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H I G H L I G H T S

• An NMR based pore-scale analysis of gas dispersion along open cell foams was suggested.

• Axial and radial dispersion coefficients were determined in spatially resolved measurements.

• The eûect of open porosity, window size, and flow rate on gas dispersion was shown.

• The transition from diûusional to mechanically driven dispersion was determined.
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A B S T R A C T

A micro-scale analysis of mass transport in ceramic foams that are used as catalyst supports in gas phase re-

actions is of high interest. Although the eûects of flow rate and foam parameters on the radial and axial dis-

persion are known for liquid flows, no pore-scale experimental analysis has been yet reported to correlate the

mechanical and diûusional dispersion of gas flows to the geometry of open-cell foams. Here, a spatially resolved

Pulsed Field Gradient NMR method is applied to determine dispersion coefficients of thermally polarized gas

along axial and transversal directions of open-cell foams. The comparative study of three commercial foam

samples with diûerent morphologies shows the eûect of open porosity, window size, and flow rate on gas

dispersion. Additionally, the influence of mechanical and diûusional dispersion at each flow rate is investigated

for individual samples. By observing the transition from diûusional dispersion to mechanically driven dispersion

of gas, it is found that diûusional dispersion plays an important role, even at higher flow rates after a transition

from Darcy to Darcy-Forchheimer regime occurs. The measured values for dispersion coefficients of methane can

be directly used in pseudo-heterogeneous models for the methanation reaction.

1. Introduction

Open-cell foams have been increasingly considered in process en-

gineering applications during the past 20 years [1–7]. The foams are

being used as catalyst carriers in heterogeneously catalyzed gas phase

reactions because of their low pressure drop, high speciüc surface area,

and most importantly excellent mass and heat transport properties

which enhance the local rate of the heterogeneous reactions [1,4,7].

The investigation of gas mass transport in opaque foams can directly

support simulations using pseudo-heterogeneous models to predict gas

phase reactions such as methanation of CO or CO2. Among mass

transport properties, dispersion coefficients in both radial and axial

directions are of high interest to be used in the numerical simulations

[8]. At macroscopic level, axial and radial dispersions of gas flow

contribute to mass transport based on two-dimensional con-

vection–diûusion equation (Eq. (1)) in cylindrical coordinates (r,φ,z),

where D‖ and ⊥D are the axial and radial dispersion coefficient, re-

spectively
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The equation remains valid as long as mass transport occurs in path

lengths greater than the characteristic pore size. In Eq. (1), C stands for

concentration, and −u for average velocity [9–11]. Thus, the dispersion

of gas in foams in both radial and axial direction is characterized by the

dispersion coefficient (Ddisp) and can be associated with contributions of

diûusional and mechanical dispersion [12]. If an analytical method

allows to measure dispersion coefficients in the validity range of Eq.
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(1), the results can be used in numerical solutions based on Eq. (1).

Although the eûect of the foam’s geometry on the mass transport

properties has already been recognized [13,14], most often radial and

axial dispersion coefficients have been predicted using merely the

analogy between heat and mass transfer or conventional pulse tracer

measurement methods. This is due to the great difficulties in precise

measurements of gas dispersion to give a pore-scale analysis of gas

spreading in foams. Nevertheless, several studies aimed to overcome

these problems and described some geometry-dispersion related aspects

using conventional tracer experiments, optical measurements such as

particle image velocimetry (PIV), point-wise injection of a tracer, or

spectroscopic methods like laser-induced fluorescence (LIF)

[4,5,15–18]. For instance, the point-wise injection method was im-

plemented to measure radial dispersion coefficients using various tra-

cers [15,16]. Benz et al. injected methane as tracer to measure radial

dispersion coefficients for 10, 20, 30, and 50 ppi foams [15]. Smoke, as

another tracer, was used in short ceramic foams with diûerent pore

sizes measured at higher flow rates. Conventional tracer experiments

were also used to measure the axial dispersion coefficients [4,18,19]. In

these studies, axial dispersion was measured based on the tracer re-

sidence time and its distribution curves. Häfeli et al. used wire-mesh

sensors as well as laser induced fluorescence in porous media, but no

distinction in flow behavior was found to relate it to foams’ geometrical

properties [18,20,21]. PIV [1] and LIF [21] have also been applied to

obtain radial dispersion coefficients of water flow in glass made foams

with a certain scale-up factor. Although the mentioned studies reported

veriüed values for low Peclet numbers Pe, lower accuracy and scarce

experimental data yielded for higher flow rates a correlation between

the velocity, and the characteristic pore diameter with±40% accu-

racy. In addition, no clear eûect of window size, velocity and pore size

on gas/liquid flow has been investigated in previous studies, as the

majority of the methods focused on downstream and upstream flow and

not on flow through the foams. Recently, a promising work has shown

the use of magnetic resonance velocimetry (MRV) for water flow in a 40

ppi open-cell foam [22]. The 3D velocity map was used to investigate

radial mixing. The eûect of geometry on dispersion mechanisms was

described to better understand the mechanisms of mass transport in

foams for a single Re number. Streamline displacement was extracted to

compute mechanical dispersion coefficients after post-processing of the

full üeld MRV results. An exhaustive dispersion analysis for gas flow has

still to be done to investigate a possible correlation between gas flow

and the foam topology, both in transversal and in axial direction.

