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Abstract Magnetic Resonance Imaging (MRI) techniques

were applied such that they were able to provide simulta-

neously both 3D pore-scale velocity and microstructural

data for polyurethane foam with water flowing through it.

This necessitated the use of velocity gating of the relevant

images in order to describe accurately the position of the

solid foam walls; a pore thinning algorithm was used to

differentiate individual pores within the foam pore space

where minima in hydraulic radius defined pore boundaries.

This methodology was then used to explore the effect of

foam compression on both pore geometric characteristics

and pore-scale velocity fields. Pore volumes were seen to

decrease from 3.27 to 0.96 mm3 as porosity was reduced

from 0.84 to 0.61 and increased flow channelling, adjacent

to the containing cylinder, was observed. The velocity fields

were compared with corresponding Lattice Boltzmann flow

simulations with good agreement being produced.

Introduction

Flow through porous media is fundamental to a number of

industrial processes ranging from oil recovery from rocks

to the use of packed beds for catalytic reactions. Until

relatively recently, the hydrodynamics of such systems

were typically studied on the macroscopic scale via mea-

surement of pressure drop, superficial velocity and tracer

dispersion [1]. However a number of examples of tomo-

graphic techniques being used to image hydrodynamics in

porous media on a pore-scale have appeared in the litera-

ture; these include the use of Magnetic Resonance Imaging

(MRI) [e.g. 2–4]. MRI allows the in-situ, spatially resolved

measurement of flow velocities, diffusion, dispersion and

mass transfer in the porous medium. A particularly pow-

erful use of this spatially resolved data is the stringent

verification of simulations of the pore-scale hydrodynam-

ics, including the Lattice Boltzmann (LB) technique [e.g.

5–7], which has been demonstrated to be particularly suited

to describe flow and mass transfer in such complex

geometries. Such simulations can then be used to relate

macroscopic characteristics to pore-scale events and pro-

vide a thorough understanding of their origin.

Foamed solids are a form of porous media characterised

by high porosities and typically geometrically complex

pore space. They are used in a variety of industrial appli-

cations ranging from thermal isolation and filters to carrier

materials for lubricants or enzymes [8]. The polyurethane

foam considered in this study is used as a support material

for bioreactor applications [e.g. 9, 10]; thus flow through

the pore space is an essential aspect of its use. Applications

of imaging techniques to foam have generally focussed on

their microstructure characteristics (local porosity, pore

volume, pore diameter and wall thickness) which usually

dictate their functionality [11]. These include the applica-

tion of MRI [12, 13] to image the pore space of foam filled

with water or direct imaging of the solid foam material

using X-ray tomography [e.g. 14, 15].

In the current study we apply standard 3D MRI veloc-

imetry to image simultaneously both the microstructure

and the local pore-scale velocity distribution inside
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polyurethane foam; this is performed as a function of in-

situ foam compression. To enable the microstructural

characterisation, a 3D structural image of the pore space is

required. Methods to generate this in-situ using MRI were

considered. The 3D structural image produced was subse-

quently used for simulations of the pore-scale flow fields

through the foam using LB techniques, the results of which

are compared directly to the corresponding experimental

velocimetry data. The pore space of the foam structure

image was further portioned according to a pore-parti-

tioning algorithm [16], which identifies pore boundaries as

minima in hydraulic radius. The change in pore volume,

surface area, free surface area and pore connectivity were

all quantified as a function of the compression extent.

In summary the aims of the work presented here are

thus:

• To enable simultaneous 3D microstructure and velocity

imaging of foam using MRI.

• To explore how these velocity fields and microstruc-

tural characteristics change in response to foam com-

pression.

• To use the velocity and microstructural data to verify a

LB simulation of the flow field through the foam.

To the best of our knowledge we report the first pore-

scale imaging and simulation of hydrodynamics through

foam and subsequently the first detailed analysis of the

effect of compression on both the pore structure and

hydrodynamics.

