and to distinguish and leave 
apart entrance or exit effects which may induce significant 
radial heterogeneities (see Fig. 8a). A more quantitative MRI 
approach can then provide quantitative measurements of the 
evolution in time of the longitudinal particle distribution 
in the sample (see Fig. 8b). These data can be analyzed to 
deduce the intrinsic coefficient of dispersion, which appears 
to be smaller than the prediction from standard (macro-
scopic) tests (see Fig. 8b).

In the other hand NMR PFG techniques can directly 
measure the statistics on molecular displacements in a flow 
over a given time interval, which provides a powerful tech-
nique to observe dispersion inside random bead packings. 
Generally, after travelling a distance of 10–20 bead diam-
eters the displacement statistics in the main flow direction 
exhibits a Gaussian shape reminiscent of some asymptotic 
dispersion regime (Harding and Baumann 2001; Seymour 
and Callaghan 1997; Khrapitchev et al. 2002; Stapf et al. 
1998; Codd and Seymour 2012). It is then possible to 
deduce the value of the dispersion coefficient, which also 
appears smaller than that generally deduced from macro-
scopic measurements by a factor between 2 and 10 (Seymour 
and Callaghan 1997; Lebon et al. 1997; Deurer et al. 2004; 
Khrapitchev and Callaghan 2003; Guillon et al. 2013).

6  Transient liquid flows

MR density imaging offers the possibility to observe the 
evolution of the liquid distribution in a porous medium as 
long as this distribution evolves sufficiently slowly. This 
makes it possible to get information on transient flows or 
phase changes (freezing or evaporation). Drying or imbibi-
tion are such processes, during which the liquid often slowly 
penetrates or is extracted from the porous medium, which 
can let sufficient time to get precise data of the “instantane-
ous” (as compared to the time scale of the process) liquid 
distribution in time. These successive distributions may be 
analyzed to deduce useful information on the transport char-
acteristics. As for colloidal transport such information rep-
resents an important step forward to evaluate the validity of 
numerical models, an evaluation which otherwise relies on 
the analysis of the (global) drying or imbibition rate.

In that field, it is usual to measure directly the liquid 
distribution along the sample axis. This consists to deter-
mine the amount of liquid in thin cross-sectional layers of 
the sample along its axis. Under these conditions, the spa-
tial resolution of the obtained 1D profiles is much better 
than for 2D images and one can directly analyze the data 
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providing a straightforward quantitative description of the 
liquid transport in time. However, this approach is relevant 
only if the sample and the process are homogeneous in each 
cross-section. As a consequence, it is useful to follow at the 
same time the process evolution from 2D imaging to check 
this homogeneity.

1D imaging of transient flows with MRI seems to start 
with the work by Pel et al. (1996) who provided the water 
content distribution in time during drying of bricks and gyp-
sum. Then MRI has been used in the same way for various 
materials: heated gypsum (Van der Heijden et al. 2011), 
alkyd coatings (Erich et al. 2006), fired-clay bricks (van 
der Heijden et al. 2009), clay-grain-water pastes (Faure and 
Coussot 2010), plaster (Seck et al. 2015, 2016), nanocol-
loidal gels (Thiery et al. 2015, 2016). These experiments, in 
particular, confirmed that for a sufficiently slow drying the 
liquid distribution remains uniform in a first regime lasting 
to a relatively low saturation (i.e. the liquid to pore volume 
ratio), then a dry front progressively penetrates the sample. 
Such an effect is due to capillary re-equilibration processes, 
which induce liquid transport towards the region where the 
liquid has been extracted (free surface of the sample) and 
where the Laplace pressure is the largest (depression). By 
this means the free surface remains sufficiently wet for a 
long time, which explains that the drying rate is constant in 
the first regime. The saturation limit between the regime of 
uniform liquid distribution and the dry front regime depends 
on the material characteristics and the external conditions. 
Systematic measurements on uniform bead packings later 
showed that this scheme remains valid for pore size down to 
nanometer (Thiery et al. 2017) although standard capillary 
effects are likely no more effective at this scale.