Furthermore, velocity measurements allow to correlate the eûect of Re

numbers in Darcy and Darcy-Forchheimer regime on the dispersion to

the foam morphology with a higher certainty compared to the tradi-

tional measurement methods.

Nuclear Magnetic Resonance (NMR) oûers a variety of approaches

in order to measure diûusion, flow, and dispersion of gases in porous

media. An advantage of the NMR displacement measurements is their

use of a Lagrangian coordinate system [23] by encoding the position of

gas molecules prior to and after a certain displacement time, respec-

tively. Labeling and de-labeling the gas molecules allow correlating

fluid hydrodynamics to window size, pore diameter, and the open

porosity of foams for a very short contact time between gas and solid.

While often speciüc dispersion models are used in the üeld of chemical

engineering [24,25], NMR directly reveals the information on path

length of gas flow through the porous sample. In contrast to most

measurement approaches, NMR keeps the measured system intact

without tracers and no specially designed foam sample is needed in

contrast to LIF.

Pulsed üeld gradient (PFG) sequences have already been used to

map flow displacement, diûusion, and dispersion in porous media

[26–28]. Since Seymour and Callaghan presented general approaches

for flow dispersion measurement [29], several studies have been con-

ducted to determine flow in porous media such as rocks or glass beads

[12,30]. This approach has also been applied by other authors for water

flow for Stokes regime [9]. Recently, Ferrari et al. have reported a

dispersion analysis of water flow in packed bed at low flow rates [26].

Our study is mainly inspired by the work of Seymour and Callaghan

[29], in which the dispersion of liquids was investigated in the axial and

radial directions. However, this approach is applied to thermally po-

larized gas and a spatially resolved analysis is performed to observe the

dispersion of gas in foams. Since the NMR displacement measurements

label 1H protons of methane, no tracer is required in contrast to mea-

surement techniques commonly used in the üeld of chemical en-

gineering; thus, avoiding a disturbance in flow and making the mea-

surement non-invasive. Accordingly, our recently optimized NMR

sequence [31] was used in the current study to investigate mass

transport of gas through monolithic foam supports with high accuracy.

Here we report on the application of that method for gaining new in-

sights into the combined eûects of diûusion and flow (with diûerent

flow rates) on the displacement of molecules. In addition, we quantify

the influence of window size, porosity, and intrinsic velocity of the gas

on mass transport. In this study, the flow regime covers low and high Pe

numbers for foams with diûerent pore densities (10, 20, and 40 ppi) in

order to analyze a broad range of gas flow similar to flow rates applied

in the methanation reaction. In contrast to traditional measurements for

foams (analysis at inlet and outlet), we determine pore-scale dispersion

coefficients within the structures using a spatially resolved approach,

which allows cross-validation of numerical simulations with the NMR

results.

2. Theory and method

The resolution of PFG NMR displacement measurements (in mi-

crometer range) exceeds the conventional spatial resolution that can be

achieved in Magnetic Resonance Imaging (MRI). The PFG NMR with

the capability of measuring displacements in a volume-of-interest (VOI)

can be employed to conduct measurements in a certain part of a cata-

lysts support in the reactor. This is contrary to common applications of

PFG methods used for a global analysis of whole samples. Thus, the

localized PFG NMR method is a powerful toolkit for measuring dis-

persion coefficients of gas in a certain VOI of open-cell foams [31] by

tracking hydrogen (1H) containing materials flowing through the

porous medium. For thermally polarized gases, a considerably lower

Signal-to-Noise Ratio (SNR) is expected as compared to liquids. This is

mainly due to lower spin density and shorter transversal relaxation

times T2 in gases. Therefore, optimized PFG sequences are essential to

minimize SNR losses to provide precise information on diûusion and

flow in foams in μm range.

In this study a volume selective stimulated echo (STE) pulse se-

quence [32] was employed to measure displacement of gas in a desired

volume element (Voxel) with arbitrary orientation. Fig. 1 displays the

applied PFG-STE sequence. Asymmetric RF pulses were used to reduce

the minimum echo time TE and consequently signal losses by T2 re-

laxation [33]. Diûusion sensitizing gradients (columns with horizontal

dashed lines in Fig. 1) in axial and radial direction are used between the

ürst and the second 90° RF pulse as well as between the third RF pulse

and the beginning of data acquisition. Rephasing or dephasing gra-

dients were applied immediately after or prior to the slice selection

gradients (cf. Fig. 1) to reduce diûusion weighting eûects during slice

selection. In addition, spoiler gradients were applied during the mixing

time (Tm) and a two-step phase cycle was used for the ürst 90° pulse to

suppress unwanted signal contributions. A detailed description of the

optimized pulse sequence was given in a previous study on diûusio-

metry of methane gas in foams [31]. The basic principles of measuring

translational displacement probabilities by NMR are described in pre-

vious studies [34–36]. For most measurements, a VOI of

12 × 12 × 12 mm3 was chosen to measure gas dispersion in a re-

presentative volume of the sample, including the sample center, where

the flow mixes in the interconnected network of the foam’s pores (cf.