Methodology

Materials

The foam consisted of 1 cm3 polyurethane reticulated foam

cubes (Recticel, Belgium), several of these were placed on

top of one another in a 1 cm diameter cylindrical glass flow

cell, up to an initial height of 10 cm. The foam cubes were

thus slightly larger than the glass flow cell to prevent initial

flow channelling adjacent to the wall. As will be shown in

Fig. 5, the resultant compression of the cubes required to

insert them into the tube produced an approximately

homogeneous porosity distribution across the cubes. A

schematic of the cell is shown in Fig. 1; two exit ports at

the top and one port at the bottom allowed water to be

pumped through the foam sample. The cell was placed

inside the NMR spectrometer magnet and water was

pumped through it at a constant flow rate of 5 ml/min. The

top of the cell had a moveable plug which allowed for

variable axial compression of the foam content. The plug

head had a conical shape with a cone height of 3 mm. This

could be done in-situ in the spectrometer magnet. The bulk

porosity (e) of the original foam was 0.86 (determined

gravimetrically). Velocity and microstructure imaging was

performed at three levels of compression resulting in

porosities of: e1 = 0.84, e2 = 0.82 and e3 = 0.61, hereafter

referred to as compression levels 1, 2 and 3.

MRI

All measurements were acquired using a Bruker 400 MHz

vertical magnet with a 2 cm inner diameter radio-fre-

quency coil for 1H resonance, which was used exclusively.

A standard 3D spin echo pulse sequence was used to image

the water within the foam and a 3D phase shift velocity

encoding pulse sequence was used for corresponding ve-

locimetry. A detailed treatment of relevant MRI can be

found in [17], further details of the pulse sequences used

are contained in [2]. All imaging was performed over a

field of view of 40 · 20 · 20 mm3 (40 mm in flow

direction), resulting in an isotropic resolution of 156 lm,

the position of this imaging volume is shown in Fig. 1. For

phase shift velocity encoding, a gradient increment, DG, of

2.9 G/cm was used, which avoided fold-over artefacts.

X-ray imaging

An X-ray image of the dry foam was used to determine the

average thickness of the foam walls. This was acquired

using a desktop Skyscan 1072 Microtomograph apparatus

with an isotropic resolution of 18.32 lm for a rectangular

region of size 1024 · 1024 · 512 pixels. Image recon-

struction was performed using Cone-Rec software (Sky-

scan, Belgium).

1 cm (a)

(b)

(d)

(e)

(a) – Conical Syringe head
(b) - Flow outlet
(c) - Imaging volume
(d) - Foam
(e) - Flow inlet

(c)10 cm

Fig. 1 Schematic of the flow cell used. A photograph of a foam cube

is also included
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Pore partitioning algorithm

For the microstructural analysis of the resultant MRI

foam images, a pore partioning algorithm was used,

which has successfully been applied to other forms of

porous media including bead packs and rock cores [e.g.

16]. The algorithm defines a pore as being a discrete

portion of the total pore space bounded by the solid

matrix and planes between pores where the hydraulic

radius of the pore space is a local minimum (referred to

as a pore neck). Having portioned the pore space into

individual pores using this algorithm, pore statistics can

then be computed to characterise the microstructure of

the particular system; these include pore volume, sur-

face area, radius, coordination number (number of

neighbouring pores) and free surface area (i.e. that

connected to other pores).

Lattice Boltzmann method

The lattice Boltzmann (LB) method was used to simulate

the pore scale flow field through the foam. Describing the

dynamics of fluids in complex pore structures becomes

extremely difficult on a microscopic or molecular level.

The LB method models the hydrodynamics of fluids on a

mesoscopic level by simulating probability distribution

functions for the fluid particles fi ~x; tð Þ on a discrete lattice~x

in a discrete evolution time t. The evolution of fi ~x; tð Þ is

governed by the Lattice Bhatnagar-Gross-Krook (LGBK)

equation:

fi ~xþ~c; t þ 1ð Þ � fi ~x; tð Þ ¼ � 1

s
fi ~x; tð Þ � f eq

i ~x; tð Þð Þ; ð1Þ

where ~ci is the velocity for each lattice direction i

(i = 1,2,3…19) and s is the Bhatnagar-Gross-Krook [18]

relaxation parameter. f eq
i ~x; tð Þ is the equilibrium distribu-

tion function given by [19]:

f eq
i q;~u;~x; tð Þ ¼ qAi þ q Bi~ci~uþ Ci~c

2
i~u

2 þ Diu
2

� �
ð2Þ

where ~u is the local lattice velocity and q is the local

particle density. Appropriate expansion of Eq. 2 enables

continuity and the Navier Stokes equation to be recovered

by selection of the constant coefficients Ai, Bi, Ci and Di

[18, 20]. Via this expansion, s is related to the lattice

viscosity of the fluid, v, by:

m ¼ 1

3
s� 1

2

� �
: ð3Þ

~u and q are calculated for each lattice site by the following

summations:

q ¼
X

i

fi ~x; tð Þ; ð4Þ

and

q~u ¼
X

i

fi ~x; tð Þ� ci: ð5Þ

In our study a non-slip boundary condition at the fluid-

solid interface is implemented as a halfway bounce-back

boundary condition [21]. Our LB method has been applied

to a variety of different ‘fluid flow through complex

geometries’ scenarios and shown excellent agreement with

both experimental results and analytical solutions [5, 6, 22,

23]. The method is second–order accurate and computa-

tionally inexpensive [21]. All calculations are done with

double floating point precision.