Actually, MRI appears to be rather valuable to observe 
more complex drying effects in composite systems made 
of layers of different material types, as it allows to measure 
the transport of liquid through the different regions. In that 
aim, we need to have layers perpendicular to the sample axis 
so that we can integrate the liquid distribution profile over 
the different regions to get the water content variation (and 
thus the drying rate) in each region (see Fig. 9). This for 
example makes it possible to understand the mechanisms 
of drying of a paste covering a simple porous medium, as 
encountered with mortars or plasters coating building struc-
tures, or poultices used for removing salts from cultural her-
itage construction. We may thus observe (1) the extraction 
of the water (desaturation) from the porous medium situ-
ated below (and thus not directly exposed to ambient air) 
while the paste remains saturated (filled with water), (2) the 
desaturation of the paste and finally (3) the development 
of a dry front in both regions (see Fig. 9). Remarkably, the 
drying rate remains constant over most of the duration of 
the process, i.e. whatever the region mainly drying, which 
means that the liquid is continuously transported towards 

the free surface of the sample to maintain a constant rate of 
evaporation. This is again a proof of the predominance of 
capillary effects during the process. The technique has also 
been used for plaster-brick (Nunes et al. 2017; Petkovic et al. 
2007) or plaster-sandstone systems (Petkovic et al. 2007), 
and even for a three-layer system (Petkovic et al. 2010). A 
similar approach was used for describing the imbibition of 
liquid from a paste into an initially dry bead packing (Haz-
rati et al. 2002; Fourmentin et al. 2017; Ben Abdelouahab 
et al. 2019a, b).

Since drying generally induces liquid transport thanks 
to capillary effects, the elements possibly suspended in the 
liquid can be transported and accumulated in some particular 
region of the medium, except if they sufficiently rapidly re-
disperse by diffusion (Pel et al. 2003). This situation occurs 
for salts, which can lead to efflorescence (crystallization out-
side the sample) or subflorescence (crystallization inside). In 
this context, from Na-Imaging it appeared possible to follow 
the evolution of the crystallized salt in a drying brick (see 
Fig. 10), limestone and other porous materials (Saidov et al. 
2015, 2017; Petkovic et al. 2010). In parallel, the authors 
checked that the liquid distribution remained uniform during 
all the period studied, which means that the liquid is con-
tinuously transported towards the free surface of the sam-
ple (see the concentration gradient at the approach of the 
sample free surface in Fig. 10). It may be observed that the 
ions are initially transported towards the surface where they 
crystallize, and efflorescence occurs, then they start to redis-
tribute throughout the medium (see Fig. 10). This may be 
explained by the fact that the drying rate decreases in time, 
which leaves more time to ions to diffuse in the sample in 
the second regime. The distribution of ion concentration can 
also be determined through their impact on the NMR relaxa-
tion time, which for example made it possible to observe 
the electrodissolution of metal ions (Bray et al. 2016). In a 
similar way, the liquid distribution and deposited particle 
distribution in time were also obtained in the case of drying 
of a colloidal suspension in a porous medium (Keita et al. 
2013, 2016). These data allowed to validate a simple model 
assuming in that case that each particle exactly follows the 
liquid path until the liquid evaporates (so that the particle 
adsorbs to the wall) or the particle is blocked by previously 
accumulated particles.

7  Transfers in complex porous media

Further outstanding measurement capabilities of NMR 
appear for the study of liquid transfers inside complex 
porous systems containing several types of pores and/or 
in which the liquid can be in different states. The sim-
plest case is that of porous media containing pore classes 
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of different sizes as may be encountered with building 
materials or soils. Apart from the above standard measure-
ment of the (total) liquid distribution in time during slow 
processes such as drying, NMR allows to get information 
about the liquid distribution at a local scale in time, such 
as how the different pore classes are filled and how the liq-
uid is distributed in each pore type. This is achieved from 
NMR relaxometry or Time Domain NMR. This consists 
to determine the PDF of relaxation times, i.e. the density 
of probability to have a relaxation time in the different 
possible ranges. The principle of the technique is to look 
at the relaxation of the total NMR signal in the sample 
which, from (2), expresses as:

during its relaxation. In this expression the relaxation time 
may vary from one point to another in the sample so that we 
can express the total signal in a different form:

in which m is the total NMR signal from the sample before 
any relaxation and f  the probability density function of the 
relaxation time T . The expression (7) can then be rearranged 
in the form of a Laplace transform of the function f (u)