Fig. 2). Additionally, another VOI size of 16 × 16 × 16 mm3 was used
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to evaluate to what extent the voxel size aûects the estimated radial and

axial dispersion coefficients.

In case of unrestricted Gaussian diûusion, the diûusion coefficient

or, more generally, the dispersion coefficient can be obtained from at

least two measurements performed with diûerent diûusion weighting

described by the so-called b-value = −( )b γ δ G· · Δd
δ2 2 2
3
, whereGd is the

amplitude of the two identical diûusion weighting gradients, δ is the

duration of the diûusion sensitizing gradients, and − δΔ /3 is the ob-

servation time. However, in this study the observation time can be

approximated by Δ because ≪ Δ
δ

3
(cf. Section 3.2). The amplitude of

the measured STE signal is given as a function of the dispersion coef-

ücient D by

= −− −
S S e e e· · · b D

0
·

TE
T

Tm
T2 1 (2)

S0 is the signal amplitude if relaxation losses and diûusion

weighting are negligible. Relaxation losses during the echo time TE are

determined by the transverse relaxation time T2, while during the

mixing time Tm the relaxation related signal decay depends on the

longitudinal relaxation time T1 (cf., Fig. 1).

By incrementing the q-value deüned in Eq. (3), the echo signal may

be written as a function of q and the displacement probability P

[23,34,36] for the time interval Δ.

=q γ δ G· · d (3)

∫ ∫= −S q ρ r P r r e drdr( ) ( ) ( | , Δ) iq r r
0 0

( )
0

0
(4)

Note that in all measurements ≪δ Δ should be satisüed.

Displacement function: The displacement probability or, in other

words, the gas propagator can be derived by Fourier transformation of

the STE signal as function of q. Thus, the probability that spins have

been displaced by the path length −r r( )0 during the observation time Δ

can be calculated. Some characteristic values can be used for the de-

scription of the gas propagators. For instance, the full width at half

maximum (FWHM) νΔ 1/2 is a characteristic that describes how wide the

displacement is. The maximum displacement length (ΔLmax) can be

calculated from the tails of the displacement probability, where the

function approaches the x-axis. ΔLmax indicates the maximal displace-

ment of the gas ensemble within the given observation time for NMR

measurement. This length can be compared to the window diameter of

the foams samples at diûerent flow rates.

Fig. 1. Scheme of the applied PFG-STE sequence used for displacement measurements (not to scale). Voxel selection is performed by the three 90° pulses with

orthogonal slice orientation. A two-step phase cycle and spoiler gradients within the mixing time Tm. are used to eliminate signals other than the stimulated echo.

Fig. 2. Experimental setup and volumes-of-interest used for the PFG-STE measurements. a) VOI = 16 × 16 × 16 mm3 and b) VOI = 12 × 12 × 12 mm3.
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Dispersion coefficient: In case of a Gaussian distribution, the disper-

sion coefficient D can be calculated in two ways. Using the probability

density for 1-dimensional Gaussian diûusion [37] the dispersion coef-

ücient can be estimated by using its dependence on νΔ 1/2:

= −D ν δ(Δ ) /(16log(2)(Δ /3))1/2
2 (5)

or D can be calculated by ütting the measured data to Eq. (2). If a log-

linear üt of the initial time-domain signal or the peak area in the fre-

quency domain versus b-values is used, data measured at large b-values

should be excluded because deviations from the expected log-linear üt

will occur at low SNR. In case of expected non-Gaussian probability

distributions, the restriction to low q-values (“low q-value limit”) is of

particular importance because this range of q-values allows to estimate

dispersion coefficients using only the data for ≪b D· 1 as proposed by

Seymour and Callaghan [23]. Alternatively, as mentioned before, the

FWHM value of the probability distribution can be used to estimate D.

3. Materials and methods

3.1. Ceramic foams

Al2O3 foams (length: 23 mm, diameter: 25 mm, 10, 20, and 40 pores

per inch (ppi); Hofmann CERAMIC GmbH, Breitscheid, Germany) were

inserted into a cylindrical glass model reactor (length: 80 cm, inner

diameter: 26 mm). Methane was supplied as probing gas through a

mass flow controller (Bronkhorst Deutschland Nord GmbH, Kamen,

Germany). The pressure was measured at the inlet and outlet of the

experimental setup. In all measurements, the operational pressure and

the temperature were 1.3 bar and 16–17 °C, respectively. The geome-

trical characteristics of the samples were obtained by μ-CT imaging (see

Table 1, Fig. 3). The size of window diameter, pore density, strut dia-

meter, and open porosity of the samples are given in Table 1. The

samples were inserted tightly into the model reactor to prevent un-

wanted bypass flow through the free space between the samples and the

reactor wall. The hydrodynamic entry length was long enough to ensure

that the flow is fully developed when it enters the structure.