The lattice Boltzmann method used in the current work

was applied to the various foam images over a volume of

128 · 128 · 47 pixels3, with an isotopic resolution of

Fig. 2 (a) The projection of 7 x–y MRI slices into the axial (z)

direction for the gated velocity data. (b) A rendered 3D X-ray

microtomography image of a single foam cube
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156 lm. The relaxation parameter s was set to 0.99 and the

LB simulations were run until steady state (relative error

between iterations <10–8).

Results and discussion

Generation of microstructure lattice

Simple MRI of the water within the foam structures was

unable to resolve adequately the internal microstructure of

the foam. X-ray imaging of a dry foam sample revealed

that the foam walls varied in thickness from approximately

36–90 lm. Given that the imaging resolution of the MRI is

156 lm, the lack of adequate definition of the internal

foam walls is thus to be expected as the voxels in the

vicinity of the foam wall will only be partially filled with

water. It would be possible to perform the imaging at a

higher resolution, but this would be prohibitive in terms of

acquisition time or sample size able to be accommodated.

Hence, in order to resolve the foam structure, the fol-

lowing procedure was applied. The full 3 component

velocity image (examples of which will follow shortly) was

converted into a speed image. The resultant image was then

binary gated such that speed values below a certain

threshold were assigned to be foam walls and the rest as-

signed to be pore space; the threshold value was selected

such that the known value of foam porosity was produced.

The assumption is that the foam structure has no ‘dead

zones’ and that virtually stagnant flow is only encountered

adjacent to the solid foam walls. Given the high porosity of

the foam structure (0.86), this assumption seems to be

appropriate. The resultant 3D image of the foam micro-

structure is presented in Fig. 2a as the projection of 7 2D

slices in the axial direction. The X-ray image of the foam

before compression is also shown in Fig. 2b. Figure 2a and

Fig. 3 3D Velocity images for

the first (a), second (b) and third

(c) compression levels and the

corresponding lattice

Boltzmann simulations: (d), (e)

and (f) respectively. The

superficial flow is in the positive

z direction
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b suggest that an adequate microstructural image of the

foam with polygonal pores has been produced; this state-

ment will be further clarified when we consider pore

characteristics and the ability of the LB simulations to

re-create the pore-scale hydrodynamics. This velocity

gating method was subsequently used to produce all foam

microstructure MRI images and hence LB simulation

lattices.

Comparison of compression extents and experimental

data with LB simulations

The velocity field images for compression levels 1–3

(e1 = 0.84, e2 = 0.82 and e3 = 0.63) are shown in Fig. 3a–c

respectively. The mean pore-scale velocity in the axial

superficial flow direction for the three compression levels

were uz (e1) = 3.70 · 10–4 m/s, uz (e2) = 3.72 · 10–4 m/s

and uz (e3) = 6.41 · 10–4 m/s, as expected these velocities

increased with decreasing porosity. There is a general in-

crease in flow heterogeneity as the foam is compressed.

The simulated LB flow fields for the three corresponding

compression stages are shown in Fig. 3d–f respectively;

the simulation lattices having been generated using the

procedure outlined previously. There is reasonable agree-

ment between the LB simulations and the corresponding

MRI data for all compression stages. To quantify this dif-

ference, histograms of voxel velocity in the axial superfi-

cial flow direction are presented in Fig. 4a–c respectively,

also included are the corresponding histograms from a

matrix subtraction of the LB simulation result and the

corresponding MRI data. The difference histograms are all

centred on zero and their widths are considerably narrower

than the true distribution. This supports the use of the

gating procedure to provide an adequate microstructural

representation. The agreement is poorer for the highest

compression level (e3) suggesting that our assumption of no

stagnant zones might be slightly compromised in this case.