/

u2 

(6)S(t) ∝ ∫ m0(�) exp
[

−t∕T
]

d�

(7)S(t) ∝ m∫ f (T) exp
[

−t∕T
]

dT

Fig. 9  Convective drying of a 
kaolin paste (top) over a bead 
packing (bottom) initially satu-
rated with water, with a dry air 
flux imposed along the sample 
top (height = 2.2 cm). A Quali-
tative (T2-weighted) 2D MRI 
Images at different times: a 0, 
b 16 h, c 34 h, d 52 h, e 75 h, f 
100 h. The NMR signal on the 
color scale is for each phase an 
increasing, but non-linear, func-
tion of the local water amount. 
B Water volume evolution in 
the different parts of the system, 
estimated by integrating the 
NMR signal over the current 
height of each part of the suc-
cessive NMR profiles. The inset 
shows the water amount profiles 
(from top to bottom) along sam-
ple axis at different times (time 
interval 2 h). The dotted lines 
show the points of transition of 
regimes, and are associated with 
the red marked profiles in the 
inset. Copyright: Figs. 4–6 of 
Ben Abdelouahab et al. (2019a)

(A)

(B)
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(in which u = 1∕T  ). Thus, from a series of measurements 
of S at different times and then an inverse Laplace transform 
of S , we can finally get f  (see an example of such distribu-
tions in Fig. 11).

Basically, the technique provides a view of the different 
relaxation times of the liquid in a porous medium, and thus 
gives an idea of the fractions of the different pore sizes if 
they are saturated. Roughly speaking the relaxation time is 
related to the mobility of water molecules, and specific inter-
actions of water with their environment (e.g. adsorption, pro-
ton exchange with other species, or magnetic interactions at 
nanoscale), so that, globally, the relaxation decreases when 
the liquid is more “confined”. In the particular case of water 
embedded in a pore cavity, within the usual hypothesis of 
biphasic fast exchange (Philippot et al. 1998), the relaxation 
time scales as the ratio of the volume of free liquid water to 
the area of the water–solid interface, with a factor depend-
ing on the NMR surface relaxivity. Note that this volume to 
surface ratio is proportional to the radius in the case of uni-
form spherical (saturated) pores. Under these conditions, we 
also expect that if a pore is partially saturated, the relaxation 
time will depend on the way the liquid is distributed in the 
pore (e.g. covering the solid surface or occupying a compact 
volume in a specific region of the pore).

The next step consists to look at the evolution of this 
relaxation time distribution in time. For example, from the 
distribution of relaxation times in a compressible biporous 
material during drying, it may be deduced that the large 
pores empty first, due to their compression, while the small 
pore matrix also slightly shrinks. This is evidenced by the 
fact that the peak associated with the large pores progres-
sively decreases and shifts towards smaller relaxation times 
(see Fig. 11), indicating that the amount of liquid in these 

large pores decreases, but their size decreases too. In the next 
step, the small pores start to empty, but in that case no more 
contraction of the medium is observed while we again see a 
decrease of the corresponding peak in the distribution and 
a shift towards smaller relaxation times. Here, this results 
from the fact that the small pores drain homogeneously as 
for the drying of homogeneous solid porous media described 
in the previous section, thanks to capillary effects. The liq-
uid then forms films along the pore walls, which progres-
sively thin, inducing a relaxation time decrease. Note that 
during most of the time a constant drying rate is observed 
(see Fig. 11), which is consistent with the above descrip-
tion since the homogeneous desaturation is associated with 
a liquid transport towards the sample free surface where it 
finally evaporates.

This technique can be used in even more complex sys-
tems, containing water in different phases. This is typically 
the case of bio-based composite construction materials, 
made of a cementitious matrix in which biomaterial pieces 
such as wood or hemp are dispersed. Under the condition 
that water (free or bound) in the matrix exhibits a relaxa-
tion time sufficiently different from bound or free water in 
the biomaterial inclusions (otherwise the two peaks over-
lap and form one single peak), it is possible to follow the 
transfers of liquid during the different stages of evolution 

Fig. 10  NaCl concentration profiles determined by MRI during dry-
ing of a fired-clay brick sample after different times. The sample free 
surface is on the right of the graph. Data from Pel et al. (2002)