3.1.1. Ceramic foam morphology

Diûerent methods such as gravimetric analysis, tetrakaidecahedral

unit cell model, and μ-CT volume imaging technique were utilized to

characterize the morphological properties of the samples. The mass and

volume of samples were measured by standard lab-scale and caliper.

The open porosity, speciüc surface area, window, and pore distribution

of samples were determined via image processing of a set of 2D μ-CT

images. In this method, 3D representative elementary volumes of the

sponges were reconstructed and then analyzed. The pore diameter was

deüned as mean diameter of spheres of equivalent volume. Finally, the

strut diameter and the speciüc surface area of the foams were calcu-

lated from μ-CT data using the proposed unit cell model by Inayat et al.

[38].

3.2. Flow characteristics

Various flow rates ranging from 0.10 to 2.25 L·min−1 (inlet super-

ücial velocity: 3.39–76.39 mm·s−1) were applied to investigate gas

dispersion in axial and radial direction. The flow regime can be de-

scribed with dimensionless numbers. The calculation of the Reynolds

number Re and Rep, is based on Eq. (6) using u for the intrinsic velocity

of gas bulk, ν for the dynamic viscosity, and either the diameter of the

reactor d or the mean pore diameter dp of each foam. The Peclet

number Pe is deüned by Eq. (7) with Deff being the eûective diûusion

constant of methane in the absence of flow.

=Re
u d

ν

·
p

bulk p
( )

( )

(6)

=Pe
u d

D

·bulk

eff (7)

The calculated pore Reynolds number (Rep) values are in a range of

0.48–24.51. The applied flow rates correspond to Reynold numbers

(Re) based on the reactor diameter ranging from 5 to 114 and Pe

numbers of 3.85–86 for the bulk flow. Therefore, the bulk flow remains

in the Darcy and Darcy-Forchheimer regime, wherein the flow is

dominated by inertial forces [39–41].

3.3. NMR displacement measurements

A 7 Tesla preclinical NMR imaging system (Biospec 70/20, Bruker

Biospin GmbH, Ettlingen, Germany) equipped with a gradient system

BGA12S2 (maximum gradient strength of 441 mT/m in each direction,

rise time 130 μs) was used for all measurements. For RF excitation and

signal detection a quadrature birdcage RF coil (inner diameter of

72 mm) was used. Paravision 5.1 was used as the interface for im-

plementing the pulse sequence and performing the PFG NMR mea-

surements.

Prior to each measurement the samples were imaged using a 3D

gradient-echo MRI sequence in order to adjust the VOI. The parameters

were as follows: Repetition time TR: 25 ms, echo time TE : 0.5 ms, flip

angle: 45°, two averages, Field-of-View (FOV): 64 × 64 × 96 mm3,

matrix size: 192 × 192 × 16, total measurement time: 2 min 33 s.

The volume selective PFG-STE sequence used asymmetric 90° RF

pulses of 500 μs duration, voxel size: 12 × 12 × 12 or

16 × 16 × 16 mm3, 64 equidistant q-space values, displacement

range±5 mm, 1024 complex data points sampled with 25 kHz. For 1H

measurements of methane performed at 300 MHz, ambient tempera-

ture, and atmospheric pressure, aT1 value of 20–25 ms is expected [42].

Thus, saturation eûects were avoided by using a repetition time of

Table 1

Characteristics of foams (a: μ-CT, b: tetrakaidecahedral unit cell model).

Sample/Pore density (ppi) Open porositya (ε) Pore diametera (dp) (mm) Window diametera (dw) (mm) Strut diameterb (ds) (mm) Speciüc surface area (Sv)
a (m2·m−3)

10 ppi 0.67 5.35 ± 0.38 3.20 ± 0.77 2.21 544.48a, 595.11b

20 ppi 0.77 3.45 ± 0.16 2.40 ± 0.58 1.10 785.71a, 797.59b

40 ppi 0.79 2.37 ± 0.30 1.43 ± 0.39 0.73 1105.80a, 866.00b

Fig. 3. Characteristics of foam in a typical μ-CT image: window diameter (dw),

strut diameter (ds), and dead-end pores.
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250 ms.

Measurements were performed with a TE of 2.6 ms, δ of 0.25 ms,

and Δ of 10 ms. Additionally, in some measurements a Δ of 20 ms was

used. In order to increase the SNR, 32 averages were used for all the

measurements with encoding gradients in axial and radial direction,

where z corresponds to the axial direction and y corresponds to the

radial direction of the foams. The total measurement time of each

measurement was 8 min 23 s.

An in-house MATLAB (R2017b, The MathWorks, Inc., Natick, USA)

script was used for processing the time-domain data. The propagator

was calculated from the time-domain signal applying Hamming apo-

dization and 1D Fourier transformation along the time domain, fol-

lowed by peak integration and 1D Fourier transformation along vari-

able q.

In order to estimate dispersion coefficients, several processing steps

were performed. The baseline of the Fourier transformed spectra was

corrected using a üfth-order function. Then, zero-order phase correc-

tion was applied for the one half (32 q-steps) of the spectra.