Figure 5a shows the radial axial velocity profile for the

three compression levels. A radial position of 0 corre-

sponds to the centre of the sample; the various velocities

presented are then the mean velocity at the radial distance

from the centre. As expected the velocity at the wall is 0 for

all three compression stages. An increase in velocity is

most evident in Fig. 5a for compression level 3 at a radial

position of approximately 4 mm. This is a consequence of

the foam folding inwards as compression is applied

allowing comparatively large gaps to develop adjacent to

the foam walls; some flow channelling thus occurs, as seen

clearly in both the MRI images and the LB simulations

(Fig. 3). We believe that this response to the compression

is induced by the conical shape of the punch which intro-

duces in-homogenous strain [24] and thus the observed

radial porosity and velocity inhomogeneities. Figure 5b

shows the corresponding radial porosity profiles for com-

pression stages 1–3, as determined from the simulation

lattices. Compression levels 1 and 2 show no radial vari-

ation in porosity, however compression level 3 shows a

linear increase in porosity with radial position. This results

in an increase in axial velocity (Fig. 5a) with radial posi-

tion, although there is not a direct correlation between
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porosity and velocity. Figure 6a–c shows how these radial

velocity profiles compare with the corresponding LB da-

ta—these are in very good agreement for all three com-

pression levels.

Structural analysis for the lattice images of the three

compression levels based on the pore partitioning algo-

rithm was then applied. Figure 7 shows the microstructure

lattice, corresponding to compression level 1, after the

application of the pore partitioning algorithm; different

colours differentiate different pores. The change in the

mean pore volume, mean pore area, mean coordination

number, mean surface area connection ratio and number of

pores over the three compression levels are presented in

Table 1. Note that visual inspection with a micrometer of

the internal surface foam suggested an approximate aver-

age pore diameter of 1.8 mm, which corresponds to a

spherical pore volume of 3.05 mm3, which is in excellent

agreement with the corresponding value of 3.27 mm3 for

compression 1. Comparable pore dimensions of polyure-

thane foams were reported in the literature based on

scanning electron micrograph (SEM) measurements [9].

The application of the pore partitioning algorithm to the X-

ray image to extract pore statistics did not lead to sensible

results, we believe due to either image noise or polymer

surface roughness. Visual inspection of the pore space of

the X-ray image suggested an average pore diameter of

1.9 mm, in agreement with the MRI results.

The surface area connection ratio is the fraction of the

pore’s surface area that is connected to other pores. The

following trend can be observed from Table 1 for the

compression of foams: compression induces an increase in

the number of pores with both lower mean volumes and

mean surface areas. It further induces a decrease in the

connectivity between pores; a pore is on average connected

to less other pores and has a lower fraction of its surface

area connected to these pores. The phenomenon of an
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increasing pore number is related to the compression

behaviour of the foam: foam under compression folds the

same number of foam walls into a smaller volume, which

devides this volume into more pores. This explains the

decrease in mean pore volume and mean pore area as

compression is increased.

Figure 8a and b show the number-based histograms for

the pore volume and the pore surface area. As compression

increases, there is a definite reduction in the number of

larger pores and an increase in smaller pores. Figure 8c

shows the histogram of the fraction of the pore surface area

that is connected to other pores for the three compression

stages. With an increasing compression the maxima of the

surface area connection ratio distribution decreases which

is compatible with the observed trend of a decrease in pore

connectivity under compression.

Conclusion

3D pore-scale hydrodynamics through foam were suc-

cessfully imaged using MRI. A method of simultaneously

delivering microstructure characteristics was also pre-

sented. Both microstructure and velocity fields were

quantified as a function of foam compression; mean pore

volumes were seen to decrease and a more heterogeneous

Fig. 7 The structural image after applying the pore partitioning

algorithm. Different pores are shown by different colours

Table 1 Pore statistics for the three compression levels

Mean pore volume

[mm3]

Mean pore area

[mm2]

Mean pore

coordination number

Mean surface area

connection ratio

Number of

pores

Compression 1 3.27 19.11 9.69 0.64 261

Compression 2 2.73 15.53 9.56 0.57 271

Compression 3 0.96 9.22 9.01 0.33 683
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based histograms for the three

compression levels
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flow profile was evident as compression was increased. The

pore-scale hydrodynamics was adequately modelled using

LB techniques. Future work will focus on extending this

imaging (both structure and flow) and modelling platform

to describe the development of biofilms within the foam

structure and their subsequent use for ion exchange [9].
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