Fig. 11  Convective drying of a bi-porous medium made of large 
inclusions dispersed in a small pore matrix (large pore to total pore 
volume ratio: 0.59) [see SEM (Scanning Electron Microscope) view 
of this medium in right inset]: relaxation time distributions at differ-
ent successive times (every 13 min) (from right to left) during drying, 
first as black continuous lines, then as pink dashed lines from the last 
distribution reflecting liquid in large pores. The initial curve is drawn 
as a dotted line. The left inset shows the liquid fractions in the differ-
ent regions (black squares for the total liquid fraction, blue diamonds 
for the liquid fraction in large pores, red circles in small pores) and 
the liquid phase contraction rate (green continuous line) as a function 
of the dimensionless time (θ = 17,800 s). Copyright Fig. 8 of Lerouge 
et al. (2020)
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of such systems: liquid extraction from bio-inclusions to 
favour cement setting (Faure et al. 2012), drying, adsorption 
of water in bio-inclusions (Fourmentin et al. 2016), liquid 
transport through the matrix, etc.

Imaging and relaxometry have been coupled to study 
liquid transport in complex materials such as wood. Wood 
indeed contains different types of water with very different 
values of relaxation times: bound water, inside cell-walls, 
which exhibits relaxation times of the order of a few milli-
seconds; and free water in the tracheids (for softwood) or in 
the vessels and fibers (for hardwood), which typically exhib-
its a relaxation time of the order of one or several hundreds 
of milliseconds. Bound water can diffuse along cell-walls 
and free water can be transported along vessels or tracheids, 
or absorbed in cell-walls. This implies that the absorption 
(imbibition) or extraction (drying) of water from wood can 
involve these different phenomena through complex pro-
cesses. In recent years it appeared possible to follow the 
evolution in time of the distributions of bound and free water 
individually along the sample (van Meel et al. 2011; Dvin-
skikh et al. 2011; Kekkonen et al. 2013; Geizici-Koç et al. 
2017; Zhou et al. 2018), which provided a critical insight in 
the understanding of the processes. It was thus found that 
during spontaneous imbibition, in contrast to porous media 
with an impermeable solid structure, the water imbibition in 
the hydraulic conduits of hardwood is not simply driven by 
the standard capillary effects associated with a good wetting 
of the solid surface, but it is, in fact, strongly affected by the 

adsorption of bound water in cell walls (Zhou et al. 2019). 
More precisely bound water appears to progress far beyond 
the front of free water, and the free water penetration along 
the sample axis apparently coincides with the development 
of a region saturated with bound water (see Fig. 12a) (Zhou 
et al. 2018). This likely explains that water imbibition is 
about three orders of magnitude slower than expected from 
standard Washburn imbibition process (Zhou et al. 2019). 
The inverse effect seems to occur during drying (Geizici-
Koç et al. 2017): bound water is extracted only when all free 
water has been extracted (see Fig. 12b), even from pores 
(such as fibers) in which the liquid is not connected to the 
free surface through a hydraulic network, which suggests 
that bound water is the vector of this extraction.

8  Conclusion

We have seen that thanks to its versatility, NMR already 
allowed a series of significant progress in fluid mechanics, 
in particular in the rheology of concentrated suspensions and 
for the study of transport or transfers in porous media. How-
ever, in several places it was suggested that the possibilities 
of NMR are far from having been fully exploited. This is, 
for example, the case for the statistical approach of fluid 
flows in porous media, for measurement of solid transport 
and deposit in porous media, for fluid transfers in complex 
materials, for the study of thixotropic fluid flows. It is likely 

(a) (b)

Fig. 12  Water transfers in hardwood observed by NMR: a imbibition 
in poplar; distribution of absorbed free water (solid lines) and bound 
water (short dash) content along the sample axis at different times; 
(from left to right) 3 h after first contact with water, then every 6 h; 
the inset shows the distance reached from bottom by the mean posi-
tion of the front of the free water profiles (taken at 0.1  g/g) (stars) 
and the end of the uniform bound water region (squares) (the uncer-

tainty on this measurement is ± 1.25 mm); free water thus apparently 
progresses only when the wood is saturated with bound water. Copy-
right Fig.  9 of Zhou et  al. (2018). b Drying of an oak sample; free 
and bound water content as a function of the (decreasing) moisture 
content in time; the inset shows the apparent moisture content distri-
bution in time (top to bottom) (one profile every 6.8  h). Data from 
Geizici-Koç et al. (2017)
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that future works will allow the development of techniques 
for measuring simultaneously several physical parameters of 
the flows, thus allowing even more powerful characterization 
of the phenomenon.
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