Subsequently, the peak area was integrated and the obtained values

were plotted against b-values to determine the dispersion coefficient at

each flow rate. Alternatively, the dispersion coefficient was estimated

from the FWHM value.

4. Result and discussion

The results are divided into two sections. Firstly, axial dispersion

coefficients and secondly radial dispersion coefficients are investigated.

In each section, the eûect of flow rate, window size, strut diameter,

open porosity, and VOI on gas displacement is evaluated.

4.1. Axial dispersion

4.1.1. Flow rate effect

In Fig. 4, the gas propagators measured for 10, 20, and 40 ppi

samples are normalized to constant area for better comparison. While

the gas propagators form Gaussian distributions for lower flow rates,

increasing asymmetry of the propagators is observed at higher flow

rates. The calculated ΔLmax values show that in each sample the flow

reaches the long displacement regime at higher flow rates [9]. There-

fore, the dispersion coefficients, which have been obtained in the cur-

rent analysis by measurements as described below, are suitable to be

used in the convection diûusion equation (Eq. (1)) in numerical simu-

lations.

As can be seen in Fig. 4, the propagators of all samples shift toward

the flow direction and create peaks with positive displacement lengths.

No stagnant peak and separation of flow due to dead pores occur as

only one peak for each propagator is observed. The peaks of the pro-

pagators slightly move toward the flow direction as flow increases from

0.1 to 0.5 L·min−1. In this range (0.1–0.5 L·min−1) the ΔLmax of the gas

ensemble is shorter or comparable to the window size of the foams,

used as a characteristic length of the open-cell foams, indicating low

interaction of gas flow with pore walls. In this stage the gas propagators

indicate that only a small part of the gas molecules interacts with the

sample [43]. The stepwise increase of the flow rate gradually aûects the

mixing length [12] and the displacement path of the gas in the foams.

The peak of the propagators is continuously shifted toward the net flow

direction. For higher flow rates, in particular for flow rates above 1.25

L·min−1, the propagators show a wing or shoulder toward the flow

direction and form asymmetrical displacement probabilities. For these

flow rates, the ΔLmax is already longer than the window size of all the

foams. The asymmetrical distribution of gas displacement corresponds

to the transition between Gaussian distributions expected for low and

sufficiently high flow rates [43].

In this study, no flow rate> 2.25 L·min−1 was measured. However,

it can be expected that at longer observation times the propagators

again form a Gaussian distribution again indicating enough interactions

of gas with the interconnected network of the foams. Such a transition

was observed by Koptyug et al. for the case of butane flow through glass

beads [43]. Although the short T1 relaxation time of methane severely

aûects the SNR, which thus limits the observation time, measurements

performed at Δ = 20 ms show a tendency of forming Gaussian dis-

placement functions (c.f. Appendix Fig. S1). For all measured flow

rates, the ΔLmax of gas molecules increases with decreasing pore density

(ΔLmax(10 ppi) > ΔL max(20 ppi) > ΔL max(40 ppi)), reflecting the diûerent

window size of samples obtained in μ-CT measurements

( > >= = =d d dw(10ppi) 3.2mm w(20ppi) 2.4mm w(40ppi) 1.8mm).

For a quantitative comparison of all gas propagators FWHM values

were used as an indicator of displacement width of the gas ensemble

through the foams (c.f. Fig. 5). With increasing flow rate, FWHM in-

creases non-linearly. The FWHM value allows to estimate the ‘apparent

dispersion coefficient’ at the measured observation time using Eq. (5)

Fig. 4. Displacement probability at diûerent flow rates for (a) 10 ppi, (b) 20

ppi, and (c) 40 ppi samples.
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derived from a Gaussian distribution. Of course, using Dapp, i.e., a single

scalar parameter, simpliües the characterization of a complex, asym-

metric displacement function. However, Dapp can be used in the nu-

merical solution of the convection-diûusion equation (Eq. (1)). In the

next subsection (4.1.2) we use Dapp to compare the dispersion process of

gas for diûerent foam samples, and a detailed description of the cal-

culated axial dispersion coefficients is given in Section 4.1.3.

4.1.2. Diffusion and mechanically induced dispersion

Compared to turbulent flow, much smaller dispersion is expected

for laminar flow. This is due to the non-mixing nature of the laminar gas

flow. Dispersion consists of two components, diûusion and advection.

The accuracy obtained in NMR measurements enables us to distinguish

diûerences between dispersion mechanisms at diûerent flow rates. The

gradual increase in flow rate of foams (c.f., Fig. 4) helps to better dis-

tinguish the eûects of diûusion and advection components on the dis-

placement functions. Although the mean displacement path of gas

generally increases when the flow rate increases, at very low flow rates

ranging between 0.1 and 0.5 L·min−1 (for all samples) no signiücant

mechanically driven dispersion was observed. This ünding can be better

discussed when the apparent dispersion coefficients Dapp measured with

flow are compared to eûective diûusion coefficient Deff of methane

measured without flow, which we measured in the same foams without

flow obtaining Deff for 10, 20, and 40 ppi samples as follows [31]:

Deff ppi(10 ) = (1.73 ± 0.02) × 10−5 m2·s−1,

Deff ppi(20 ) = (1.53 ± 0.05) × 10−5 m2·s−1, and

Deff ppi(40 ) = (1.48 ± 0.03) × 10−5 m2·s−1.

The obtained apparent dispersion coefficients for flow rates ranging

from 0.1 to 0.5 L·min−1 form a plateau (c.f., Fig. 5 and Table 2), while

for flow rates> 0.75 L·min−1 a remarkable increase in apparent dis-

persion coefficient of 20 and 10 ppi samples can be observed (c.f.,

Table.2). This trend occurs for 40 ppi foam at flow rates> 1.25

L·min−1. Note that the minor diûerences between the measured Dapp for

low flow rates and Deff determined in the previous study might be due

to small variations between the samples from the same production line.

For all samples, Dapp becomes larger than Deff for flow rates> 0.5

L·min−1. This suggests that the diûusional component of flow is still the

dominant mechanism of mass transport for the lower flow rates, while

at higher flow rates (0.75 L·min−1 in case of 10 and 20 ppi and 1.25

L·min−1 for 40 ppi foam), mass transport is aûected by the mechani-

cally driven share of flow. The observed dependence of the FWHM

values as a function of the flow corresponds to the transition from the

Darcy regime (Rep < 1) to the Darcy-Forchheimer flow regime, which

occurs for flow rates ranging 1 < Rep < 10, i.e., up to flow rate of 0.5

L·min−1. This observation underpins the reliability of the measure-

ments to distinguish the transition between the two regimes based on

the theory described in literature [39–41]. It is worth mentioning that

for all flow rates a portion of negative displacement is observed. This

can predominantly be caused by diûusion and in part, at least for higher

flow rates, by back mixing.

4.1.3. Axial dispersion coefficient (D‖)

The axial dispersion coefficients were determined by two methods.

First, based on the obtained FWHM of the propagators (Eq. (5)) and

second, from the slope of log-linear üt of the peak area versus b., i.e.,

signal attenuation (Eq. (2)) versus the applied b-value in each q step

(Fig. 6). The linear part of the attenuation indicates Gaussian dis-

placement, typically found as long as ≪b D· 1 [23]. For the latter

method, the frequency domain data was phase and baseline corrected

to suppress flow eûects on the methane spectra in all measurements (cf.

Section 3.3).

Inspection of the signal attenuation in a 20 ppi sample in Fig. 5

shows steady increase in dispersion as a consequence of increased flow

rate. The dispersion coefficients measured from FWHM of gas propa-

gators were chosen based on two reasons. First, only the lowest four or

üve q values fulüll <b D· 1 and could be used for the log-linear üt.

Second, for higher flow rates a non-linear signal decay can be observed

even in this low b-values range (c.f., Fig. 6). The determined axial

dispersion coefficients can be compared with the eûective diûusion

coefficients reported in the previous publication [31]. As expected, the

dispersion coefficients increase with increasing flow rate. The highest

and the lowest D‖ always belong to 10 and 40 ppi samples at identical

flow rates, respectively.

4.1.4. Foam geometry and D‖
The dispersion coefficient can be correlated to the geometry of each

foam as a function of the flow rate or velocity (c.f., Fig. 4). Montillet

Fig. 5. Full width at half maximum (FWHM) of gas propagators at diûerent

flow rates in foams. The dashed lines show an exponential üt to the data ob-

tained for each sample.

Table 2

Axial dispersion coefficient (D‖ × 105 m2·s−1) obtained for three structures using FWHM values for flow rates ranging from 0.1 to 2.25 L·min−1.

L·min−1 0.10 0.20 0.30 0.40 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

10 ppi 1.71 1.66 1.65 1.71 1.79 2.00 2.12 2.54 2.86 3.35 3.79 4.31

20 ppi 1.43 1.41 1.45 1.42 1.51 1.59 1.77 1.98 2.20 2.71 3.14 3.62

40 ppi 1.12 1.07 1.08 1.17 1.16 1.28 1.32 1.67 1.84 2.13 2.67 3.02

Fig. 6. Natural logarithm of the signal (peak area) as a function of b-value for

the 20 ppi foam.
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et al. proposed a linear correlation between superücial velocity and

axial dispersion of liquid flow in foams [44]. In some studies [25,45],

the axial dispersion coefficient has been correlated to the flow-depen-

dent Reynolds number using a power function, =D c·Rep
n

‖ , for ütting

data measured for diûerent pore sizes. D D/ m‖ is illustrated for diûerent

flow rates as a function of Re being the usual scale for industrial ap-

proaches (Fig. 7). In addition, the ratio between D‖ and self-diûusion of

free methane gas Dm = 2.24 × 10−5 m2·s−1 is plotted [31] against Pe

in the Appendix in Fig. S2. The Peclet number describes the ratio of

mechanically driven flow to the rate of diûusion. An exponential

function (Eq. (8)) is used to relate the Re or volumetric flow rate to the

axial dispersion coefficient in the Darcy-Forchheimer regime as it gave

a higher R2 value compared to other tested functions.

=D α e· β Re
‖

· (8)

The values for α are detailed in Table 3 for 10, 20, and 40 ppi

samples ( >R 0.972 ). For all ütted functions β was equal to 0.01. The

proposed correlation shows a high precision for ütting D‖in the Darcy-

Forchheimer regime, where the flow rate ranges between 0.5 and 2.25

L·min−1, corresponding to Rep values between 2.40 and 24.80 for the

samples analyzed.

The obtained results enabled a precise correlation between axial

dispersion coefficient and Re within the measured flow in the Darcy-

Forchheimer regime. The exponential ütting was chosen since it gave

the best ütted curve (higher R2 value) compared to linear or power

functions mentioned in literature for dispersion of water in mesh wired

metal foams [25]. Thus, the given correlation and the exponential üt-

ting is merely achieved based on empirical data, without theoretical

background. We do not claim that the exponential üt is suitable for

extrapolation to higher flow rates of gas in foams.

4.1.5. Window size and porosity effect

Beside intrinsic velocity, window size and open porosity are the

most important parameters for characterizing mass transport in foams

[46]. The ürst parameter primarily regulates the mixing length of dis-

persive flow in the structure, whereas the second mainly controls the

flow hydrodynamics in the void space of the foam. However, since there

is an interaction between window size and open porosity as reported in

the literature [46], their eûect cannot be fully decoupled and evaluated

separately. Minor alteration in the morphology of foams may aûect

dispersion in both axial and radial directions. Accordingly, we analyzed

the eûect of window size and porosity on axial dispersion at diûerent

Renumbers. The window size eûect on axial dispersion is compared in

Fig. 8 for two Re numbers. For Re ~ 25 (Rep = 2.41–5.44), corre-

sponding to flow rate of 0.5 L·min−1, the dispersion is still dominated

by diûusion (c.f., Fig. 8a). For Re ~ 76 (Rep = 7.24–16.34) using a flow

rate of 1.5 L·min−1, the dispersion is more aûected by advection (c.f.,

Fig. 8b). Fig. 8 also contains the propagators measured on free methane

gas with and without flow [31].

The results suggest that the extent of the hindrance of the gas mo-

lecules is connected to the windows size in foams considering that the

peak of the displacement curves (c.f., Fig. 8b, flow rate of 1.5 L·min−1)

is observed at 156 μm, 312 and 877 μm for 10, 20 and 40 ppi samples,

respectively. The gas propagator for the 40 ppi sample (ε = 0. 79)

forms the highest and narrowest peak. The pore connectivity also plays

a signiücant role in dispersion of gas in the interconnected network of

the foams as the tortuosity =τ D D( / )m eff of the foam samples was

measured ( < <τ τ τppi ppi ppi10 20 40 ) for methane gas [31]. This shows that

dispersion is aûected by pore distribution and local heterogeneity of

foams [47]. Furthermore, the comparison of the maximum displace-

ment (ΔLmax(10 ppi) > ΔLmax(20 ppi) > ΔLmax (40 ppi)) is in agreement

with the properties of foams reported in Table 1. This trend remains

consistent at diûerent flow rates. On the other hand, the possibility of

backflow and reflection of gas molecules in the reverse direction of flow

Fig. 7. Normalized axial dispersion coefficient as a function of Re number de-

termined for the three foam types. The superimposed curves are exponential üts

to the data.

Table 3

Fitting constants for D‖ versus Re using Eq. (7).

Sample α (mm2·s−1)

10 ppi 1.36

20 ppi 1.11

40 ppi 0.86

Fig. 8. Gas propagator of methane measured in samples with diûerent pore

density at (a) 0.5 and (b) 1.5 L·min−1. For comparison, the values for free gas

measured without and with flow are given. Note that the diûerent values for

free gas in a and b reflect the experimental error.
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is connected to the pore density of samples at a certain flow rate. This

can be elucidated by comparing the probability of negative displace-

ment in Fig. 8b.

It is worth mentioning that in Fig. 8b, which shows data measured

at higher Re, the gas flow in the 20 ppi foam forms the maximum at a

similar position as for the flowing free gas. In addition, the obtained D‖
is almost identical to the dispersion coefficient of flowing free gas. This

behavior can be associated with the moderate window diameter of 20

ppi samples. A point-wise comparison of the displacement probabilities

in propagators of free gas and gas flowing through the 20 ppi sample at

1.5 L·min−1 shows an enhanced movement of gas toward the net di-

rection of the gas flow. This ünding is in remarkable agreement with a

numerical μ-CT based simulation performed to obtain velocity üelds in

foams of the same production line as those used in the current study

[48].

4.2. Radial dispersion

In this section, gas propagators in the radial direction of the foams

are presented and radial dispersion coefficients are calculated. Finally,

the eûect of VOI size and position on the radial dispersion coefficient is

discussed.

The gas propagators measured at an observation time of 10 ms are

depicted in Fig. S3 in the Appendix. The stagnant peaks at zero and

symmetric shapes of the curves conürm that there is no net flow in the

radial direction. However, the propagators slightly broaden with in-

creasing flow rate, but maintain their Gaussian shape (R2 > 0.98). Yet

the degree of the hindrance of gas in the samples can be related to the

pore window and strut diameter of the foams reported in Table 1. The

propagators of 10, 20, and 40 ppi samples reach the baseline at about

2.0, 1.8, and 1.3 mm, respectively.

The obtained values for radial dispersion coefficients are given in

Table 4. Additionally, Fig. S4 of the appendix shows a plot of ⊥D versus

the applied flow rates. Although the radial dispersion is less sensitive to

the alteration of velocity as compared to axial dispersion, it increases

(flow rate < 1.5 L·min−1) when flow velocity increases (c.f., Table.4).

The rise in dispersion coefficients can also be linked to the geometry of

the foams in radial direction. In the majority of the measurements (0.1

L·min−1 < flow rate < 1.5 L·min−1), the radial dispersion measured

for the samples with bigger window size is larger than for foams with

smaller window size ( > >⊥ ⊥ ⊥D D Dppi ppi ppi(10 ) (20 ) (40 )). Although no

mathematical correlation between Re and ⊥D can be drawn, a lower

bound for radial dispersion can be seen (c.f., Fig. S4). A stepwise in-

crease in flow rate increases the radial dispersion. However, the in-

crease in ⊥D is not pronounced as compared to D‖.

5. Dependency on size and position of VOI

The conducted measurements determined the gas propagators at the

central volume of the foams (VOI as shown in Fig. 2b). To show that the

results are representative of the averaged behavior of gas in the foams,

some experiments were performed with diûerent size and position of

the VOI. First, the position of the standard VOI (12 × 12 × 12 mm3)

was shifted by 20 mm in axial direction of the sample. Second, the size

of the VOI was enlarged to 16 × 16 × 16 mm3. For both cases, almost

identical gas propagators were measured, indicating that the results

with the standard VOI are representative of the foams and allow

consistent dispersion analysis.

The evaluation of VOI size eûects on the radial dispersion is crucial

since it shows that the chosen VOI for the measurement is not aûected

by the reactor wall. Thus, an enlarged VOI (16 × 16 × 16 mm3) was

used to measure the gas propagators again and compare the results to

those obtained on the standard VOI (12 × 12 × 12 mm3). This com-

parison can be found in the Appendix (Fig. S5). Both propagators show

a stagnant peak at zero in radial direction. Minor diûerences in the

baseline of the propagators lead to minor increase of ⊥D . This increase

in ⊥D can be explained by small contributions of the bypass flow be-

tween wall and foams. The gas molecules near the wall may move with

lower hindrance due to the open edges of the sample and the reactor

wall. To illustrate the extent of wall eûects on radial dispersion, a larger

VOI, which covers the entire radius of foam in x- and y-axes was chosen.

The displacement length of the gas ensemble increases more than for

the VOI of 16 × 16 × 16 mm3 showing a lower probability of zero

displacement, indicating the eûect of wall interactions and flow bypass

in these measurements. These measurements conürm that the chosen

standard VOI is suitable for radial dispersion measurements in foams,

not including the wall interactions.

6. Conclusion

An optimized PFG-STE NMR sequence was applied in order to de-

termine mass transport properties of thermally polarized gas flowing

through commercial foam structures. The localized pore-scale analysis

was used to determine dispersion coefficients in the both axial and

radial directions for diûerent flow rates. The analysis allowed in-

vestigating the eûect of foam geometry, such as pore density, porosity,

and window size on the gas dispersion and the underlying dispersion

mechanism.

For the investigated foams and used flow rates, it can be concluded

that, unlike radial dispersion coefficients, axial dispersion coefficients

increase exponentially with flow rate. In addition, it was shown that, at

higher flow rates > 0.5 L·min−1, the axial apparent dispersion coef-

ücients are larger than the eûective diûusion coefficients of methane in

the foam structures. Both axial and radial apparent dispersion coeffi-

cients increase with window size.

It was shown that the NMR-based measurement technique is a re-

liable method for a quantitative determination of dispersion measure-

ments. Furthermore, the concept presented here now allows a pore-

scale analysis of gas flow within ceramic foams. As another advantage

of volume selective NMR displacement measurements, artifacts caused

by wall interactions and flow bypass can be avoided by adjusting the

VOI.
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Table 4

Radial dispersion coefficient ( ⊥D × 105, in m2·s−1) obtained for three structures.

L·min−1 0.10 0.20 0.30 0.40 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

10 ppi 1.46 1.38 1.43 1.48 1.43 1.46 1.66 1.61 1.63 1.39 1.53 1.42

20 ppi 1.35 1.36 1.39 1.45 1.36 1.34 1.38 1.39 1.40 1.43 1.43 1.49

40 ppi 1.33 1.31 1.25 1.34 1.37 1.36 1.37 1.40 1.37 1.43 1.49 1.54
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(MIMENIMA).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.cej.2020.124234.
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